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Coastal and shelf sediment transport: an introduction 

M I C H A E L  B. C O L L I N S  1'3 & P E T E R  S. B A L S O N  2 

1School of  Ocean & Earth Science, University o f  Southampton, Southampton Oceanography 

Centre, European Way, Southampton S014 3ZH, UK (e-mail." mbc@noc, soton, ac. uk) 

2Marine Research Division, A Z T I  Tecnalia, Herrera Kaia, Portu aldea z/g, Pasaia 20110, 

Gipuzkoa, Spain 

3British Geological Survey, Kingsley Dunham Centre, Keyworth, Nottingham 

NG12 5GG, UK. 

Interest in sediment dynamics is generated by the 
need to understand and predict: (i) morphody- 
namic and morphological changes, e.g. beach 
erosion, shifts in navigation channels, changes 
associated with resource development; (ii) the 
fate of contaminants in estuarine, coastal and 
shelf environment (sediments may act as sources 
and sinks for toxic contaminants, depending 
upon the surrounding physico-chemical condi- 
tions); (iii) interactions with biota; and (iv) of 
particular relevance to the present Volume, inter- 
pretations of the stratigraphic record. Within this 
context of the latter interest, coastal and shelf 
sediment may be regarded as a non-renewable 
resource; as such, their dynamics are of extreme 
importance. Over the years, various approaches 
and techniques have been applied to the determi- 
nation of sediment transport pathways and the 
derivation of erosion, transport, and deposition 
rates. Such wide-ranging approaches include the 
refinement and application of numerical model- 
ling; and the development of new and more effi- 
cient field equipment, e.g. video systems (coastal/ 
inshore) and multibeam. 

In general, sediment transport can be defined 
on the basis of direct observations, indirect obser- 
vations and by modelling. Direct observation 
methods include: acoustic backscatter; optical 
backscatter; sediment traps; artificial tracers, for 
sand and pebbles; natural tracers or labelled sedi- 
ments, for silts and clays; and the determination 
of water movements, using drifters, SPM (sus- 
pended particulate matter) and remote sensing. 
Indirect observational methods include: sediment 
characteristics, including GSTA (grain size 
trend analysis) and mineralogy; geomorphology, 
including coastal landforms, estuarine volumes 
and asymmetric bedforms (ripples, sandwaves 
and sandbanks); and, finally, the internal struc- 
ture of the sediment bodies (cross-bedding and 
accretionary sequences). On the basis of these 
various approaches and techniques, it may be 
concluded that: 

(a) no single method for the determination of 
sediment transport pathways provides the 
complete picture; 

(b) observational evidence needs to be gathered 
in a particular study area, in which contem- 
porary and historical data, supported by 
broad-based measurements, is interpreted 
by an experienced practitioner (Soulsby 
1997); 

(c) the form and internal structure of sedimen- 
tary sinks can reveal long-term trends in 
transport directions, rates and magnitude; 

(d) complementary short-term measurements 
and modelling are required, to (b) (above) - -  
any model of regional sediment transport 
must account for the size, location and 
composition of sedimentary sinks. 

On the basis of the above summary, it is evident 
that it is timely to review a representative selec- 
tion of the different approaches, by reference to 
recently undertaken coastal and shelf investiga- 
tions. A number of such studies (13) are included 
within this Special Publication, operating at a 
variety of temporal and spatial scales, within dif- 
ferent regions of the UK/European continental 
shelf, and elsewhere. 

The concept of different scales, in relation 
to sediment dynamics has been proposed 
(Horikawa 1970) for classifying coastal phenom- 
ena into three (temporal and spatial) categories: 
macroscale (year/kilometre); mesoscale (day- 
hour/metre); and microscale (second/millimetre). 
Subsequently, the following observations have 
been made (Horikawa 1981): 

(a) to treat the macroscale phenomena, the 
approach of the geologist and geomorph- 
ologist is helpful for understanding the 
general tendencies of the coastal processes; 

(b) changes in shoreline and sea-bottom topog- 
raphy, bar and cusp formation, together 
with nearshore currents, all fall into the 
category of mesoscale phenomena; 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 1-5.0305-8719107l$15.00 
�9 The Geological Society of London 2007. 



2 M.B. COLLINS & P. S. BALSON 

(c) within the context of a microscale approach, 
extensive research needs were identified 
such as, in particular, various aspects of 
wave-current interaction. 

Interestingly, the observation is made that, 
theoretically, the complete superposition of 
microscale phenomena should compose the 
mesoscale phenomena and that of mesoscale 

phenomena, the macroscale phenomena. At the 
time of the publication (Horikawa 1981), such 
connections could not be made. 

The above concept has been developed 
further by Larson & Kraus (1995), in relation to 
spatial and temporal scales for investigating 
sediment transport and morphological processes. 
In Figure 1, microscale is seen to refer to changes 
from sub-wave period to several periods, over 

Fig. 1. Relationships of contributions to the Special Publication, in terms of their spatial and temporal scales 
(based upon Larson & Kraus 1995). 
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lengths of millimetres to centimetres. At mesos- 

cale, net transport rates over many wave periods 
are evaluated for distances of metres to a kilo- 
metre. Macroscale  involves seasonal changes 
and a space scale of kilometres, whilst megascale 

describes decade to century changes over coastal 
sub-reaches and reaches, e.g. over a littoral cell. 
The concepts applied here are applicable, 
equally, to the inner continental shelf (<  60 m 
water depth) - at the very least. The main conclu- 
sions reached (Larsen & Kraus 1995) are that 
calculations at different scales can be related 
and reconciled, if limitations in the predictions 
of initial and boundary conditions and in the 
fluid flow, are recognised. Against this back- 
ground the contribution of the present pub- 
lication are superimposed; these range from 
micro- to mega-scales, on the basis of the 
generalized classification. 

Interestingly, Dronkers (2005) has adopted a 
similar approach, based upon the original synthe- 
sis of Holman (2001). The former investigator 
makes the following pertinent observations: 

(a) at small spatial scales, seabed morphology 
and water motion adapt to each other, with 
a short delay, but at a large spatial scale, the 
adaptation period can be very long; 

(b) if erosion and sedimentation are balanced, 
averaged over large temporal and spatial 
scales, it may happen that these is an imbal- 
ance at smaller scales or vice versa - in fact, 
the phenomena of erosion, sedimentation 
and sediment transport always have to be 
defined with respect to particular spatial and 
temporal scales; 

(c) the physics of sedimentary coastal environ- 
ments is related to temporal and spatial 
scales - the physical processes that deter- 
mine coastal morphology span a range of 
temporal scales, covering more than ten 
orders of magnitude. 

For large temporal, but small spatial scale pro- 
cesses, time-series are restricted; sometimes, they 
are not of sufficient high quality to overcome 
any uncertainties, i.e. separating processes from 
background noise. From an engineering perspec- 
tive, on the basis of the scientific limitations 
in understanding, the best available method to 
predict sediment transport rates in the marine 
environment may not be able to achieve much 
better than a factor of 5; cf. 2, in the case of rivers 
(Soulsby 1997). 

Initially, in this Special Publication errors 
and uncertainties are examined, in relation to the 
measurement of SSC (suspended sand concentra- 
tion) using Acoustic Backscatter (Vincent). A 
major uncertainty is identified, in terms of the 

suspended sediment component close to the bed, 
together with the bedload itself. The labelling 
of pure clays and estuarine sediments, with 
lanthanide (La) is described by Spencer et al. 

Here, it is concluded that further investigation 

is required, of the use of alternative lanthanide 
group elements, for such studies. Optical and 
acoustic backscatter sensors are described then 
(Bass et al.), within the context of the mea- 

surements of the mud and sand component in 
transit, at a site located to seawards of the Wash 
embayment, southern North Sea. 

The problems of field measurements and 
quantification of longshore sediment transport 
(LST) is considered by Cooper & Pilkey, in terms 

of mechanisms and present approaches. It is 
pointed out, by these authors, that the inability 

to measure the total LST has important implica- 
tions for coastal zone management; this is 
because so many coastal management initiatives 

rely upon quantified volumes of LST. In terms of 

coastal and shelf seas, in general, a relatively 
simple analytic (algebraic) approach is described 

(Aldridge), to complement full-scale numerical 

calculations and assist in the interpretation of 
the numerical results. However, the results 

obtained rely upon the implicit assumption that 

the supply of material available for transport is 

not exhausted, over the tidal cycle. 
The repeated survey of banner tidal sand- 

banks, using multibeam, is described by Schmidt 
et al. Interestingly, dunes connect over the crest 

of the bank despite opposing sediment transport 

directions on the flanks. A new numerical model, 
that identifies the paths taken by a large number 

of identified ('tagged') sand grains in coastal 

areas in response to waves and currents, is 
described by Soulsby et al. Within this context, 

a validation exercise is applied simulating the 

dispersal of radioactive sand tracers. Particle 
tracking is considered, in terms of a somewhat 

different approach, by Black et al. Used in 

conjunction with a range of more traditional 

methods, particle tracking (particle or sediment 

tracing, including the deliberate marking of 
natural or synthetic sediment with an identifiable 

signature) is an additional tool, which provides 

further lines of evidence. 

Changes in shoreline morphology along the 

Dutch coast are investigated by Hinton & 

Nieholls; this is a wave-dominated uniform coast- 
line, uninterrupted by tidal inlets. The analysis 
undertaken has shown that the upper, middle 
and lower shoreface are coupled; this has 

widespread significance in the understanding of 
long-term coastal-evolution. Surficial nearshore 
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sediments are described then, in terms of their 
distribution and spatial patterns (McDowell 
et aL). Temporal changes in substrate and 
bedforms suggest bedform development and 
facies boundary migration, between winter and 
summer seasons. 

The application of grain size trend analysis to 
Carmathen Bay, Bristol Channel, is described by 
Cooper & McLaren. Complex patterns of move- 
ment are interpreted, incorporating a number of 
tidally-induced gyres. This approach is included, 
within the context of seabed sediment transport 
investigations, by Velegrakis et al. An integrated 
approach is outlined, in relation to case studies 
from the southern UK inner (< 60 m water depth) 
continental shelf. Conceptual sediment transport 
models are presented, associated with different 
levels of confidence in their interpretation. 
Finally, at the scale of the NW European con- 
tinental shelf, SPM is modelled (Souza et aL). 

Tidal signals and seasonal variations are 
identified within the spatial patterns. 

The various investigations incorporated 
within this Volume, as outlined above, represent 
a wide range of temporal and spatial scales; 
these are, in turn, associated with appropriate 
instrumentation and analyses. Consequently, it is 
appropriate to incorporate each of the studies 
here into an 'overview'. 

In parallel with this approach/concept lies 
the importance of extreme (storm) events which, 
interestingly, appears to vary according to the 
location of a particular environment, within the 
overall sediment dynamics system. For example, 
the 'episodicity' of the transport of sediment, 
within the coastal zone, has been described 
(Seymour & Castel 1985). On the basis of 1 to 
3 years of nearshore directional wave measure- 
ments from seven US west coast beaches, time- 
series of daily net longshore transport rates were 
derived. Transport was found to be very episodic, 
with approximately only 10% of the time 
required to move half of the sediment trans- 
ported during a year. Elsewhere, measurements 
of large-scale coastal response to multiple storms 
on three coastal beaches have revealed a hetero- 
geneous response, with isolated hotspots of 
erosion (List et al. 2006). Within a few days, these 
hotspots of erosion are reversed rapidly by post- 
storm accretion. Such observations provide a 
new view on the coastal response to storms, at 
scales much larger than site-specific experiments 
(List et al. 2006). 

In contrast to the importance of storms in 
controlling the morphology of the coastline, 
the effect of wave/current interaction on sedi- 
ment transport from the inner continental shelf 
( < 60 m water depth) area - the southern North 

Sea - reveals a different pattern. Using a high 
quality data set of waves and currents, from 
a particular site, the contribution of different 
combinations to long-term transport, has been 
assessed (Soulsby 1987). Under such conditions, 
waves act as a stirring agent to move sediment, 
whilst it is transported by the current. The con- 
ditions analysed ranged from calm seas and 
neap tides, to major storms coupled with spring 
tides. Interestingly, the following conclusions 
were reached: 

(a) waves enhance transport, by up to a factor 
of 10, compared with transport in the 
absence of waves: and 

(b) in terms of long-term (sediment) transport, 
the largest contributions were provided 
by 'fairly large', but not infrequent waves, 
superimposed upon currents lying approxi- 
mately between the peak speeds of mean 
neap and mean spring tides. 

Nonetheless, because the sediment transport 
rate depends non-linearly on the current speed, 
also because the effect of wave-stirring is impor- 
tant, the direction of the long-term transport may 
be very different from the residual current direc- 
tion (Soulsby 1997). The very strong currents 
and very large waves were found not to make 
significant contributions to long-term transport. 
As such, the transition between storm-induced 
processes at the coastline, compared with the 
influence of various non-linear wave/current 
interactions offshore, is an important area of 
sediment dynamics research. 

Overall, the presentations made at the meet- 
ing (transposed, mainly on the basis of a peer- 
review process, into the contributions in this 
Issue), incorporate the concept and approaches 
reviewed above: direct/indirect observations and/ 
or modelling; different temporal and spatial 
scales, in relation to sediment dynamics; the 
importance of wave/current interactions; and the 
impact of episodic events. As such, it is hoped 
that 'state-of-the-art' science and instrumenta- 
tion is incorporated into this unique publication. 
However, it should be remembered that sediment 
transport is still an inexact science on the basis 
of: biological effects; the presence of (mixed) 
sediments, containing a wide range of grain 
size components; time-history effects; and wave- 
current interactions. Finally, it is speculated that 
strong non-linear processes, such as sediment 
morphodynamics, may exhibit chaotic behaviour 
(in a mathematical sense), in the same way as the 
weather (Soulsby 1997) 

The Editors acknowledge the contribution of 
the reviewers and the patience of the authors, 
during the production of this volume. 
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The authors are grateful for discussion of some of the 
concepts here, with Adonis Velegrakis (University of 
the Aegean, Greece). Likewise, Dr Haris Plomaritis and 
Kate Davis are acknowledged for their assistance 
in preparing/commenting upon the manuscript and 
preparing the figures, respectively. 
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Measuring suspended sand concentration using acoustic backscatter: 

a critical look at the errors and uncertainties 

C H R I S  E. V I N C E N T  

School o f  Environmental Sciences, University o f  East Anglia, Norwich NR4 7T J, 

UK (e-mail." c. vincent@uea, ac. uk) 

Abstract: Suspended sand concentrations in the near-bed layer of the sea can be estimated 
using acoustic backscatter systems (ABS) and hence, when combined with velocity, sand 
transport. ABS measurements are now relatively routine and widely regarded as one of 
the best tools to help to measure sand transport in coastal seas and estuaries. Potentially the 
ABS can be used to give estimates of both concentration and sediment size with a vertical 
resolution of 5-10 mm and a temporal resolution of fractions of a second, but in practice there 
are many practical limitations to what can be achieved in the field. Often these uncertainties 
are overlooked or ignored because of the difficulty in estimating their magnitude or of making 
measurements that are any better. The major limitations and sources of errors in the ABS are 
discussed, including the influence of sediment size and shape. In moderately to well-sorted 
sandy environments with appropriate calibration, acoustic estimates of mass concentration 
should be within + 30% of the true value. 

The uncertainties inherent in estimating sus- 

pended sediment concentration using ABS in 

field situations are illustrated using samples from 
a timed settling tube (TST) in an environment 

where the bed sediments had a wide range of sizes 

(mud, silt, fine sand and medium sand). The ABS 
signal is dominated by backscatter from the sand 
fractions so the uncertainties can be reduced 

by calibrating against bed material or sediment 
from a settling tube sample from which the mud 

and silt have been removed (hence treating the 
ABS as a sand-measuring instrument). However 

changes in the size of the sediment in suspension 
can result in significant errors (typically +_ 50% 

for the field example used here) which, combined 

with other uncertainties, leads to the conclusion 
that a factor of 2 is a conservative estimate of the 

uncertainties associated with the suspended sand 
concentration. However a major uncertainty in 
the total sand transport remains the suspended 

sediment component very close to the bed (below 

0.01m) and the bedload itself, which may be an 
order of magnitude larger than the suspended 

component. 
Acoustic instruments are increasingly the 

instrument of choice for coastal and deep 

oceanographic applications. This is exemplified 
by the use of acoustic doppler current profilers 
(ADCP) for current profiling both from static 

moorings and ships and acoustic doppler veloci- 

meters (ADV) for point measurements of turbu- 
lence. Acoustic current meters are generally 

less prone to fouling and are less intrusive (their 

measurement volume is generally remote from 

the sensors themselves), as well as having the 

ability to profile through the water column (e.g. 

ADCPs).  In coastal seas acoustic backscatter 
(ABS) instruments have been used for many 

years to measure suspended concentration pro- 

files close (generally within 1 m of the sea bed) 
and now engineers and oceanographers are 

beginning to take advantage of the backscattered 
signal strength recorded by A D C P  and ADV 

instruments to make estimates of the concentra- 

tion of suspended particulate matter (SPM) 

in the water column (Heywood et al. 1991; 
Thevenot & Kraus 1993; Hamil ton et al. 1998; 

Land & Jones 2001). This expansion of the use 
of backscatter signals makes the assessment of 

the likely accuracy of such systems an immediate 

priority. 
In this paper the ABS (an instrument designed 

to measure concentration) is examined and the 

affects of various factors on the likely accuracy of 
the concentration measurements are considered; 

there will be similar limitations on concentration 

estimates from ADCPs  and ADVs. This paper 
is designed to be a practical guide to the major 

sources of errors when using an ABS (or, by 
extension, an A D C P  or ADV). Thorne & Hanes 

(2002) provide a thorough review of the different 
applications of the ABS, including the complete 

equations and their derivations. 
Figure 1 shows an example of the suspension 

patterns seen by the ABS resulting from a wave 

group over a bed of fine sand. Note the detail 
shown by the system and the rapid changes in the 

concentration profile due to resuspension from 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 7-15.0305-8719107/$15.00 
�9 The Geological Society of London 2007. 
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Fig. 1. Gray-scale plot (left panel) of log~0(concentration) of fine sand resulting from the passage of a wave group 
whose oscillatory currents just above the bed are shown in the right panel (white are concentrations > 1 g 1-1, 
black < 0.002 g 1-1). 

the bed, sediment settling and from advection of 
sand through the ABS beam by the oscillatory 
motion due to the waves (Vincent & Hanes 2002). 
The measured concentration varies over a three 
orders of magnitude, from < 0.002 g 1 -~ (black) to 
> 1 g 1 -~ (white) with a very strong echo from the 
sand bed. But how accurate can we expect these 
measurements to be? Are they accurate to _+ 1% 
or _+ 10%, or should we be even more cautious 
and suggest they might be correct to only an 
order of magnitude? 

What does the backscattered intensity 

depend on? 

The problem is to invert the backscattered signals 
from the ABS (or ADCP) into profiles of mass 
concentration of sediment. In theory this should 
be a simple process as the physics behind the ABS 
is well understood (Thorne & Hanes 2002). In 
addition to the mass concentration of  suspended 
sediment the strength of the acoustic signal 
depends on system-specific factors such as the 
acoustic power emitted, the pulse-length and the 
gain of the receiver amplifiers etc. If  all these are 
kept the same they can be rolled into a single 
constant that can be determined by calibration. 
Theoretically, this constant only needs to be 
determined once at a single range, and the phys- 

ics should account for range variation and 
changes in sediment size. Included in this will be 
the attenuation of sound by water (the absorp- 
tion of sound increases as frequency increases 
making it difficult to work in profiling mode at 
frequencies greater this c. > 6 MHz) and by the 
sediment itself; backscatter reduces the intensity 
of  the sound continuing on through the profile 
so must also be accounted for. The sediment 

attenuation, usually based on attenuation of 
spherical particles (see Sheng and Hay 1988), 
becomes important at higher concentrations (of 
order of 1 g 1-1). 

The changes in sediment size are included 
through the use of a backscatter 'form-function'. 
The shape of this form-function is complex but 
basically the sound is backscattered most effi- 
ciently by particles that have a similar size to 
the wavelength of the sound. Figure 2 shows 
the 'sensitivity' of the sound (form-function 2 / 
sediment radius) to sediment size, expressed 
as the ratio of the sediment radius a to the 
wavenumber k of the sound, where k = 2n/X and 
~, is the wavelength), based on the form-function 
defined by Sheng & Hay (1988) for spherical par- 
ticles. Unfortunately, real sand is often far from 
spherical, and shape and density also influence 
the backscatter (Fig. 3). The practical way of 
dealing with real sediments is to calibrate 
the ABS in the laboratory using sand from the 
field location where the ABS is to be used. The 
differences can be quite considerable as shown 
in Figure 3 where an ABS was calibrated initially 
using sieved (nearly spherical) glass beads 
(ballotini) and a system constant derived which 
best fitted the form-function to the ballotini 
backscatter. When real sand was used (again 
sieved) the 'apparent '  form-function differs sig- 
nificantly for sand whose size is comparable to 
the acoustic wavelength (for sand significantly 
smaller that the wavelength of sound shape does 
not appear to matter). 

Quantifying the uncertainties in the ABS 

system 

For the ABS system itself we can be rather 
confident of the uncertainties. Using sediment 
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Fig. 2. The sensitivity (form-function2/sediment radius)of the ABS to sediment size, expressed in terms of the 
(non-dimensional) product of sediment size a and wavenumber k of the sound. 

from the measurement location and a site- 

specific tank calibration, the uncertainties are 
about _+20%. This value is based on multiple 

estimates of  the calibration constant (A0) for each 
individual sand shown in Figure 3; each point 
typically has an uncertainty of _+ 10% and the 
mass concentration depends on A0 2. Addition- 

ally, there is uncertainty associated with the 
'configurational noise'. The amplitude of the 
backscatter from any particular range is due to 
the sum (both amplitude and phase) of the back- 
scatter from many particles (the ABS emits a 
pulse of sound typically of the order of 10 mm 

length and the beam is usually several cen- 
timetres in diameter). Due to the random phases, 
the measured amplitude can vary between 
zero and some maximum value (which would 
occur when all the backscattered signals were 

in-phase); hence the 'confidence' in the backscat- 
ter of a single pulse (ping) is zero. If the particles 
in the water are moving around independently 
then backscattered signals will be Rayleigh- 
distributed. It is therefore necessary to average 

many pings to reduce the uncertainty, while 
still maintaining sufficient time-resolution to 
see features such as those in Figure 1; the 

configurational noise is typically +10% (see 
Thorne et al. 1991; Thorne & Hanes 2002; for 
further details). Combining these uncertainties 
gives a value of _+ 25% as the best accuracy that  
might be achieved by an ABS. 

Practical affects of sediment size on the 

ABS signal 

Of course, in the real world we rarely encounter 
locations where the sand is unimodal or very well 
sorted. Usually the sediment will have a wide 
range of sizes and the sand in suspension will 
vary in size with height above the bed. Crawford 
& Hay (1993) discussed the use of multi- 
frequency ABS to determine size as well as mass 
concentration but the inversion is fraught with 
problems (due to the speed at which the size and 
concentration changes in both turbulent and 
wave-dominated environments and the limita- 
tions imposed by the averaging needed to reduce 
the configurational noise). Green et al. (2004) 
have had success in using the multi-frequency 
ABS in an environment with two widely- 
separated and distinct sand populations: they 
assumed the presence of the two sizes and used 
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Fig. 3. Laboratory calibrations of the form-function show that glass beads (o) fall close to the theoretical form- 
function. Beach/shoreface sand (x) (grains are angular and irregular) deviates from this curve when their size is 
comparable to, or larger than, the wavelength of the sound. The uncertainty of individual values shown here 
+ 10%. 

the backscatter at two acoustic frequencies to 
partition the signal between the two sizes. In 
most cases, however, the ABS (and ADCP 
or ADV) data are inverted using a single size 

equal to the modal size of  the sample used for 
calibration. 

How much error does such a 'single-size' 
assumption introduce into the measurement of  
mass concentration? Figure 4 shows an example 
of the potential effect of a (steady) combined 
concentration and size gradient on the ABS 
calculation of  concentration when a constant size 
is assumed. Figure 4a shows two exponentially 
decreasing concentration profiles typical of those 
measured in field experiments (Vincent et al. 

1991; Lee et al. 2002). 

C(z) = Co exp( -z /h)  

with reference concentrations Co = 1 and 5 g 1-1, 
with mixing heights h of 0.075 and 0.10m, 
respectively. Both profiles have a size gradient 
dropping from 350 gm close to the bed to 200 pm 
at 0 .6m (Fig. 4b). ABS instruments usually 
operate in the frequency range of  1 to 5 MHz and 

Figure 4c shows the acoustic signal (nominal 
units of pressure) seen by 1 MHz and 5 MHz 
ABS transducers mounted at 0.7 m above the 
bed. Note how, at high concentrations and 
longer ranges, the signal strength at 5 MHz drops 
away rapidly, due to attenuation of sound by 
the sediment and the water. 

Figure 4 (d and e) shows the concentration 
profiles that are calculated from the four ABS 
signal-profiles in Figure 4c when the size gradient 

is neglected. When the 'best-estimate' of size is 
used (defined as the concentration-weighted size 
over the whole profile) the errors resulting from 

neglecting size are small ( < 10%). However, it is 
rare that we will know what the best-size is so the 
errors have been calculated for an uncertainly 
of + 20% of this best-size. For 1 MHz the errors 
range from - 2 8 %  to + 17%, while for 5 Mz the 
errors range from --21% to + 140%. The largest 
errors occur when (i) the concentration is high 
(>  1 g 1 -~) and (ii) the attenuation of the sound 
due to the sediment is large; under these condi- 
tions errors in the estimation of concentration 
propagate exponentially with range (see Fig. 4e) 
and may result in physically unreasonable 
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Fig. 4. Two typical concentration profiles (a), size profile (b) and ABS signal strength (c) seen by 1 MHz 
(solid line) and 5 MHz (dashed) transducers for these concentrations. Profiles calculated (dotted lines) using 
constant-with-height sizes of 20% greater, and 20% less than the 'best' size estimate for 1 MHz (d) and 5 MHz (e); 
(actual profiles are also shown as solid lines). 

results. If ABS operating frequencies are kept 

below 3 MHz sediment attenuation is not  so 
much of a problem for sediment concentration 
profiles encountered in most coastal environ- 
ments (e.g. Vincent et al. 1991; Lee et al. 2002) 
and errors are typically _+ 20%. 

Assuming independence between the uncer- 

tainties due to configurational noise, _+ 10%, that  
due to the calibration, 4-20%, and errors in our 
knowledge of  the size of the sediment, _+ 20~  the 
total error is likely to be _+ 30%. 

In the field, of  course, sediments are rarely 
well-sorted and rarely just sand. The effects of 
actual field variations in suspended size have 
therefore been examined using data from a site 
where the sediments were know to have a wide 

range of sizes. The 'actual' suspended sediment 
was sampled using a 'timed sediment tube' 
(TST). The TST is a simple passive sedimentation 
trap that incorporates a timer unit that drops 

a plastic disk into the tube at defined intervals 
(Figure 5 and Vincent et al. 2003 for a more 
detailed description). The TST used here was 
mounted, with its aperture at 0.38 m, on the 
leg of a benthic lander (Fig. 5) deployed in the 
southern Nor th  Sea by the U K  Centre for Envi- 
ronment, Fisheries and Aquaculture Science 
(CEFAS) at 20 m depth in the southern Nor th  
Sea. The timing disks were dropped at 24 hour 
intervals. Bottom sediments in this region were 
sandy with some silt and mud. Details of  the 
deployment, the analyses of  the sediment from 
the TST and the effects of  sediment size on the 

accuracy of the miniature OBS measurements are 
given in Vincent et al. (2003) 

Sediment size analysis (Fig. 6) showed that the 
suspended sediments consisted of  three modes 
corresponding to mud, fine sand and coarse 
sand, with a broad silt component  between 10 
and 40 mm. Rather than consider every size 
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(a) (b) 

Fig. 5. (Left) The timed settling tube (TST) mounted 
on the leg of a CEFAS sea bed lander. The apertures 
can be seen just below the white timing disks. (Right) 
The sediment core after recovery and removal from 
the TST. Note the timing disks and the sediment 
banding. 

component in the distribution separately the 

effects on the uncertainty in the ABS mass con- 

centration of just four components (mud, silt, 
fine sand and coarse sand) are considered. 

The sensitivity of the ABS frequencies used 

in this deployment (1 and 4 MHz) to sediment 
size determines the relative contribution of each 

component  to the total backscatter. Applying the 

Sheng & Hay (1988) form-function to the mass 

distribution shows that the silt and mud have a 
negligible influence (Fig. 6) and could be ignored 
(and the laboratory calibration should use only 

the sand component of the sediment). This 

is similar to the conclusions for the optical back- 
scatter sensor (OBS) by Vincent et al. (2003) 

which were that the OBS should be calibrated 
against the mud and slit only, and that, in mixed 

sedimentary environments, the OBS should be 

treated as a silt/mud meter. In mixed sedimentary 
environments the ABS should be treated as a 

sand-only sensor. 
The TST sediment core showed a banded 

structure (different sediment size distributions, 
Fig. 5) during some 24 hour periods, correspond- 

ing to spring tides and/or wave events. However, 

even with a clearly-defined time marker, it was 
often difficult to associate the bands with par- 

ticular events during a day with high confidence 
(Fig. 7). The greatest daily sediment accumula- 
tion (about 4 cm in thickness) showed 12 bands 

(Figs 5 and 7). Figure 8 shows the size distri- 
bution of the five bands during another day; 
two sand-rich bands sit between three mud-silt 

dominated accumulations. The hourly ABS 
measurements were associated (with a degree of 

subjectivity) with bands within the TST core 

(Fig. 7) and two calculations performed. The 

first used the calibration of the ABS with bulk- 
sediment from the TST; the second used the two 

sand fractions, in the proportions found in the 

appropriate TST band. The difference in the two 

estimates is a measure of the likely uncertainty 

or error associated with the temporal variations 

in the size of sand in suspension on the ABS con- 

centration estimates. Table 1 shows the standard 

Fig. 6. The size distribution by mass for the bulk sample in the timed sediment tube, also showing the 
relative sensitivities (defined as form-function2/sediment radius) of the ABS at 1 MHz (heavy line) and 
5 MHz (heavy dashed line) to the sediment in suspension. 
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Fig. 7. Top panel burst-average tidal currents speeds and significant wave heights for the period 25 Feb to 6 
March. Lower panel: proportion of coarse sand (dark grey), fine sand (light grey), silt (white) and mud (the 
remainder) for the bands within the TST core. 

Fig. 8. The size distributions from the TST sediment of the five bands (interleaved fine/coarse) in one 24 hour 
period. 

deviation of the differences between the two 
estimates for all 625 ABS runs, firstly using the 
full sample (including mud and silt), secondly 
with sand only. 

Discussion and conclusions 

The overall uncertainty of ABS measurements 
of suspended sand results both from inherent 
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Table 1. The normalised range (max/min) and standard deviation (%) of the concentration estimates obtained using 

the TST core samples compared to values using the core-average size distribution 

[652 Observations] Whole Sample (silt-mud-sand) Sand component only 

Range St Dev (%) Range St Dev (%) 

ABS (1MHz) 2000 110 35 87 
ABS (4MHz) 45 65 2.5 18 

The last two columns show the comparative values when the ABS is used to estimate the sand (fine + medium) 
fractions only. 

factors associated with acoustic backscatter and 
from natural variability in the scatterers found 

in marine environments. The ABS system uncer- 

tainties of + 25% are somewhat smaller than the 

errors that are likely to result from the variations 
in sediment size for field applications; marine 

measurements from the TST suggest uncertain- 
ties, based on _+ 1 standard deviation, of the 

order of _+ 50%. Combining these uncertainties 

suggests that backscattered estimates of sus- 
pended sand are likely to be correct to better than 
a factor of 2. 

There are a number of other sources of errors 
that can also be important. Both bubbles and 
fish are very effective at scattering sound so the 

surf zone should be avoided. Fish can also be 
a problem; experience shows that fish can seek 
out the shelter provided by downward-looking 

ABS transducers particularly during calm con- 

ditions. Video pictures of an ABS underwater 

on the shoreface at Duck, N. Carolina show 

fish maintaining their position directly below the 
transducers (D. M. Hanes, pers. comm.). 

The ABS and the ADCP are profiling instru- 

ments and can, in theory, measure over the whole 

suspended sediment profile. In practice, neither 
the ADCP nor the ABS is good at measuring very 

close to the seabed where the sediment concen- 
trations are highest. The ADCP has relatively 

large measurement volumes and the angled 

beams, essential for the measurement of current 
speed that result in an angled intersection with 
the seabed and unwanted echoes from the side 

lobes. Even the ABS, with its single narrow, verti- 

cal beam has difficulty with the exact location of 
the seabed (rather the problem is distinguishing 

between backscatter from the high concentration 
very close to the bed and from the bed itself). 

Green et al. (1999) suggested that looking at the 

'break-in-slope' provided a useful mechanism 
for identifying the backscattered signal closest to 

the bed that was uncontaminated by the bed 

echo. This method has an uncertainty of at least 
_+ 1 bin (usually _+ 10 mm) associated with it but 

may be much greater. A very informative study 

by Dohmen-Janssen & Hanes (2002) compared 
the transport (the product of the concentration 
and the grain velocity) in the sheet-flow layer 
( - 4  mm to + 11 mm) over a flat bed with the 
transport in the suspension layer and found that 
the sheet flow layer contributed 90% of the total 
flux. If this conclusion is valid for general marine 
conditions where the bed is rarely flat and 
bed forms abound, the uncertainties in the ABS 
measurements of suspended sand concentrations 
are relatively insignificant. 
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Sorption of lanthanum onto clay minerals: a potential tracer for fine 
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Abstract: In order to improve predictions of coastal morphological response to sea-level 
rise and sustainably manage dredged sediment there is an urgent need to develop a field 
methodology that can measure accurately transport pathways of the <63 gm sediment 
fraction in coastal and estuarine environments. Techniques such as sediment trend analysis 
and sediment tracing using fluorescent sands are well established for the silt and sand fraction 
but are unsuitable for clay sediments due to their cohesive nature. Geochemically labelled 
clays have been used as fine sediment tracers in freshwater environments with some success, 
although little is known about their chemical or physical behaviour once released in saline 
environments. 

A number of pure clays and natural estuarine sediments were labelled with La following 
agitation in a 0.01M solution of La CI 3. In order to examine the retention of La on the 
clay mineral surface the labelled sediment was washed sequentially four times using both 
de-ionised water and artificial seawater. A labelled bentonite retained 43000 gg g-i La 
and this was only reduced to 36000 gg g-l La after washing in seawater. This suggests 
that retention of La is good even in saline conditions and concentrations of La are high 
enough to enable detection after considerable signal dilution. Sorption of La is dependent 
predominantly upon the cation exchange capacity of the sediment. 

Understanding dispersion patterns for the fine 

sediment fraction ( < 6 3  gm) and its associated 

contaminants is of fundamental importance to 

the sustainable management of coastal and 

marine resources. Information on sediment 

transport pathways can be used to improve 

predictions of coastal morphological response 

to extreme events such as storm surges and sea 

level rise, as well as coastal engineering schemes. 

Recent trends towards the beneficial re-use of 

dredged sediment for inter-tidal habitat  re- 

creation and the adoption of new dredging 

techniques such as water injection dredging, 

mean that understanding fine sediment transport 

is more pertinent than ever. Consequently, 

understanding and managing fine sediment 

transport in estuarine and coastal waters is of 

increasing importance to local authorities, port 

and harbour authorities and central government. 

The prediction of sediment dispersion in 

the coastal zone relies on accurate and reliable 

techniques for the measurement of sediment 

transport pathways. Historically, this role has 

been fulfilled by the use of sediment tracing 

techniques using fluorescent sands (Voulgaris 

et al. 1998) and sediment trend analysis 

(McLaren & Bowles 1985; Gao & Collins 1992, 

1994). These techniques are relatively well estab- 

lished, but due to the cohesive nature of clays 

are unsuitable and inaccurate for measuring 

transport  pathways of fine grained sediments. 

The release of short-lived radionuclides into the 

natural  environment has previously been used 

for tracing the dispersion and transport  of the 

fine sediment fraction (Courtois & Monaco 1969; 

Heathershaw & Carr  1978). However, there is 

increasing reticence to use such environmentally 

sensitive techniques and it is unlikely that  a 

discharge licence would be granted by the Envi- 

ronment Agency of England and Wales. There- 

fore, there is a need to develop and trial a 

methodology suitable for studying the dispersion 

and transport  of the <63 gm fraction and in 

particular the clay component. It is important  

that  the tracer developed should: (1) be easily 

detectable using routinely available analytical 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 17-24. 0305-8719107l$15.00 
�9 The Geological Society of London 2007. 
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techniques; (2) be environmentally benign; and 
(3) have physical properties similar to the 
sediment it is intended to mimic. 

Labelling clay minerals for use as environ- 
mental sediment tracers has received some 
interest in the past. Iridium-labelled sediments 
have been used to investigate the redistribution 
of marine sediments (Yin et  al. 1993) and 
lanthanide-labelled clay particles have been used 
successfully to determine sediment transport 
pathways in karst systems (Mahler et  al. 1998) 
and in lake sediments (Krezoski 1989). The 
lanthanide group of elements (also known as 
the rare earth elements, REEs) all have similar 
properties and can be incorporated easily into the 
clay-mineral lattice as they are trivalent and have 
similar ionic radii to Ca 2+. Previous research has 
shown that lanthanides are accepted readily into 
the montmorillonite lattice and up to 100% of the 
cation exchange capacity (CEC) can be achieved 
(Bruque et  al. 1980). Mahler et  al. (1998) also 
found that the retention of lanthanides in saline 
conditions was good and that they may be 
suitable for use in coastal marine environments. 
Additionally, lanthanides have been used as 
geochemical tracers for groundwater mixing 
(Johanesson et  al. 1997), to investigate the dyna- 
mics of soils (Braun et  al. 1998; Matisoff et  al. 

2001; Zhang et al. 2003; Xue et  al. 2004) and 
as chemical analogues to study the uptake of 
trivalent actinides in the field of storage/disposal 
of nuclear waste (Chapman & Smellie 1986). 
Consequently, there has been considerable work 
looking at sorption mechanisms including the 
irreversibility of sorption (Miller et  al. 1983), 
migration into the clay structure (Miller et  al. 

1982) and the effect of pH (Bruque et  al. 1980). 
However, there is still uncertainty concerning 
whether sorption leads to fractionation of the 
lanthanide group and little is known about the 
nature of the chemical bonds between metal 
cations and the clay structure (Coles & Yong 
2002; Coppin et  al. 2002). There are a limited 
number of studies reporting partitioning coef- 
ficients of REEs between clay minerals and 
aqueous solutions (Sinitsyn et  al. 2000) and 
applications in the saline environment have 
not been studied in any detail. 

Here, we have investigated whether the use 
of La-labelled clays and natural sediments may 
be suitable for use as a tracer of fine sediment 
in the estuarine environment. Dispersion in the 
estuarine environment means that once the tracer 
sediment is released, the tracer element signal 
will be diluted considerably. Hence, one of the 
key aims of this project is to determine whether 
sufficiently high concentrations of sorbed La are 
achievable in labelled sediments to enable their 

use as sediment tracers. As the tracer element 
may be exchanged with competing cations in 
saline environments, a second aim is to ascertain 
the extent ofLa desorbtion when exposed to both 
freshwater and saline conditions. 

Methodology 

Two samples of natural estuarine sediment were 
collected from an area of mud fiat and vegetated 
salt marsh the Medway Estuary, Kent, represent- 
ing sediments with both low and high organic 
content respectively. These sediments have been 
previously studied in detail (Spencer 2002) and 
the <2 ~m fraction has the approximate com- 
position: smectite (49%), kaolinite (22%), illite 
(27%) and chlorite (2%). Samples of bentonite, 
smectite, kaolinite, phlogopite and illite were 
also used in order to determine the effect of 
clay mineral type and cation exchange capacity 
(CEC) on La sorption. A 1% sediment suspen- 
sion was prepared by adding 2.5 g of oven-dried, 
crushed sediment to 250 ml of 0.01M LaC13 solu- 
tion. The pH of the suspension was recorded and 
the sediments were then left to equilibrate before 
being shaken for 30 minutes using a mechanical 
wrist shaker. The suspension was then centri- 
fuged at 3000 rpm for 15 minutes. The pH of 
the supernatant was recorded and retained for 
analysis by inductively coupled plasma optical 
emission spectrometry (ICP OES) using a Perkin 
Elmer Optima 3300RL. In order to determine 
whether La was desorbed from the labelled sedi- 
ment when exposed to a freshwater environment, 
the labelled sediment samples were washed 
sequentially four times with de-ionised water. 
After each wash, the suspension was shaken for 
30 minutes and then centrifuged at 3000 rpm 
for 15 minutes. The pH of the supernatant wash 
was recorded and the wash retained for analysis 
by ICP-OES. Initially, the labelled sediments 
were washed eight times, however La concentra- 
tions were consistently below 1 mg L -1 after four 
washes and therefore this was considered suffi- 
cient. In order to mimic the re-suspension of the 
labelled sediment in saline waters, the sediments 
were also washed in artificial seawater made up 
to the manufacturer's recommendations (Tropic- 
MarinTM). The CEC of both the pure and natural 
sediments was calculated following the US EPA 
9081 method (US Environmental Protection 
Agency 2005). Total La concentrations were 
determined in the sediments before labelling and 
after washing in de-ionized and in saline water 
using a total HF-HC104-HC1 dissolution tech- 
nique (Thompson & Walsh 1989). Resultant 
digestates were analysed by ICP-OES. 
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Precision was determined by carrying out 
all labelling experiments in triplicate and was 
generally < 5% relative standard deviation (RSD) 
for La concentrations in sediment analyses, < 2% 
RSD in the supernatant, but very variable in 
the sample washes. Accuracy was assessed by 
analysing in-house reference materials and was 
between 12 and 16% bias. The in-house reference 
materials used were prepared from four igneous 
rock samples representing a range of major and 
trace metal concentrations. 

Results and discussion 

Equilibration times for the sorption of REEs 
onto clay minerals used in the literature vary con- 
siderably from 10 minutes (Bonnot-Courtois & 
Jaffrezic-Renaut 1982) to 72 hours (Coppin e t  al. 

2002). In this study a preliminary experiment was 
completed where bentonite was equilibrated with 
0.01 M LaC13 for 30 minutes, 1 hour, 24 hours 
and 1 week. The amount of La sorbed onto the 
clay mineral surface was calculated from the 
decrease in aqueous La concentration at the end 
of the experiment. This calculation assumes that 
any La removed from solution is removed due 
to sorption on the clay mineral surface and/or 
migration to the mineral lattice and not due to 
loss from precipitation or sorption onto the con- 
tainer walls. It is possible that La hydroxide may 
be precipitated during sorption experiments and 
this is discussed in detail later in this paper. The 
sorption coefficient, Kd, values (in ml g-~) have 
been normalised to the solution volume/solid 
mass ratio as used by Coppin et  al. (2002) and 
shown in Equation 1. 

(Cinitial --  Cfinal) V 
/~d = (1 )  

C~n~ M 

where, 

Kd = solid/solution partitioning coefficient 
(ml g-l) 

Cmiti.~=aqueous concentration of La at the 
beginning of the experiment (mg L -1) 
Cnnal=aqueous concentration of La in the 
supernatant (mg L -1) 
V= solution volume (ml) 
M =  mass of the solid (g) 

Figure 1 shows the Kd values for La for the 
timed equilibration experiments. The results 
indicate that equilibrium between the La aque- 
ous solution and the clay fraction was not 
achieved after 168 hours, although the K~ values 
increase rapidly after 1 hour. This would suggest 
that equilibration times in excess of 1 week are 
required. If  we consider the La sediment concen- 
trations rather than Kd values, a final La sedi- 
ment concentration of 44 000 ~tg gDW -1 (dry 
weight) was achieved after the sediment had 
been equilibrated for 30 minutes and this only 
increased to 46 000 ~tg gDW -1 after 1 week. This 
demonstrates that La uptake may increase with 
equilibration times in excess of 168 hours and 
this is in disagreement with other workers who 
have shown the REE uptake by clay minerals is 
complete after as little as 5 minutes (Aja 1998). 
However, the increase in the final La sediment 
concentration is minimal after 24 hours. Conse- 
quently, we equilibrated the La solution and all 
the sample clays for 24 hours before shaking and 
centrifuging the samples the following day. It 
should be noted that it may be inappropriate to 
apply Kd values calculated for bentonite to the 
other clay minerals used in this experiment, 
however this does give an approximate guideline 
as to equilibration times needed. 

Coppin et  al. (2002) have also suggested that 
some clays may undergo dissolution during 

' 0 }  

E 
v 

~Z 

80 

70 

60 

50 

40 

30 

20 

10 

0 

0 

/ 

I I I i 

50 1 O0 150 200 

Elapsed time (hours) 

Fig. 1. Calculated Kd values for La and bentonite as a function of elapsed time. 



20 K.L. SPENCER E T  AL. 

sorption experiments. This would release ele- 
ments present in the aluminosilicate clay mineral 
lattice to aqueous solution including A1 and any 
La naturally present in the clay minerals. There- 
fore Kd values may be decreased due to this addi- 
tional input of La to aqueous solution. Here, A1 
is present in both the supernatant and conse- 
quent washes at low concentrations (<  1 mg 1-1) 
for the freshwater washes and below detection 
limits for the majority of the saline washes. Dis- 
solution of clays is largely pH dependent and loss 
of A1 due to the dissolution of montmorillonites 
occurs only at pH values < 2 (Bruque et al. 1980). 
In the present study pH values of the initial 
sediment suspension were > 4. This suggests that 
dissolution of the clay minerals is likely to be 
minimal and has not been considered further. 

Total La concentrations for each of the 
sediments studied are given in Table 1 and dem- 
onstrate considerable variation in the natural 
concentrations of La in the sample materials. 
Concentrations of La in the sediments collected 
from the Medway Estuary are similar to those 
analysed in other estuarine sediments (e.g. Weltje 
et al. 2002). In order to determine whether La 
would be desorbed from the sediments when 
exposed to either freshwater or saline environ- 
ments the total La concentration in sediments 
before and after labelling have also been com- 
pared (Table 1). All sediments show significant 
increases in the amount of La present after label- 
ling and this is retained to varying extents 
after subsequent washing in both fresh and 
saline waters. The highest La concentrations are 
present in bentonite, with a concentration of 
43 200~ggDW -~ after washing in de-ionized 
water only decreasing to 36 000 ~g gDW -1 after 
repeated washing in saline water. The lowest 
concentrations of La are present in kaolinite with 

concentrations of 1900 ~tg gDW -1 after washing 

in  de-ionized water. Concentrations of La in 
all the samples, with the exception of kaolinite, 
decrease in the sediments that have been washed 
in saline water with respect to washing in de- 
ionized water. This suggests that for most of the 
sediments La is desorbed to some extent under 
saline conditions and in the presence of a high 
concentration of competing cations. The loss of 
La due to desorption varies from 17% for bento- 
nite to 49% for phlogopite. This again suggests 
that bentonite may be the most effective clay for 
retaining La in both fresh and saline conditions. 
The different behaviour of kaolinite may be due 
to the nature of the mineral lattice. The CEC 
of kaolinite is controlled primarily by pH depen- 
dent charges arising from broken bonds along 
mineral edges (Coles & Yong 2002). Conse- 
quently the concentration of metal cations 

sorbed to the mineral surface is strongly depen- 
dent upon changes in ambient pH. In the present 
study the differences in the amount of La sorbed 
after washing in saline and fresh water environ- 
ments may have been due to variations in the 
pH. Most authors who have studied partitioning 
coefficients between clay minerals and REEs in 
aqueous solutions have also noted a dependency 
on the ionic strength of the REE solution. Beall 
et al. (1979) studied the uptake of La in NaC1 
solutions buffered to pH 5 and they found that 
metal uptake decreased with increasing ionic 

strength. However, they did not consider the 
effects of competing metal complexation in the 
saline environment. 

If chemical parameters during sorption are 
optimised, it is possible that 100% of the CEC 
can be achieved. Table 1 shows the percentage of 
CEC occupied by La after desorption in both 
fresh and saline environments assuming that all 

Table 1. Total sediment La concentration after shaking in de-ionized water (FW) and saline water (SW) and % of  

CEC (in milliequivalents) occupied by La after desorption in de-ionized water (FW) and saline water ( SW) 

La in La in La in CEC in La as % of La as % of 
mg kgDW -j* mg kgDW -~ mg kgDW -~ meq 100g -1 total CEC total CEC 

(FW) (SW) (FW) (SW) 

Bentonite 57 43200 36000 121 75 64 
lllite 49 NA 9600 30 NA f 70 
Kaolinite 7 1900 5100 22 19 51 
Smectite 28 20600 16000 58 76 59 
Pidogopite 4 8500 4300 27 68 34 
Natural sediment 1 36 16900 13200 44 77 60 
(low organic content) 
Natural sediment 2 39 19200 13600 65 64 46 
(high organic content) 

*Natural La concentration in sediments, NA, data not available. 
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the La present is sorbed to cation exchange sites, 
This indicates that higher La concentrations in 
the final labelled sediments could be achieved 
if the chemical parameters for partitioning and 
equilibrium are examined for each of the clay 
sediments in detail. Metal uptake onto clay 
mineral surfaces may be a function of pH, ionic 
strength of the solution and the initial concentra- 
tion of the sorbant in aqueous solution (Sinitsyn 
et  al. 2000). Additionally, these factors are influ- 
enced by both the type of clay and the lanthanide 
element used. However, there are a limited 
number of studies reporting optimum chemical 
parameters for the partitioning of REEs between 
clays and aqueous solution. Bruque et  al. (1980) 
examined the sorption of La onto montmorillo- 
nite and found that maximum sorption was 
achieved between pH values of 4-5, while at 
values > 5, precipitation of La hydroxide may 
occur. Whilst Sinitsyn et  al. (2000) found that 
maximum uptake of Eu and Nd onto illite 
occurred at pH values > 5. In the present study, 
pH values of the initial sediment suspension were 
between 4 and 5 and pH values of the washes 
increased as the solutions were not buffered. 
Thus, a decrease in La concentrations in sedi- 
ment washes (Fig. 2) may be an indication of 
La hydroxide precipitation and increases in total 
La concentrations in the final labelled sediments 
may be due to the presence of precipitated La 
hydroxide. Lanthanum concentrations in wash 
solutions show a strong relationship with pH 
and the sorption edges as a function of wash 

pH (fresh water washes) are given in Figure 3. 
This shows that La concentrations in the wash 
solution decrease significantly at a pH value of 
between 5.5 and 6. This is in agreement with the 
sorption edge data for saline washes, although 
the data are incomplete and are therefore not 
presented. 

In order to determine whether La hydroxide 
was being precipitated out during washing, 
labelled sediments were investigated using 
semi-quantitative scanning electron microscopy 
(SEM) with Link Isis energy dispersive x-ray 
analysis (Hitachi S-3000-N SEM). Discreet par- 
ticles with a micro-crystalline structure were 
observed adhered to the surfaces of clay particles 
in both fresh and saline washed sediments, 
Figure 4 shows a SEM image for bentonite and 
the accompanying element distribution map 
clearly shows that the crystalline structures are 
La rich. The sediments were also analysed using 
x-ray diffraction (XRD), however diffraction 
traces were not observed for La hydroxide or 
any other commonly occurring La salts. This 
suggests that although some of the total La 
concentrations in labelled sediments may be 
attributed to the presence of La hydroxide, con- 
centrations are low and can not be detected by 
XRD analysis. One of the primary mechanisms 
for the sorption of metal cations to clay mineral 
surfaces is due to cation exchange. Scatterplots of 
CEC against total La concentration in labelled 
sediments from both fresh water and salt water 
washes are shown in Figure 5. These indicate that 

Fig. 2. Lanthanum concentrations in sequential fresh water sediment washes. 
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Fig. 3. Relationship between La concentrations in sequential saline sediment washes and pH. 

total sediment La concentration is controlled 

strongly by the CEC of the sediment with 

correlation coefficients of r = 0.99 for freshwater 

washes and r=0 .98  for salt water washes. This 

indicates that although La hydroxide is present 

in the labelled sediments, it probably does not 

contribute significantly to the final total La con- 

centrations. Consequently, the Kd values calcu- 

lated earlier in this paper are also valid. These 

scatterplots also demonstrate that CEC and 

hence sediment type is probably the most impor- 

tant controlling factor for La sorption. Hence, 

the clay mineral used as a potential sediment 

tracer must be selected carefully. 

S u m m a r y  a n d  c o n c l u s i o n s  

The concentration of La in labelled sediments in- 
dicates that metal uptake is strongly dependent 
upon CEC and hence sediment type. In these 
experiments the highest concentrations of La 
were sorbed to bentonite. Concentrations in 
excess of 40 000 pg gDW -1 can be achieved easily 
and may be improved by carefully controlling 
the chemical parameters of the sorption process. 
The precipitation of La hydroxide may occur 
during the labelling process but is unlikely to 
contribute significantly to the total La concentra- 
tions recorded in the labelled sediments. Under 
saline conditions La is desorbed to a small extent 



SORPTION OF LANTHANUM ONTO CLAY MINERALS 23 

Fig. 4. (a) SEM image of bentonite and (b) element distribution map for La. 

Fig. 5. Scatterplots of CEC against total sediment La concentration for flesh water (FW) and salt water 
(SW) washed sediments. 

in the presence of competing cations, but total La 
concentrations in the labelled sediment are still 
in excess of 35 000 gg gDW -~. 

In order to use successfully geochemically 
labelled sediment as a tracer of the fine-grained 
sediment fraction, concentrations of the geoche- 
mical label must be high enough to allow routine 
detection even after the sediment has dispersed. 
We have estimated that the tracer signal must be 
detectable after dilution by a factor of 106 to 109 
in the estuarine system. Using pre-concentration, 
detection limits of 1 ng g-1 are achievable for 
most lanthanide group elements using induc- 
tively coupled plasma mass spectrometry (Jarvis 
1988, 1989). Consequently we should be able 
to detect our tracer after dispersion, al though 
La concentrations will be near the instrumental 
detection limit. It may, however, be difficult 

to distinguish the tracer signal from natural  

background concentrations within estuarine 

and coastal sediments. Further  investigation is 

required as to the use of alternative lanthanide 

group elements that have lower natural  back- 

ground concentrations and the use of REE ratios 

that are more diagnostic than single element 

signatures alone. 

This project was funded by a NERC Connect A grant 
(NER/ElS/2002/O0022 ). 
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Abstract: Optical and acoustic backscatter sensors, more sensitive to fine and sandy sedi- 
ment respectively, were used to measure the mud and sand components of a mixed suspension 
at a site seaward of the Wash embayment, in the southern North Sea. Data were acquired 
from a free-standing instrument frame during a five-week deployment in 12 m water depth 
about 6 km offshore. Suspended mud at this site was characterized by tidal advection of fine 
sediment along the coast resulting in semi-diurnal peaks in concentration near slack water. 
Suspended sand concentrations correlated well with tidal current speeds indicating local 
resuspension behaviour. Predicted sand flux direction followed the residual current while mud 
fluxes at the site were different in direction to both the residual current and sand flux. Residual 
fluxes may be biased by cumulative errors resulting from instrument calibration and inferred 
vertical concentration profiles. These factors are assessed in relation to both predicted flux 
magnitudes and directions. 

Measurement and prediction of sediment fluxes 
are important  goals in environmental and 

engineering coastal studies. Errors in sediment 

transport estimates may be a result of  a number 
of things including uncertainties in current 
measurements, vertical distributions of current 

velocity, sediment concentrations and instru- 

ment calibrations. Net sediment transport pre- 
dictions will be particularly sensitive to any 

offsets or bias in the current or concentration 
estimates. The potential for error is compounded 

in a mixed sediment environment by the varying 

responses of different sediment size to the flow 
which implies required monitoring of both end 
members of the size spectrum. 

Field measurements of suspended sediment 
flux frequently do not take into account the wide 
variation of sediment size with time. The diffi- 

culty of measuring the full varying size spectrum 

of suspended sediment often leads to the mea- 
surement of only a portion of that spectrum 

and/or the assumption of a time-invariant sedi- 
ment size distribution. In a mixed sediment envi- 
ronment such an assumption can lead to large 

errors in predictions of the magnitudes of con- 

centrations and even flux directions (e.g. Ludwig 
& Hanes 1990; Bass 2000; Green et al. 2000; Jago 

& Bull 2000). Unlike coarser sandy material the 

behaviour of fine sediments is influenced by their 

cohesive nature, which allows particles to floc- 
culate and affects their erodibility and settling 

velocity. In addition their relatively slower set- 

tling velocity allows muddy sediments to remain 

in suspension much longer than sand and they 
may be easily advected into or away from a 

region of study. 
Optical and acoustic backscatter sensors 

(OBS and ABS), more sensitive to fine and sandy 

sediment respectively, offer the possibility of 
monitoring suspensions over a wide range of 

particle sizes. Multi-frequency ABS have been 

shown to provide information on the varying size 

distribution of sandy sediments (Crawford & 
Hay 1993), but their application to muddy sedi- 

ments has been limited by the lack of under- 
standing of the acoustic response to mud and by 
attenuation of sound at the higher frequencies 

required to sense fine particles. However, while 
ABS and OBS instruments are routinely used in 
sediment transport  research (e.g. Vincent et al. 
1998; Lee et al. 2002), few studies have taken 
advantage of these two sensors together to obtain 
information about the behaviour of fine and 

coarse sediment in mixed sediment environments 
(Lynch et al. 1994; Bass 2000; Green et al. 2000). 

Acoustic and optical backscatter measurements 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and She~Sediment Transport. Geological Society of 
London, Special Publications, 274, 25-35.0305-8719107l$15.00 
�9 The Geological Society of London 2007. 
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representing mud and sand components of a 
mixed suspension from a 38-day deployment 
seaward of the Wash embayment, southern 
North  Sea, are presented. Predicted sand and 
mud flux magnitudes and directions are 
discussed in relation to vertical concentration 
profiles and calibration uncertainties. 

Experiment background and methods 

The deployment took place during April and 
May 1997 for 38 days as part of an experiment by 
the UK Centre for Environment, Fisheries and 
Aquaculture Science (CEFAS) to study the effect 
of fine sediment plumes created by dredging 
activity in the North  Sea. The results presented 
here are from one deployment about 6 km 
offshore, outside the entrance of the Wash 
embayment (NW corner), eastern England, in the 
southern North Sea (Fig. 1). Residual currents in 
this region are generally to the SE (Eisma 1981). 
Along the Lincolnshire coast the net water flux is 
southwards with local circulation cells among the 
complex tidal channels and banks (Eisma 1981) 
and into the Wash at the NW corner (Ke et aL 

1996). 
The most likely sources of suspended sedi- 

ment supplying this region of the North  Sea 
are the eroding coastlines of Lincolnshire and 
Yorkshire, and the fine sediment plume dis- 
charged by the Humber (McCave 1987). The 
Wash as a whole is a region of net sediment 
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accumulation. A net sediment influx occurs 
along the Lincolnshire coast into the NW corner 
of the Wash and a net outward flux at the SE 

corner along the north Norfolk coastline (Ke 
et al. 1996) with an overall excess of input over 
output. Bed and suspended sediment samples 
collected at the deployment site were predomi- 
nantly bimodal with a fine mode at about 7 gm 
and coarser mode between 120 and 300 gm. 

Instruments were housed on a benthic lander, 
or Minipod, designed to measure boundary layer 
processes in shelf seas. The Minipod carries an 
independent data logger controlling a number of 
sensors under a variety of possible sampling 
schemes (the logger and instrumentation are 
described in detail in Green et al. 1992). The data 

presented here were acquired with: one two- 
axis Marsh-McBirney electro-magnetic current 
meter (0.44 m above bed, axes horizontal); a 
Paroscientific Digiquartz pressure sensor; two 
miniature OBS (0.57 and 0.77 mab); and a two- 
frequency ABS developed at CEFAS. The OBS 
were developed at the University of Cambridge. 
The ABS was mounted at a nominal height of 
0 .85mab and directed vertically downwards. 
Only data from the 4.5 MHz ABS are considered 
here because of a problem with the gain on the 

lower frequency ABS. Three automated syringe 
water-samplers were used to obtain accurately 
timed suspension samples at the height of the 
lowest OBS. The syringe samplers are operated 
using a motor-driven piston to withdraw a 1.8 1 

sample over three minutes at a preset intake 

height. The syringes were triggered when back- 
scatter levels from the lower OBS exceeded a 
set threshold. A passive sediment trap collected 

material in suspension from a height of about 
0.3 m throughout the deployment. The trap was 
an enclosed, 30 cm long cylindrical tube with 

holes around the circumference near the top 
mounted vertically on one of the Minipod legs. 
Some of the suspended sediment in the water 
flowing through the holes is trapped and later 

used for instrument calibration. 
The ABS, sampling at 2.5 Hz, recorded back- 

scatter profiles at 0.01 m intervals. The two 

OBS and the pressure sensor sampled at a rate 
of 1 Hz. Current velocities were sampled at 

5 Hz. Data were collected in sets or bursts every 
hour, each burst lasting 512 s. Data presented 

here represent burst-averages, i.e. hourly 512 s 

averages. 

Fig. 1. The location of the experiment area on the east 
coast of England showing the deployment site 
(filled circle). General net sediment transport patterns 
in the region are indicated by the arrows. 

Sediment concentrations 

Suspended sediment concentrations were 

determined from the backscatter data through 
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calibration with sub-sampled layers of muddy 
and sandy sediment in the sediment traps. The 
response of the OBS and ABS to particle size is 
shown in Fig. 2. Sediment at the site was bimodal 
and suspension concentrations estimated from 
the OBS and ABS are taken as a crude represen- 
tation of mud and sand suspensions respectively. 
OBS calibrations with sub-samples from the 
traps were verified with suspended load estimates 
from the syringe samples. It is assumed that the 
high acoustic backscatter signals were from sus- 
pended sand with a size distribution similar to the 
sand layers in the sediment traps, and thus cali- 
brations with the sandier sub-samples from the 
sediment trap were applied to the ABS. 

Burst-averaged concentration estimates for 
the full deployment are presented in Fig. 3 
with corresponding current speeds and near- 
bed significant wave-orbital speeds (U~ig) in 
Fig. 4. Usig w a s  calculated from the pressure 
data using linear wave theory (e.g. Thornton & 
Guza 1983). A 36 hour time interval from the 
series (Fig. 5) shows typical phase relationships 
between suspended sediment concentrations and 
current speeds. Peak sand suspension concentra- 
tions were coincident with peaks in current 
speeds (Fig. 5c) indicating local resuspension 
of sandy material from the bed. During spring 
tides, sand suspensions due to tidal currents 
reached up to 0.15 kg m -3 at 0.1 m height. The 
influence of waves is also apparent with increased 
background concentrations during storms. 

Mud concentrations (Fig. 3b) exhibited 
strong semi-diurnal peaks throughout most of 

the deployment in contrast to the quarter-diurnal 
signal in the current speed (produced by the semi- 
diurnal M2 tide). Similar temporal patterns in 
fine sediment suspension concentrations have 
been observed elsewhere (e.g. Jago et  al. 1993; 
Blewett & Huntley 1998; Williams et  al. 1998) 
and modelled as a combination of advection and 
resuspension by e.g. Weeks et  al. (1993), Jones 
et  al. (1996), Aldridge (1996) and Bass et  al. 

(2002). Throughout the deployment, peaks in 
mud concentrations were centred about high- 
water slack tide (as in Fig. 5b) suggesting they 
may have been dominated by advection of 
muddy material on the flood tide. The effect of 
waves on suspended sediment concentrations is 
apparent by the increase in peak concentrations 
during storm events (e.g. for storms with peak 
wave orbital velocities at bursts 1, 180, 270, 370, 
510 and 760; Fig. 4). Previous work (Bass 2000; 
Bass et  al. 2002) has shown through modelling 
that the mud in suspension was primarily sup- 
plied by advection of fine sediment on the flood 
(predominantly southerly) tide settling toward 
the bed at slack water and being resuspended 
on the accelerating ebb. The modelling studies 
suggest a horizontal concentration gradient in 
suspended mud increasing to the NW. This result 
is supported by observations of the East Anglian 
plume and cliff erosion in Lincolnshire and 
Holderness which are important sources of sus- 
pended sediment to the southern North Sea (e.g. 
McCave 1987; Dyer & Moffat 1998). 

S e d i m e n t  f l u x e s  
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Fig. 2. Optical and acoustic backscatter response to 
particle size. 

Suspended sediment flux, Q, is calculated for a 
steady uniform current as the depth integral of 
the product of the concentration of suspended 
sediment, C, and the sediment velocity, where it 
is assumed that the sediment velocity is equal 
to the water velocity, U. Q represents the depth- 
integrated mass of sediment moving across a unit 
width of sea bed per unit time. 

The sand suspension flux, Qs, was estimated 
using the acoustic backscatter estimates of con- 
centration and predicted current profiles, assum- 
ing a logarithmic profile and drag coefficient of 
0.0025 (Bass 2000). Estimates of Qs are obtained 
by summing, over the bottom 41 cm range bins, 
the product of concentration for each bin and the 
corresponding predicted velocity. The mass flux 
of muddy suspensions, Qm, is calculated as the 
product of the OBS point estimate of concentra- 
tion at 0.77 m above the bed, the depth-averaged 
velocity and water depth. This calculation of 
Qm assumed that the mud concentrations were 
constant with depth. Possible vertical gradients 
in mud concentration are considered later. 



28 S.J. BASS E T  AL. 

co 
I 

E 0.1 
o3 

"0  
r 0.05 

03 

0.8 

co 

I 0.6 

E 

.-~ 0.4 

"O 

;E 0.2 

I 

0 

0 100 

(a) 
I I I I I I I 

100 200 300 400 500 600 700 800 900 

(b) 
I I I I I I 

200 300 400 500 600 700 800 90( 

burst (hour) 

Fig. 3. Time series of (a) ABS estimates of suspended sand concentrations at 0.1 m above bed and (b) OBS 
estimates of suspended mud concentrations at 0.57 m above bed. 
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Fig. 4. Time series of (a) current speeds at 0.44 m above bed and (b) near-bed significant wave-orbital speed. 

Fluxes at time scales of wave periods were not  
considered. 

Suspended mud and sand flux time series for 

the full deployment are presented in Fig. 6. Mud 

and sand transport events appear to be tidally 

driven rather than storm driven and tend to have 

higher magnitudes during spring tides when 

current speeds and tidal displacements were 
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Fig. 5. Water depth (a), current speed (5), suspended mud concentrations (c) and sand concentrations (d) for a 36 
hour time interval during spring tides when wave orbital velocities were low (bursts 64-100). 

greatest. The influence of storms is seen more 

readily through the smoothed flux-time series 

presented as 36 hour running averages. In both 
cases the smoothed time series indicates some 

increase in sediment transport  during storms. 

The magnitudes of mud flux are greater than for 
sand by an order of magnitude and are possibly 

overestimations due to the assumption that the 

concentration at 0.77 m above bed was constant 

throughout  the depth. 
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Fig. 6. Time series of (a) suspended sand flux magnitudes and (b) suspended mud flux magnitudes. Tidal 
variations are filtered out by smoothing the time series using a 36 hour running point average (superimposed 
envelope). Corresponding waves and currents are presented in Fig. 4. 
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Fig. 7. Progressive vector diagrams of water, mud and 
sand flux for the full 38-day deployment. Water and 
mud flux magnitudes have been scaled so that they are 
comparable to net sand flux. Note that sand and water 
cumulative fluxes are in the same direction. 

Cumulative mass fluxes of sand, mud and 
water are compared in a progressive vector 

diagram (Fig. 7). The mass flux of water was 
computed as the product of the water density, the 

estimated depth-mean current and the water 

depth. The predicted residual current and sand 

flux direction at the site agree with the predomi- 

nantly southerly flow along the Lincolnshire 

coast and observations of net sediment transport 

into the Wash at the N W  corner (Fig. 1). 
However, the estimated residual mud flux was in 

the opposite direction (north and offshore) to the 

sand and water flux (south and onshore). This 

result is surprising because fine sediment sus- 

pensions are very often assumed to move with 

the water because of the relatively low settling 

velocity associated with mud. Considering that  

the above net flux estimates are cumulative and 

thus sensitive to cumulative errors associated 

with any bias in the concentration time series, 

the following section explores potential biases 

in concentration estimates associated with the 

time-varying sediment-size distribution, cali- 

bration errors and varying vertical gradients of  
muddy sediments. 

T h e  e f f ec t  o f  c o n c e n t r a t i o n  errors  on f lux  

e s t i m a t e s  

Calibration uncertainties 

It is recognized that there is some degree of 
overlap in the mud and sand concentration esti- 

mates because both optical and acoustic sensors 
will detect both mud and sand but with different 
degrees of sensitivity. Uncertainties may result 

from the time variation of the size distribution 



SAND AND MUD FLUX ESTIMATES 31 

at a given height, and from the varying states of 
aggregation depending on the turbulent inten- 
sity, mud concentration and biological activity 
in the water. The time variation of size distribu- 
tions during the deployment was not known 
well enough to incorporate into the calibration 
procedure. It is, however, clear that mud and 

sand suspensions from this deployment domi- 
nated at different stages during the tidal cycle: 
mud concentrations were highest around slack 
tide at high-water and peaks in sand concentra- 
tions were coincident with peaks in local current 
speed. Acoustic and optical backscatter instru- 
ments are typically calibrated with either a bed or 
suspension sample from the deployment location 
and the single calibration is then applied to 
the full time series despite inevitable temporal 
changes in suspended sediment size distribution. 
For the data in question, when different cali- 
brations were applied the predicted mud and 
sand flux magnitudes were altered but not the 
directions. Of more concern is that calibration 
with one sediment sample for all times is not  
representative of the suspension where the size 
distribution varies periodically. The question 
explored below is whether high concentrations of 

mud or sand contaminate or bias the acoustic or 
optical backscatter respectively at particular 
times during a tidal cycle. 

The acoustic response to flocculating fine 
sediment is not understood well. It is not clear 
whether the backscatter intensity is reduced due 
to increased attenuation in flocculating suspen- 
sions or whether fine particle aggregates result 
in increased backscatter intensity because of 
an increase in particle size. Consequently, the 
acoustic backscatter data presented here may be 
an overestimate or an underestimate of sand 
concentrations during periods of concentrated 
mud suspensions. Fig. 8 presents the acoustic 
backscatter intensity at 0.1 m above bed as a 
function of the current speed. Sand resuspension 
due to local current shear occurs around 
0.4 m s -1 in agreement with theoretical predic- 
tions based on the modal sand grain size from 
the suspended sediment samples. Concentrations 
for times when the ratio of  significant wave- 
orbital speed (Usig) to current speed (U) was 
greater than 0.5 are marked by circles in Fig. 8. 
These particular times suggest that the enhanced 
acoustic estimates of sand concentration at low 
current shear may be related to storms. Marked 
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Fig. 8. Acoustic backscatter intensity at 0.1 m above bed as a function of the current speed. Sand resuspension 
due to local current shear occured around 0.4 ms-L Concentrations for times when the ratio of significant 
wave-orbital (Usig) to current speed (U) was greater than 0.5 are marked as circles) as are the times for which mud 
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by crosses in Fig. 8 are the times for which 
mud concentrations are high ( >  0.15 kg m-3), for 
when there is no indication of  reduced back- 
scatter intensity. Some of  the concentrated mud 
suspensions correspond to increased backscatter 
for lower current velocities but it may be argued 
that the increase in backscatter at these times was 
due to wave-current resuspension during storms. 
The potential effect of an overestimate in sand 
concentration during periods of high mud con- 
centrations and low current shear was tested by 
ignoring all contributions to the net flux when 
the current speed was less than 0.4 m s -1, effec- 
tively assuming a tidally controlled flux of  sand 
only, and also by ignoring those contributions 
when mud concentrations were high. The result- 
ing progressive vector fluxes of sand are com- 
pared with the previous estimate (Fig. 9). While 
the net flux magnitudes are 10-20% larger there is 
little change in predicted sand flux direction 
(about 1 ~ The net sand flux estimated for lower 
mud suspensions (when concentrations were less 
than 0.15 kg m -3) is less realistic as it was biased 
by the dominance of mud on one tide, in particu- 
lar high mud concentrations on the accelerating 
ebb tide. 

Optical backscatter sensor calibrations were 
verified by suspended load estimates obtained 
from syringe suction samples at the lower OBS 

height. These suction samples were triggered 

by high optical backscatter events and thus the 
concentration estimates are considered reliable 
when the mud concentration was high. Low mud 
concentrations, which have no second estimate 
to be compared with, generally coincided with 
higher current speeds and may be more problem- 
atic in cumulative flux estimates. During these 
periods of higher current shear it is more likely 
that mud concentrations are overestimated due 
to the presence of more sand in suspension and 
the break-down of flocs into smaller particles. In 
the extreme case of removing the influence of  
sand on the optical backscatter, cumulative mud 
flux was estimated by ignoring contributions 
during periods of high sand concentrations and 
also when current speeds were high (Fig. 10). 
Comparing these extreme cases with the previous 
estimate of cumulative flux, the net flux is larger 
by up to 65% and the direction approximately 
5 ~ closer to north, but the net flux remains 
approximately opposite that of the water. 

Ef fec t  o f  vertical concentration profile 

es t imates  on m u d  f l u x e s  

Mud flux estimates presented in Figs. 6 and 7 
were calculated assuming a depth-constant mud 
concentration because only two closely-spaced 
data points were available (from the two OBS 
at 0.57 and 0.77 m above the bed). However, 
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Fig. 9. Progressive vector diagram of sand flux 
calculated by only including concentrations for which 
current speeds were high enough to resuspend sand 
(U> 0.4 ms -~) and for which OBS estimated mud 
concentrations were low (< 0.15 kg m -3 at 0.57 cm 
elevation). The cumulative sand flux estimate from 
Fig. 7 is also included (unlabelled) for comparison. 
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Fig. 10. Progressive vector diagram of mud flux 
calculated by only including concentrations for which 
current speeds were low (U< 0.4 ms-~), and therefore 
less sand in suspension, and for which ABS estimates 
of sand concentrations were relatively low 
( < 0.02 kg m -3 at 0.10 cm elevation). 
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Fig. 11. Cumulative mud fluxes estimated assuming depth-constant (a), Rouse-type exponential (b) and linear (c) 
vertical concentration profiles. 

assuming there is little uncertainty in the OBS 
estimates of concentration, a larger vertical 

gradient was exhibited during peak suspension 

concentrations at high-water slack tide. It is 
possible to imagine, with a time varying vertical 

gradient in concentration, that the integrated 

mass of sediment in the water column may be 

lower for a high-gradient, high near-bed concen- 

tration than for a low-gradient, low near-bed 

concentration. 
Based on the two OBS measurements a poten- 

tially varying vertical gradient in mud concentra- 

tion is considered by comparing the previous 
depth-constant flux estimate with estimates using 
a linear and an exponential Rouse-type profile: 

cti, (z)  = mz  + b 

c . . . .  ( z )  = A z  -~ 

Equations 1 and 2 are multiplied by a logarithmic 

velocity profile and integrated over the depth z to 
obtain linear and Rouse flux estimates, QI,, and 

Orouse: 

1/ (Z o Qlin= 2K [ h 2 ( l n h - l n z ~  - 

b,/-G V [h(lnh_ ln o ) § (Zo _ h)] 
K 

O~o.,e  - -  

C(Zo),/-Gv 
~:(1-b2) (4) 

\-~o) [ l n ( h / z ~ 1 7 6  . 

where h is the water depth and Zo is the roughness 
length determined from the drag coefficient, C9, 

and k is van Karman's constant. 
Net fluxes for the linear, Rouse and point esti- 

mates have been compared in progressive vector 
diagrams (Fig. 11). The flux direction was about 

the same for all flux estimates, but the net magni- 
tudes differed widely. The linear estimate is 

an order of magnitude smaller than the point 
(1) estimate and the Rouse estimate is two orders of 

magnitude larger. The Rouse profile estimates 

(2) were dominated by very high transport events 
that are a result of very high near-bed concentra- 

tions when the gradient between the two OBS 
concentrations was high which dominated the 
net transport estimates. No further judgement 
can be made on the residual flux magnitudes 
without further information on the vertical con- 
centration profiles of the mud suspensions. 
Despite the different profiles, the flux direction 

(3) was consistent, which suggests that suspended 
mud at this location was moving NE at least for 
the duration of this deployment. 
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Discussion and conclusions 

OBS and ABS used in conjunction have been 

shown to provide useful information on the 

behaviour of muddy and sandy components 

of a mixed sediment suspension. The influence 

of uncertainties in sediment concentration 

estimates from OBS and ABS as a result of 

varying sediment size distributions and vertical 

concentration profiles have been considered. 

Potential 'contamination'  of the OBS and 

ABS signals with sand and mud respectively did 

not appear to affect significantly predicted flux 

magnitudes or directions, indicating that  division 

of the suspension into broad size classes is a rea- 

sonable and better approach than ignoring the 

wide fluctuation in particle size. Large uncer- 

tainty in the net mud flux magnitude was a result 

of uncertainty in the vertical concentration pro- 

file. Various profile estimates produced residual 

fluxes which varied by orders of magnitude, but 

with little change in direction. It is noted that 

stratification of the flow and non-logarithmic 

velocity profiles were not taken into account, and 

only two point measurements were available to 

make assumptions about the vertical structure 

of sediment. The direction of mud flux, which 

differs from both the current residual and net 

sand transport, appears to be a result of timing 

of the availability of mud for transport rather 

than a result of a complicated vertical structure. 

Peaks in suspended mud concentrations were 

consistently centred around high-water slack tide 

but often biased towards the northeasterly ebb 

current. Overall, results indicate that OBS and 

ABS calibrated with fine and sandy sediments 

respectively provide adequate estimates of near- 

bed mud and sand flux directions and temporal 

variations though further information on the 

vertical distribution of fine sediments is required 

to reduce uncertainty in the mud flux magnitude. 

Mud and sand transport in this region of the 

North Sea is tidally periodic. Storms influence 

net sand transport when current speeds are high. 

The influence of storms or tides on locally 

observed mud transport is dependent on the 

availability of mud from a non-local source and 

is therefore difficult to explain in terms of local 

conditions. At this particular site the sediment 

transport direction is strongly dependent on 

particle size; the striking result is the prediction 

of mud and sand flux in opposite directions. Such 

results underline the importance of monitoring 

both sediment size components separately and 

for mud flux it is clear that measurements above 

the bottom boundary layer are imperative. 
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Abstract: Longshore sediment transport (LST) is an important component of many coastal 
systems. This common term is frequently expressed as an annual volume, either net or gross, 
passing a particular point. In spite of its importance as a factor in coastal morphodynamics it 
has received relatively little attention as a process. We review the mechanisms of longshore 
sediment transport and current approaches to its assessment using field measurement and 
geoindicators. We conclude that approaches to date have never succeeded in quantifying 
longshore sediment drift rates in an adequate way. This shortcoming is attributed to the 
spatial and temporal variability of contributing processes coupled with a technical inability to 
quantify simultaneously longshore sediment transport in all its modes.We also conclude that 
research involving the measurement of longshore transport can enhance our understanding 
of the processes of transport and rates of transport under certain conditions. However, the 
accurate quantification of drift rates as annual volumes is an unattainable goal. We propose 
that such quantifications be replaced by qualitative values (small, medium, large) or measures 
of the relative importance of longshore transport in effecting morphological change (e.g. 
drift-dominated, cross-shore dominated, mixed processes). 

Longshore sediment transport  (LST) is an 

important element in coastal morphodynamics, 
particularly in sand- and gravel-dominated 
systems (Komar 1977, 1988), but also in muddy 
areas (Rodriguez & Mehta 1998). Frequently 
LST is cited as an annual volume, especially 
for engineering and mathematical modelling 
purposes. Volumes are typically cited as net 
or gross sediment transport volumes. Gross 
measurements seek to quantify the total flux of 
sediment in both directions alongshore whereas 
net volumes refer to the difference between 
volumes moving in opposing directions. Both 
measures are important  for practical purposes. 
Channel infilling for example may take place 
from both directions and hence the gross volume 
potentially affects it. Net sediment volumes are 
utilized in sediment budget calculations and in 
assessing the impact of structures that interrupt 
the net drift. In addition, LST is a critical element 
in the design of nourished beaches and in evalua- 
tion of the environmental impact of coastal 
stabilization structures. There are, however, 
inherent problems in the field measurement 
of LST. Madsen et al. (2003) note the loss of 
environmental control associated with field 
measurement of LST. 

Once cited, LST volumes have a long lifespan 
and persist long after initial measurements have 

been made (Greer & Madsen 1978; Schoonees & 
Theron 1993). Adoption of such figures without 

critical appraisal of how they were calculated and 
whether they are correct is widespread practice 
both in coastal geomorphology and coastal 
engineering (Madsen et al. 2003). The longevity 
of such figures is increased when they are used to 
'calibrate' models of LST. A prime example is the 
measurements used by Komar  & Inman (1970) to 
develop a longshore sediment transport  formula 
that  has led to the CERC equation (USACE 
2002) for longshore transport. Greer & Madsen 
(1978) on a review of the Komar  (1969) data 
concluded that it was not reliable. Schoonees & 
Theron, (1993, p. 18) subsequently concluded 
that despite the deficiencies reported by Greet  & 
Madsen (1978), the Komar  (1969) dataset is still 
'among the best data sets available'. That  a 30 
year old data set is still regarded as among the 
best available is symptomatic of the difficulties 
in field measurement of LST. Further,  most 
citations of annual  LST volumes assume that  one 
year is like every other year and take no account 
of interannual variability or the occurrence of 
extreme events. 

The aim in this paper is to outline briefly the 
processes by which longshore sediment transport  
occurs and to assess contemporary approaches 
to its measurement and quantification. On the 
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basis of this review we make some recommenda- 
tions on (a) future practical approaches to 
longshore sediment transport assessment and 
reporting and (b) the application of field 

techniques to advance our understanding of 

longshore sediment transport. 

Processes of longshore transport 

Longshore transport has been defined in many 
different ways. Most definitions, however, refer 
to the movement alongshore of a volume of 
sediment under the combined action of waves 
and currents (Komar 1977, 1988). An array of 
potential factors contributes to the strength of 

longshore sediment transport (Pilkey & Cooper 

2002). These may be categorized into dynamic 
factors and sediment/topographic factors, but 
commonly only a few of these factors are consid- 
ered when longshore transport is quantified. 

S u r f  z o n e  

The dominant mechanism envisaged in long- 
shore transport is movement of sediment by 
longshore-directed currents generated by oblique 
waves (USACE 2002, part II, Chapter 4). Since 

most wave energy dissipation takes place in 
the surf zone, this is a zone of high sediment 
transport potential. Both suspended load and 
bedload longshore transport takes place in the 
surf zone (USACE 2002) and recent results have 

suggested that the relative proportions vary 
during storm and non-storm conditions (Madsen 

et al. 2003). 
Longshore transport volumes have been 

shown to vary according to breaking wave 
type (Wang et al. 2002) with plunging breakers 
producing higher LST rates than spilling 

breakers under laboratory conditions. 
Diffraction currents produced by gradients 

in breaking wave height are also cited as con- 
tributing to longshore transport (USACE 2002). 
Aagaard & Greenwood (1995) also drew atten- 

tion to the contribution of far infragravity waves 

to LST in the surf zone and concluded that up 
to 30% of longshore transport was accomplished 

by such oscillations. 
Additional complexity in the process of 

longshore drift in the surf zone is present in 

the growth of large-scale topographic features 
(oblique bars) that develop due to flow instabili- 

ties in the longshore current (Falques et al. 1996) 

or very large-scale features that grow allomet- 

rically through self-organization (Ashton et al. 

2001). 

S w a s h  z o n e  

Landward of the surf zone, sediment movement 
in the swash zone is widely acknowledged as 
contributing to longshore drift if swash and 
backwash operate with different azimuths. 
Kamphuis (1991) noted peaks in longshore 
sediment transport in laboratory experiments in 
both the surf and swash zones. Elfink & Baldock 
(2002) reviewed sediment transport in the swash 
zone and noted a wide variety of fluid motions 
including short waves (sea and swell), long 
waves, edge waves, shear waves, cross-shore and 
longshore currents, turbulence and vortices. 
Both bedload and suspended load transport 
occur in the swash zone (Elfink & Baldock 2002). 
Those authors also note that little attention has 
been paid to longshore sediment transport in the 
swash zone. 

Whether the swash zone is saturated or not is 
a key determinant of the processes that occur 
within it. The relative strength of swash and 
backwash for example, is mediated by sediment 
porosity and thus sediment grain size is 
commonly cited as an important constraint 
on longshore sediment transport. Laboratory 
experiments (Kamphuis 1991; van Wellen et al. 

2000) suggest that swash zone transport may 
contribute up to 50% of the longshore transport 
volume. 

N e a r s h o r e  z o n e  

Sediment transport on the inner continental 
shell seaward of the surf zone, has been little 
studied and is seldom considered in studies of 
longshore drift. A number of studies, however, 
confirm that substantial volumes of sediment 
move alongshore on the continental shelf imme- 
diately seaward of the surf zone. Anthony & 
Leth (2002), for example, reported widespread 
development of large-scale bedforms in depths 
between 12 and 18 m off the western Danish 
coast that produced a net northward (along- 
shore) sediment transport. Transport in the 
nearshore zone is highly dependent on sediment 
availability, topography and geology (Thieler 
et al. 1995). Additionally, tidal currents have 
been identified as responsible for significant 
longshore transport of sediments, particularly 
in areas of high tidal range such as the English 
Channel (Anthony and Orford 2002). 

Temporal variability and spatial variability 

The spatial distribution of longshore transport 
has been noted above. However, it is important 
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to note that the spatial extent of these zones 
(swash, surf zone and nearshore) are subject 
to change in response to the magnitude of the 
processes operating. Surf zones for example 
expand dramatically during storms to cover 
extensive areas of the inner shelf (Malvarez & 
Cooper 2000). Similarly, during storms, addi- 
tional processes may be operative, such as infra- 
gravity waves. Regnauld & Louboutin (2002) 
showed that coastal sediment transport under 
storms was linked to antecedent conditions. 
Storms occurring after prolonged calm con- 
ditions act upon a sediment-rich zone-while 
storms occurring shortly after an earlier stoma 

act on a sediment-starved shoreface and produce 
relatively little transport. 

The annual LST rate which is frequently cited 
is a value that is related to the dynamics, sedi- 
mentary conditions and topography during that 
year. Schoonees (2000) calculated and compared 
LST rates for sites in South Africa over several 
years and showed interannual variability in 
calculated rates that spanned three orders of 
magnitude. 

Measurement of longshore transport 

The spatial distribution of longshore sediment 

transport across the coastal zone, the temporal 
variability in process intensity and type, and 
the feedback relationship between dynamics 
and coastal topography render quantification 
of longshore transport difficult. This has been 

conceded by other authors. Wang et al. (2002, 
p. 118) note that 'the non-controllable nature 
of field conditions increases the difficulties of 
isolating and examining the contributions of, 
and interactions among, individual parameters'. 
Wang & Kraus (1999) noted that the surf zone 

is dynamic and 'non-repeatable' such that 
considerable uncertainty is introduced into field 
measurement. 

A comprehensive review of measurement 
techniques for coastal sediment transport is 
provided by White (1998). Below we outline 
those utilized in longshore transport assessment 
and comment on their limitations in the 

context of quantifying total alongshore sediment 
transport. 

Quantification methods 

Sediment budget 

The sediment budget approach assesses evidence 
of morphological/volumetric change in coastal 
systems using historical data on topography and 

bathymetry. These may include accumulations 
against groynes and in inlets, which are ad- 
dressed separately below. Such an approach 
enables measurements of losses and gains to 
be matched with knowledge of contemporary 
processes in order to build up a picture of annual 
or decadal rates of change (e.g. Kana 1995). 

In many sediment-budget approaches, flux of 
sediment from one location to another is related 
to longshore drift. An estimate is then made of 
the annual LST rate. 

There are several constraints on this ap- 
proach. Firstly, because the sediment budget 
approach relies on measurements of morphologi- 
cal change it measures accumulation/erosion 
and not transportation. In such an approach a 
million cubic metres of sediment flux through a 
system might produce no morphological change. 
Secondly the quantification of losses onshore 
and offshore is difficult due to data constraints. 
Morton et al. (1995) showed, for example, on a 
Texas beach that contribution from dunes was 
a significant component of beach recovery after 
a storm. Thirdly, the limits to the extent of 
longshore transport vary over time and the 
lateral extent of data may not encompass the 
active transport zone at the timescale under 
consideration. 

Navigation channel filling 

The infilling of navigation channels has been a 
persistent problem for maritime transport for 
several centuries. Because of this, a large body 
of information has been amassed on channel 
infilling rates and dredging volumes. This large 
volume of information potentially provides 
much data on longshore sediment transport 

volumes. The disadvantages of such an approach 
is in knowing what portion of the total drift is 
being measured. How much has escaped by inlet 
bypassing or via flood or ebb-current dispersal is 
generally unknown. This is especially true during 
storms. Morton et al. (1995) noted that storm- 
related transport across an inlet in Texas was 
the most important factor controlling local 
geomorphology. 

Groyne and jetty accumulation 

The advantage of accumulation rates on groynes 

is that there is much data. The abundance of 
shore-normal structures and measures of updrift 
accumulation have provided a large database 
of accumulation rates (Schoonees & Theron 
1993). Groynes provide a good impression of the 
net direction of longshore drift. Limitations of 
accumulation against groynes include the need 
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also to take account of transport around the 
groyne and sediment losses offshore and 
onshore. Sediment accumulation and dispersal 
around jetties that stabilize tidal inlets may also 
involve remobilization and dispersal of ebb-delta 
sediments that may give a false impression of 
the volume of sediment in longshore transport. 
Groyne accumulation also relates to a finite 
length of time during which a variety of dynamic 
conditions may have occurred. The role of 
storms in promoting accumulation or enhancing 
losses cannot typically be quantified. 

Sediment traps 

A variety of sediment traps have been deployed 
to measure longshore drift (e.g. Allen 1985; 
Kraus 1987). These are of varying design and 
may be used to trap suspended load and/or 
bedload. Determining the relative contribution 
of each transport mode may require simulta- 
neous deployment of various types of trap. 

Traps of all types assess gross sediment 
transport at specific points. They do not measure 
net transport. The representativeness of these 
measures in space and time is of major concern in 
calculating total longshore drift. Because they 
are deployed for short periods of time, they 
do not provide reliable estimates of long-term 
transport rates. As with all short-term measure- 
ments, there is a frequent temptation to extrapo- 
late the results for longer periods of time and/or 
to accept them as generalized measurements 
of transport conditions. Can it be said with any 
certainty whether a sediment trap experiment 
tells us anything more than transport volumes 
under the precise sedimentary, topographic and 
dynamic conditions (and immediate antecedent 
conditions) at the time of measurement? 

From a technical perspective sediment traps 
too are typically incapable of deployment during 
storms. Similarly they cannot take account of 
evolving bedforms (moving bedforms change the 
loci of sediment transport). Trap technology also 
suffers from problems of turbulence, fouling, 
filling, etc. 

Tracers 

Tracers have been used in determining the direc- 
tion of longshore sediment transport. These have 
a range of forms from tagged natural sediments 
(radioactive, dyes, geochemical and biological 
tags have been used) to artificial sediments made 
to specific density and grain-size criteria. Natural 
tracers such as heavy minerals have also been 
employed to detect direction of longshore trans- 
port. Tracer experiments have typically been 
conducted in the intertidal zone because of ease 

of recovery but White (1998) reports some 
deployments in and seaward of the surf zone. 

Most tracer experiments have been attempts 
to measure the total longshore transport in the 
surf zone. Tracer experiments suffer from practi- 
cal problems of sampling, injection, detection 
and determining concentration. They are re- 
garded as difficult and laborious techniques 
(White 1998). An experiment on the Gold Coast 
of Australia involving two truckloads of dyed 
sand resulted in the total loss of all dyed sand 
within two days (Sam Smith, pers. comm.). 

Tracer experiments measure net transport in a 
short timeframe. As with all such methods, the 
long-term relevance is questionable. 

Optical and acoustic methods 

Optical and acoustic methods are used to mea- 
sure suspended sediment concentrations (devices 
are laboratory calibrated against known concen- 
trations), which are then combined with current 
meters to calculate sediment flux. Optical back- 
scatter (OBS) has become a popular technique 
for short term studies of nearshore sediment 
transport. An array of OBS equipment was 
deployed by Miller (1999) to measure LST during 
storms at Duck pier, North Carolina. 

Acoustic backscatter is an alternative tech- 
nique to the estimation of suspended sediment 
concentrations. A major problem of using acous- 
tic backscatter in the surf zone relates to bubbles, 
which are efficient sound-scattering agents 
(Webb & Vincent 1999). 

In both acoustic and optical methods, the 
sediment size has to be known for concentrations 
to be calculated accurately. Measurements are 
made at points or on vertical and/or horizontal 
profiles in order to assess spatial distribution of 
material in suspension. 

Trench backfilling 

In rare circumstances, trenches excavated across 
the nearshore provide an opportunity to assess 
LST. In Denmark for example, Diegaard et al. 
(1986) reported the accumulation of sediment in 
a trench that spanned the nearshore zone. Such a 
measure is of gross sediment accumulation that is 
temporally integrated over a range of dynamic 
and sedimentary conditions. 

Discussion 

The information above shows that longshore 
transport is a complex phenomenon that takes 
place through a variety of processes, several of 
which are poorly understood (e.g. infragravity 
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waves, diffraction). The process is temporally 
variable with marked differences not only in the 
magnitude of processes (e.g. nearshore currents 
are more vigorous during storms than in fair- 
weather), but also the nature of processes (e.g. 
suspended transport is relatively more important 
than bedload during storms; LST is greater 
under plunging waves than spilling waves; 
infragravity waves are themselves associated 
with storms). This temporal variability is also 

associated with changes in the spatial extent of 
the surf and swash zones. Coupled with these 
highly variable processes is heterogeneity in the 
volume and texture of sediment available for 
transport, and the geomorphological character 
of the nearshore zone in which underlying 
geology and seabed topography are important 
local constraints on LST. 

In this context, quantification of LST is not a 
straightforward task at any timescale. A variety 
of instrumental techniques have been employed 
to measure different components of the long- 
shore transport at various timescales and 
locations within the active transport zone. Each 
of these has its own strengths and weaknesses. 
The individual and collective constraints on all of 
these techniques, however, mean that while it 
may be technically possible to measure longshore 
transport across the entire active zone under 
certain conditions, it is impossible to do so 
under all conditions. This makes generalizations 
regarding the LST volume very difficult. 

Studies that have attempted to measure LST 
have typically used only one technique which 
invariably means that some element of LST will 
have been omitted. An impressive field experi- 
ment conducted by Kumar et al. (2003) utilized 
an array of mesh traps for suspended load and 
streamer traps for bedload transport deployed 
across the surf zone for four months. Swash zone 
transport, however, was not measured and the 
equipment could not be deployed when wave 
heights exceeded 1 m. 

Measurement of LST during storms remains a 
problem. Schoonees & Theron (1993) note that 
almost all of the data they reviewed was of 
transport rates less than 2 x 106m 3 per year, 

which they ascribed to the fact that they were 
collected under lower waves with concomitant 
ease of measurement. Miller (1999) reports 
measurements from a specially constructed pier 
of suspended sediment concentrations, current 
velocities and wave characteristics during several 
storms that enhance our understanding of the 
role of storms in LST. Even under these ideal 

conditions, however, the contribution of bedload 
is not known, nor can it be certain that the entire 
longshore transport was measured. 

At present it appears that we have no reliable 
measure of total longshore sediment transport at 
any timescale at any location worldwide. 

Longshore drift mathematical models are 
all based on the assumption that field data 
exist against which the model can be 'verified' or 
'calibrated'. Given the constraints on measuring 
longshore transport, it is clear that these con- 
ditions do not exist. Models, in addition, simplify 
nearshore dynamics, sedimentology and geomor- 
phology and are incapable of accommodating 
the complexity of longshore transport outlined 
above (Thieler et al. 2000). There is also no 
means of testing them. This in part explains the 
fact that 'numerical models that have not been 
calibrated to a site with field data differ from 
each other and from prototype measures by 
orders of magnitude (Schoonees & Theron 1995; 
White 1996, 1998). Implicit in our conclusion 
that LST cannot be determined in the field is the 
corollary conclusion that mathematical models 
that use LST are basically invalid or at the least, 
inaccurate. 

This raises the question of whether total 
longshore sediment transport will ever be mea- 
sured except under exceptional circumstances 
(e.g. perched beaches that lack a shoreface). We 
believe it unlikely that field measurement will 
ever proceed to a generic level of conclusion 
regarding longshore sediment transport volumes. 
Field approaches do, however, yield important 
insights into the mechanisms of longshore 
transport and enhance our understanding of 
nearshore morphodynamics. This is significantly 
different from providing a quantification of 
transport rates. 

The random occurrence of storms on a het- 
erogeneous set of antecedent dynamic, sedimen- 
tary and morphological conditions precludes 
the prediction or measurement of longshore 
transport volumes in a quantitative way. We thus 
cannot calculate annual longshore sediment 
transport volumes. The only conclusion that can 
be drawn therefore, is that longshore sediment 
transport cannot be quantified at meaningful 
timescales. Accepting this conclusion, coupled 
with the ongoing need to take account of the 
process in coastal management, we believe that a 
reappraisal of expectations is necessary on the 
part of managers and policy makers. We may, 
however, be in a position to identify the relative 
importance of longshore transport on certain 
stretches of the coast. 

Future research directions 

The quantification of LST is an unattainable 
goal and none of the methods outlined above 
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has the potential to measure total longshore 
sediment transport with accuracy and at a mean- 

ingful timescale. The methods, however, can be 
usefully employed to ascertain the contributions 

of various processes and the role of various 

sedimentary/topographic factors in LST. Several 

cited examples illustrate this potential to deter- 
mine the contribution of wave type, of winds, of 

infragravity waves and the constraints imposed 

by bottom topography, sediment characteristics 
to LST. These findings through field and model 

studies will contribute greatly to our understand- 

ing of nearshore processes and highlight the fact 
that our knowledge of the contributory factors is 

still in its infancy. Therefore, additional field 

measurements of longshore sediment transport 

under a range of environmental conditions to 

enhance our understanding of the relative con- 
tributions of different processes, is an important 
research goal. 

We believe that much attention could be 

devoted to understanding the role of storms via 

field measurement. This might involve pre- and 

post-storm geomorphological changes to under- 
stand patterns of change over a broad area 
(immediately pre- and post-storm profiling). This 
may have to be undertaken over several kilome- 
ters rather than locally in order to understand 
fully the processes at work. 

Long-term morphological studies to deter- 
mine how beach and nearshore volumes change 

from year to year provide a means of under- 
standing the relative contribution of longshore 
sediment transport to beach morphology 
(Norcross et al. 2002). 

Implications for coastal management 

The inability to measure the total LST has impor- 
tant implications for coastal zone management 
because so many coastal management initiatives 
rely on quantified volumes of LST. These are 
frequently used in engineering design and cost- 
benefit analyses to determine whether various 
approaches are viable. A change in expectation 
is required to acknowledge that LST cannot 
be quantified. Two potential options exist for 
coastal managers. The first is the work on 
a qualitative basis and express LST in 'small, 
medium or large' terms. This acknowledges that 
order of magnitude estimates are probably the 
best that can be expected and even these may 
be wrong when unusual events occur (e.g. pro- 
longed calm, extreme storms or unexpected 
variations in wind climate). The second option 
is to consider the relative contributions of 
longshore and cross-shore sediment transport 

and to designate stretches of coast in terms of 

dominance. Thus coasts might be categorized 

in terms of the dominant direction of sediment 

transport relative to the shoreline, i.e. longshore- 

dominant, cross-shore-dominant or mixed 

coasts. Understanding the nature of sediment 

transport at the coast would provide managers 

with an understanding of the likely patterns of 

change to be expected, but not the absolute rates. 
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Simple analytical results for bedload transport due to tides 
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Abstract: Patterns of sediment erosion and deposition arising from tide induced bedload 
transport are explored using standard bedload formulae and a simple analytic approach. 
Decomposing the current into a principal )142 tidal constituent, an M4 first harmonic and a 
tidal residual, it is straightforward to derive an expression for the contribution each makes to 
the integrated tidal flux. The resulting expressions are applied to calculate the net change 
in bed level induced by bedload transport due to a superposition of a Kelvin tidal wave, a 
harmonic overtide and a residual tide. 

Understanding and predicting the movement of 
sediment in coastal and shelf seas remains a diffi- 
cult problem. Recently, calculations have been 
undertaken to predict large-scale net transport 
rates and identify regions of erosion and deposi- 
tion using numerical approaches (e.g. Van der 
Molen & De Swart 2001; Gerritsen & Berentsen 
1998; Van der Molen 2002, and contributions to 
this volume). Nevertheless, we believe that con- 
siderable insight can be gained using a relatively 
simple analytic (algebraic) approach to com- 
plement full-scale numerical calculations and 
aid in interpretation of numerical results. Using a 

reasonably general bedload formulation, it is 
relatively easy to derive an expression giving 
the tidally integrated sediment transport flux and 
hence the net change in bed level over a tidal 
cycle. Indeed, similar results have been derived 
in Hunter (1979) and Van der Molon & De Swart 
(2001). The main contribution of this paper is to 
apply the resulting expressions to determine the 
patterns of erosion and deposition for the case of  
Kelvin solutions representative of shelf seas. In 
particular, the result for the supersition of a prin- 
cipal Mz wave system and the harmonic overtide 

M4 are calculated. As demonstrated by the 
numerical calculations of Pingree & Griffiths 
(1979), directions of sand transport observed 
around the British coast (Stride 1963) can be 
reproduced by considering the average stress 
vectors associated with these tidal constituents. 
The actual mechanism is the well-known one 
(Postma 1961; Dronkers 1986) involving tidal 
asymmetry, where the average tidal stress is 
higher for one direction of the tidal flow than the 
other leading to a net transport in the direction 
associated with the greatest average stress. In 
addition we consider the result for the superposi- 
tion of the principal M2 tide, and a residual flow. 
All the results rely on the implicit assumption 

that  the supply of bed material available for 
transport  is not  exhausted over the tidal cycle. 

Bedload formulae 

Soulsby (1997) presents a number of the more 
recently derived bedload formulae. Although the 
exact forms vary, most indicate a dependence of 
the magnitude of the volumetric transport flux 
vector qb(m 2 S -1) that is approximately cubic in 
terms of the applied velocity. In particular, the 
Bagnold (1963), Yalin (1963) and Nielsen (1992) 
formulae can all be written 

qb={~ 10'/2(0-0") O<Oc rO~Oer' (1) 

where qb = qb /x/g(s--1) d3 is the non-dimen- 

sional transport rate, and al is a non- 
dimensional constant which varies with the 
particular form of  bedload formulae chosen. 
A key quantity is the Shields parameter 
O=q-I(gp(s-1)d), where ~- is the instantaneous 
bed stress, d is the particle diameter, and s = Pp/9 
is the ratio of sediment to water density. For 0 
less than a fixed critical value 0c,, no transport 
occurs. It is assumed that the applied hydrody- 
namic bed stress can be related to the depth mean 
velocity zi by an empirical drag law 

~-c = pcolal  2, (2) 

with drag coefficient Co. The value of CD can be 
calculated by a number of methods and may 
include a dependence on bot tom roughness, 
water depth and possibly other parameters. 
Substituting for 01~2 using (Equation 2) and 
making the assumption that bedload transport 
occurs in the direction of the applied bed stress, 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
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gives a vector relation for the dimensional bed- 

load flux as qb=alX/-~ ad(0- -0 , )  when 0>0c~. 

Substituting again for 0, leads finally to 

~o = < ~o (~2. ~2- u2r )| > + 2 < ~2(~2-fio)| > ,  (8) 

2 ) 0  > + 2 < 92(~2. Y4) | ~> (9) (I)4 = < Y4 (V2" 172 - -  Ucr 

qb = I 1< u~, 
(3) 

with k~=alC3/2](g(s - 1)) and u2r=rcfl(pCo). 
D 

Note, neglecting the critical erosion velocity 

yields a form, that looks very similar to the 
bedload component of the Bailard (1981) total 
load formula as presented by Soulsby (1997). 

Derivation of expressions for the net tidal 

bedload flux 

For the rest of the paper, consideration is given 

to the net tidal flux generated by Equation 3 for 

tidal forcing at the principal (M2) tidal frequency, 

a zero frequency residual (Z0) constituent and 

a first harmonic (M,) constituent at double the 

frequency. The depth-mean tidal velocity vector 
is thus decomposed as 

b/~--- Y2 "71- '~0 "11- '~4, ( 4 )  

w h e r e  1'2, 1'0 and 94 are the Mz, Zo and M4 velocity 
components respectively. In the non-linear tidal 

equations, the Zo and M4 constituents can be 

regarded as deriving from the astronomically 

generated M2 tide via non-linear interactions. It 

is assumed Vo, v4 << v2, and in the following, prod- 

ucts of two or more of Vo, v4 are neglected (this 
can be made rigorous in a full non-dimensional 

analysis which, for brevity, is not undertaken 

here). Consideration will be given to the net 

flux over an M2 tide and integration over the M2 

period TM2 is denoted by < f >  = S~2f(t) dt. 
Introducing the Heaviside step function H(q) 

(with H(~) = 0 for q < 0, and H(q) -- 1 for ~ > 0), 

Equation 3 can be written equivalently as 

qb=k~ • (t~.~- Uc2r) O (5) 

with | =n( [ /~[  2 -  /./2 ). Then, substituting Equa- 

tion 4 into Equation 5 and integrating over the 

tidal period yields 

< qb > = k1((I)2 + (I)0 + q)4), (6) 

where, after neglecting triple products containing 

two or more occurrences of  90 and 94, 

For  a given constituent, the velocity at time t and 
position x can be written, quite generally, as 

92,(t, x) = (U, cos[Trw t -  %], V, cos[Tr,~ t -  %1),(10) 

where n = 0, 1, 2 for Z0, M2 and M4 respectively. 
The functions U,, V, and ~,, ~, give the spatial 

distribution of the tidal amplitude and phase for 
each velocity component.  

For flow fields given by Equation 10 the pure 
M2 contribution ~2 is identically zero. Does this 
mean that a single oscillatory tide can give rise to 
no net movement of  sediment? Clearly the above 
arguments neglect the influence of waves, and 
(more subtly) assumes that there is an unlimited 

supply for sediment to erode throughout a tidal 
cycle. If either of  these conditions is relaxed, 
a non-zero net flux due to the M2 tide alone 
seems possible. However, even maintaining these 
assumptions, we believe a non-zero net flux from 
the M2 tide alone can arise. This mechanism must 
be equivalent to the Lagrangian transport of 
particles due to spatial gradients in the driving 
flow, even if these have a zero Eulerian mean. 
Physical reasoning suggests that for bedload, this 
effect will be small since the distance traveled 
over a tidal cycle by bedload particles will gener- 

ally be very small compared to the lengthscale of 
changes in mean flow. Nevertheless, the fact that 
the conventional bedload flux relations, when 
averaged over a tidal cycle, do not appear to yield 
such an effect suggests that the standard bedload 
flux formulation may be incomplete. 

Nevertheless, in this paper, the patterns of 
erosion and deposition generated by the remain- 
ing terms in Equation 6 are explored. At this 
stage, the dependence on a critical threshold is 
dropped. It is possible to maintain this concept 
by introducing the Fourier expansion of the 

Heaviside step function. However this com- 
plicates the treatment considerably and to main- 
tain simplicity and brevity is not pursued here. In 
addition, the study of erosion and deposition 
in the North Sea of  Van der Molen & De Swart 
(2001) used a formulation without a threshold 
and obtained patterns that showed some agree- 
ment with observation sediment distributions. 
Thus the net bedload flux is now assumed to be 
given by 

< qb > = kl(~0 + (I)4), 

~2 = < ~72 (172-92- u2 )| > (7) with cr 
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~0 = < T0 (T2. T2) > + 2 < ~2(T2. To) ~>, 

(I) 4 = • T 4 (T 2 . T2) ~> -'~ 2 < T2(T2. T4) > .  

If Equation 10 is substituted into the above, 
and the tidal averaging carried out, an explicit 
expression for the transport flux in terms of the 
phase and amplitudes of the tidal constituents is 
obtained 

For superimposed leftward and rightward 
propagating M2 and M4 Kelvin waves (without 
friction in an infinitely long channel), together 
with a uniform residual flow, the quantities 
required in Equations 12 and 13 have the explicit 
representation 

Uo = constant, (14) 

71" 
~0 = ~ (cos[~2- ~21 U2 V0 V2 + U012 U22 + V22], 

(cos[~2 - ~2] U0 U2 V2 + V0[ U22 + 2 V22]), 

U2 = x/sinh 2 my cos 2 kx + c o s h  2 my sin 2 kx, (15) 

~2 = a rc t an [ -  tan k x coth m y], (16) 

71" 
(I) 4 = ~ (2 cos[2~z- (/94] U22 U 4 -Jr- cos[(/Q 4 --  2~2] 

U4 V22 -~- cos[ (~2 -~ ~f12 - fff14] U2 V4 V2, 

COS[~92 --  (/94 + ~f12] U2 U4 V2 -t- cos[2~2 - ~b,] U22 V 4 

+ 2 c0s[2~2 - fffl4] V22 V4). 

We note that a similar set of expressions was 
presented in Van der Molen & De Swart 2001. 
For uni-directional flow, the results become 
particularly simple. Assuming that only the 
u-component is non-zero then 

�9 0 = 2----~-~ (UoU~, 0), (11) 
co 

(I)4 = L ( c o s [ 2 ~ 2 -  (/)4] U22 U4, 0) (12) 
co 

The standard form of bed elevation change (e.g. 
Soulsby 1997) averaged over a tidal cycle and 
assuming only gradients in the x direction flux 
becomes 

1 c~ (13) 
A~/- < qb >, 

1 - e  0x 

where co is the bed porosity. 

R e s u l t s  

Predicted patterns of changes in bed level for 
the case of counter propagating tidal Kelvin 
waves in water of constant depth are calculated 
using the results derived in the previous section. 
However, because the flow associated with such 
waves is uni-directional, it is possible to use 
the simplified expressions, Equations 12 and 13. 
We note that real tidal systems (e.g. the North 
Sea) include regions where the tide is not recti- 
linear. Nevertheless, Kelvin wave solutions are 
realistic enough to provide a useful model of 
many of the observed features of tides on con- 
tinental shelves, including the occurrence of 
amphidromic systems. 

U4 = [sinh 2 m(y -Y0) cos2 2k (x -  Xo) + 

cosh 2 m(v -Y0) sin2 2k(x - x0)] ~, (17) 

~4 = a rc tan[ -  tan 2k(x-Xo)COth m(y-yo)] - Y, 
(18) 

where k=wlx/- ~ and m = f ~ l , f ~  are the wave 
numbers in the x and y directions. Here co is the 
M2 frequency, f~ = 1.4 • 10 -4 cos(dp) is the coriolis 
parameter at latitude d~, g is the acceleration due 
to gravity, and h is the water depth. A uniform 
residual constituent has been included, and the 
M4 constituent is spatially offset with respect 
to M2 by x0 = (x0, Y0) and offset in phase from M2 
by an arbitrary global phase difference Y. The 
solution for M2 leads to a classical system of 
elevation and velocity amphidromes. Since the 
Kelvin wave solution has velocity and elevation 
amphidromes in anti-phase along the x-axis, the 
elevation amphidromic points correspond to 
maxima in tidal velocity. 

The expression for ~4 (Equation 13), indicates 
that the quantity 2~2-~4 will play a key role in 
determining the net transport flux produced 
by the M2 and M4 interaction. This quantity will 
have a non-trivial spatial dependence as ~2 
and ~4 vary with position. However, it will also 
depend on the values of the spatial offset x0 and 
the global phase difference r .  In reality, the 
phase relation between the two constituents 
would be fully determined by the non-linear gen- 
eration of the M4 constituent from M2. However, 
since the M2 and M4 constituents are here being 
treated independently, there is nothing to fix Y or 
x0 and in order to reflect the full generality of the 
possible phase difference between M2 and M4 
tides, the values of x0 and Y are introduced as free 
parameters. 

Results are shown for a domain with extent 
700 km by 200 km in the x-direction and y- 
direction respectively (Fig. 1). The uniform water 
depth is taken to be 30 m. Given that there is zero 
velocity in the y-direction, conceptually it might 
be imagined that the top and bottom y limits 



48 J.N. ALDRI DGE 

Fig. 1. M2 x M4 generated net erosion and deposition patterns. The value of Y is indicated on each figure. Lighter 
shades represent erosion, darker shades represent deposition. To aid interpretation, co-tidal lines of surface 
elevation for ME are superimposed. 

represent a coast. All patterns are generated 
by redistribution of sediment parallel to these 
'coasts'. The solution in the alongshore direction 
is periodic, reflecting the periodic tidal forcing. 

M4 and M2 interaction 

Results are shown for four representative values 
of the global phase difference 0 < r < ~. These are 
sufficient to illustrate the broad features of  the 
complete range of possible patterns.The results 
for ~Y>r~ are identical, but with regions of  
erosion and deposition reversed. The effect of 
changing the M2 Mr spatial offset is mainly to 

translate the patterns in space without essentially 
changing the form, and in the results shown here, 
x0 is taken to be zero. Changing the strength of 
one of the two counter-propagating waves also 
has a relatively trivial effect, simply reducing the 
magnitude of  the pattern on one side without 
changing the overall form. However, apparently 
quite different patterns emerge for different 
values of Y (Fig. 1). Nevertheless, the results 
share a common feature in the prediction of alter- 
nate bands of net erosion and deposition. This 
is illustrated more clearly in Figure 2 where the 
annual change in bed level is plotted for two 
values of Y along the section y = 50 km. In this 
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Fig. 2. M4 generated annual net bed level change along the domain for y = 50 km. Solid line is Y = 0; fine dotted 
line is Y = ~/2; dashed line is M2 velocity amplitude. 

figure, annual change is calculated from Equa- 
tion 11 by multiplying by the number of 3/2 
tidal cycles per year. The M4 tidal amplitude is 
assumed to be 0.1 of the M2 amplitude, CD is 
taken as 0.0013, and a porosity of 0.4 is used. The 
Nielsen (1992) bedload formulae is used for 
which the constant in Equation 1 is just al = 12. 
Also shown on the plot is the 342 velocity ampli- 
tude. Note erosion and deposition patterns are 
not directly related to maxima and minima of the 
5//2 tidal velocity. It is the phase relation between 
M2 and 344 that is essential in determining the 
regions of net accumulation or erosion. The 
actual mechanism is the well known one (Postma 
1961; Pingree & Griffiths 1979) involving tidal 
asymmetry where the average tidal stress is 
higher for one direction of the tidal flow than the 
other leading to a net transport in the direction 
where the average stress is highest. Although 
sediment type is often well correlated with total 
tidal stress, with areas of gravel in high energy 
regions, there are notable cases where sand is 
found in regions of large velocities. The occur- 
rence of significant systems of sand banks at 
the velocity maximum off Great Yarmouth and 
Lowestoft, and at the degenerate amphidromic 
point off county Wicklow in SE Ireland, being 
examples. The tidal asymmetry mechanism may 
be involved with this phenomenon. Interestingly, 
a banded structure with alternating zones of 
net erosion and deposition (although showing 
a much less regular pattern that the analytic 

results) can be discerned in the calculations pre- 
sented in Van der Molen & De Swart (2001) and 
Gerritsen & Berentsen (1998), using realistic tidal 
forcing in the North Sea. Moreover, the pre- 
dicted order of magnitude of the annual change 
in bed level 1 mm is very close to the range of 
values found in Van der Molen (2002). We note, 
although the bed level change appears relatively 
small, the changes occur over a large area and the 
volume of material being redistributed is quite 
substantial. In addition, such changes operating 
over centuries would lead to significant changes 
in bed levels. 

Z o and M2 interaction 

The spatially uniform residual tide used here 
is not particularly representative of the results 
produced by numerical models of the continental 
shelf which often show eddy like features, par- 
ticularly near the coast (Aldridge & Davies 1993). 
Nevertheless, it is of interest to illustrate patterns 
of net erosion and deposition from the inter- 
action with M2 for this simple form of the 
residual tide. Again a banded structure emerges 
(Fig. 3). The plot of bed level change along a 
section through the domain (Fig. 4) indicates the 
essential nature of the resulting pattern. Erosion 
occurs in regions where the M2 velocity ampli- 
tude increases in the direction of the residual 
velocity vector (in this case in the positive x 
direction), with deposition occurring as the M2 
velocity amplitude decreases. 
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Fig. 3. Z0 generated net erosion and deposition patterns for a uniform residual tide. Lighter shades represent 
erosion, darker shades represent deposition. Axis units are kilometres. To aid interpretation, co-tidal lines of 
surface elevation for M2 are superimposed. 

Summary and conclusions 

A standard formulation of bedload transport in 

terms of the Shields parameter was rewritten, 

assuming a quadratic drag law, in terms of an 

applied depth mean current. Taking the current 

to be tidal, the velocity field was decomposed 

into a principal 21//2 constituent together with the 

M4 overtide and a residual Z0 tidal flow. When 

substituted into the bedload formulation and 

averaged over an M2 tidal cycle, an expression 

for the net sediment transport flux is obtained. 

We note that an implicit assumption of an unlim- 

ited supply of available sediment is required in 

order to obtain this result. 

In the approach adopted here, the pure M2 

tidal contribution averages to zero, and non-zero 

contributions to the flux occur only as a result of 

interactions between M2 and the other constitu- 
ents. We conjecture that a non-zero contribution 

arising from a pure M2 interaction should occur, 

which is not captured in standard formulations 

of bedload transport. Nevertheless, the results 

for the net tidal flux due the presence of M4 and 

Z0 are calculated and expressed in terms of the 

phase and amplitude of the tidal constituents. 

Results are illustrated for the case of an idealised 
tidal Kelvin wave solution. 

In the case of unidirectional flow, patterns 

of erosion and deposition are essentially deter- 
mined by the spatial gradient of the quantity 

c0s(2~2-  ~4) where ~P2 and ~4 are the M2 and M 4 

tidal phase. Typically, this leads to a banded 

pattern of erosion and deposition. This is inde- 

pendent of the magnitude of the M2 tidal energy 
in the sense that accumulation can occur in areas 
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o f  high M2 velocity ampli tude.  F o r  the case of  the 

M2 interact ion with the Z0 tidal residual,  a l ink 

with  the M2 tidal velocity ampl i tude  is apparent ,  

with erosion occurr ing  in regions where  the 

spatial gradient  o f  the M2 velocity ampl i tude  

increases in the di rect ion of  the residual  velocity 

vector,  and depos i t ion  where  it decreases. 

References 

ALDRIDGE, J. N. & DAVIES, A. M. 1993. A high- 
resolution three dimensional hydrodynamic tidal 
model of the Eastern Irish Sea. Journal of Physical 
Oceanography, 23, 207. 

BAGNOLD, R. A. 1963. Mechanics of marine sedimen- 
tation. In: HILL, M. N. (ed.) The Sea: Ideas and 
Observations, 3. Wiley Interscince, New York, 
507-528. 

BAILARD, J. A. 1981. An energetics total load sediment 
transport model for a plane sloping beach. Journal 
Geophyical Research, 86(Cll), 10938-10954. 

DRONKERS, J. 1986b. Tidal asymmetry and estuarine 
morphology. Netherlands Journal of Sea Research, 
20, 117-131. 

GERRITSEN, H. & BERENTSEN, W. S. 1998. A modelling 
study of the tidally induced equilibrium sand 
balances in the North Sea during the Holocene, 
Journal of Continental Shelf Research, 18, 151-200. 

HUNTER, J. 1979. On the interaction of M2 and 3/4 
tidal harmonics in relation to quadratic and higher 
power laws, Deutsche Hydrographische Zeitschrift, 
32, 146-153. 

NIELSEN, P. 1992. Coastal Bottom Boundary Layers 
and Sediment Transport. Advanced Series on 
Oceanography. World Scientific Publishing, 
Singapore, 4. 

PINGREE, R. D. & GRIFFITHS, D. K. 1979. Sand trans- 
port paths around the British Isles resulting from 
M2 and M4 tidal interactions. Journal of the Marial 
Biological Association UK, 59, 497-513. 

POSTMA, H. 1961. Transport and accumulation of 
suspended matter in the Dutch Wadden Sea. 
Netherlands Journal of Sea Research, 1,148-190. 

SOULSBY, R. L. 1997. Dynamics of Marine sands. 
Thomas Telford Publications, London. 

STRIDE, A. H. 1963. Current-swept sea floors near the 
southern half of Great Britian. Quarterly Journal of 
the Geological Society London, 119, 175-199. 

VAN DER MOLEN, J. 2002. The influence of tides, wind 
and waves on the net sand transport in the North 
Sea. Continental ShelfResearth, 22, 2739-2762. 

VAN DER MOLEN, J. & DE SWART, H. E. 2001. Holocene 
tidal conditions and tide-induced sand transport 
in the southern North Sea. Journal of Geophysical 
Research, 106(C5), 9339-9362. 

YALIN, M. S. 1963. An expression for bedload transpor- 
tation. Proceeding of the American Association, of 
Civil Englineers, 89(HY3), 105-119. 
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Abstract: Banner tidal sandbanks in the Bristol Channel have been repeatedly surveyed 
with a multibeam sonar to study the geometry and migration patterns of superimposed dunes. 
The data presented in this paper constitute one of the first studies concerned with sediment 
transport around a banner sandbank (Helwick Sands in the Bristol Channel) using repeated 
swath- bathymetry. The data reveal that the dunes maintain their shapes over a period of 
11 months, and that they migrate in opposite directions on the alternate sides of the bank. 
Curiously, dunes connect over the crest of the bank despite opposing sediment transport 
directions on the flanks. Dune height increases with water depth as found in similar environ- 
ments. We suggest how the morphology of the dunes results from the complex interaction 
between surface waves and tidal currents that occurs within the proximity of the headland. 

Banner sandbanks occur where sediment is 
abundant, currents are able to induce bedload 
transport and spatial gradients in the sediment 
transport flux cause deposition (Dyer & Huntley 
1999). Such conditions can be found in some 
estuarine environments, such as the Bristol 
Channel (Fig. 1). Popular theories concerning 
the formation and maintenance of banner banks 
involve convergence of sediment transport flux 
induced by residual (averaged over a tidal cycle) 
current eddies in the pattern of currents eddies 
originating from coastal irregularities (Pingree 
1978; Ferentinos & Collins 1980; Dyer & Huntley 
1999). Associated bedforms such as sand dunes 
are usually well developed on the flanks of active 
sandbanks. Their orientations in plan view, 
their asymmetry and geometry in cross-section 
have been widely used as indicators of the local 
net sediment transport and hydrodynamic con- 
ditions (Harris 1982; Lees 1983; Twichell 1983; 
Collins et al. 1995; Reynaud et al. 1999; Hennings 
et al. 2000). Most of the previous studies have 
focused on the morphology of the dunes rather 
than on their temporal evolution, and surveys 
were carried out either with single-beam 
echosounders or sidescan sonars, with a posi- 
tioning accuracy of a few tens to hundreds of 
metres. Recent improvements in positioning at 
sea and computing methods for processing large 
amounts of data, however, have facilitated the 
collection of decimetric accuracy high-resolution 
bathymetric data with swath sonar (Hare et al. 

1995). Furthermore, repeated full bathymetric 
coverage of sub-tidal sedimentary structures 
using swath-sonar technology will provide 
information of their dynamics and three- 
dimensional characteristics, which are of interest 
for the understanding of coastal and shelf 
sedimentary transport. 

This paper describes the morphology and 
dynamical characteristics of sand dunes at the 
eastern end of the Helwick Sandbank, lying 
near a headland in the Bristol Channel (Fig. 1). 
The analysis is based on two sets of swath- 
bathymetry data collected on 26 September 2001 
and 20 August 2002. 

The main objective of this paper is to demon- 
strate the potential for tracking dune migration 
and dune geometry changes from repeated 
bathymetric multibeam surveys. This paper is 
therefore intended to (a) describe the morpho- 
logical characteristics of the dunes and their 
spatiotemporal evolution, (b) estimate dune 
migration rate and from that infer sediment 
transport flux and (c) relate these data to the 
work elsewhere of sediment transport around 
sandbanks and their maintenance. In describing 
the sand dunes in this paper, we follow the 
terminology developed by Ashley (1990). 

Study area 

Helwick Bank is a linear sandbank located off 
the western end of the Gower Peninsula (Fig. 1). 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 5344. 0305-8719/07/$15.00 
�9 The Geological Society of London 2007. 
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The bank extends for 13.5 km westward with a 
bearing of 265~ It has a maximum width of 
2.7 km and a maximum height of  40 m above the 
surrounding seabed. The area of interest (Fig. 1) 
encompasses the eastern end of the bank, Port 
Eynon Bay and the Carboniferous limestone 
bedrock of Port Eynon Point close to the bank. 
Its cross-section is asymmetric, with a steep south 
flank (3.5 ~ facing south and a gentle north flank 
(0.6 ~ facing the coast. Britton (1978) suggested 
from seismic data acquired over the bank and 
boreholes in its vicinity that the Helwick Sands 
reached its present day morphology sometime 
during the Flandrian transgression (5000 BP). His 
seismic data show maximum thickness of 40 m of 
sand overlying a flat surface of Lias bedrock 
(Neville 1970). Gravel and till deposits, lying 

between the bedrock and the sand are observed 
sparsely in the seismic records and have a maxi- 
mum thickness of 2 m. Britton (1978) suggests 
that this layer is a relic of piedmont glaciers that 
extended as far south as the Gower Peninsula 
during the Devensian glacial period (70 000 BP to 
l0 000 BP). However, due to the quality of the 
seismic records, the residual current eddy origin 
of the development of the bank is still questioned, 
though considered here being the most probable 
(HR Wallingford 1997). Hydrodynamic and 
granulometry data were not collected simulta- 
neously with the bathymetric surveys, but such 
data have been reported by Postford Duvivier & 
ABP Mer (2000). That report shows that fine to 
medium sand composes the surface of the bank 
(D50=0.4 mm). One acoustic Doppler current 
profiler (ADCP) moored just north of  the bank 

within the Helwick Passage (Fig. l) recorded 
maximum ebb (N124~ and flood (N241~ 
which reached 0.84 m s -~ and 0.82 m s -l, respec- 
tively. A second ADCP moored closer to the 
crest recorded weaker currents with a maximum 
flood (N295~ flow reaching 0.35 m s -~ and 
a maximum ebb (N90~ reaching 0.21 m s -~. 
Prevailing waves approach from the SW 
(N230~ according to the ADCP records. The 
data show a 4.25 m maximum significant height 
(one third of the highest waves) and 9.63 s period. 

Fig. 1. Physiographic map of the Helwick Sandbank 
and Port Eynon Bay. Depth contours are displayed 
every 3 m, with 10 and 25 m in bold (depths are 
relative to Chart Datum). The coordinates are 
converted to the Universal Transverse Mercator 
system zone 30 (projected using the WSGS84 
ellipsoid), so that distances be measured in metres 
directly from the maps. Inset: The Bristol Channel and 
location of Helwick Sands. Location of two other 
banner sandbanks (Scarweather and Nash) is 
displayed. 



SWATH BATHYMETRY & SAND DUNES 55 

.o ~ o [ -  o 
r ~ r , ~  .,.~ 

~ *.-~ ~ . ~  ~ 
~ ,  ~ ,-~ ~,~ .,.~ 

N o L I ~ ,  
~ o ~  

-.,-~ ~ ~ ~ 

~ . ~  ~ I::~ 

~ .~  x~ .~. e 

~ , x ~ ,  - ~  

.,..~ ~ ~d3~-~ 

~ o ~  ~ 

{ 

~. ~ ' ~  ~ , ~  ~ 



56 T. SCHMITT E T A L  

The present-day morphology of the bank is 
likely a result of  the action of  both the tidal 
currents and surface waves, as has been inferred 
for numerous other shallow banks (Huthnance 
1982a; Pattiarchi & Collins 1987; Houthuys et  al. 

1994; Collins et  al. 1995; Reynaud et  al. 1999; 

Mallet et  al. 2000). 

Repeated multibeam sonar surveys 

The data presented in this paper are based on two 
bathymetric surveys over the same area carried 
out with a Reson Seabat 8101 multibeam sonar. 
The system consists of 101 echo-sounding beams, 
each with an aperture of 1.5 ~ by 1.5 ~ , which 
ensonify the seabed across a 150 ~ fan. The loca- 
tion and water depth of each footprint within the 
swathe are geo-referenced using the position 

and motion data of  the boat That  are collected 
simultaneously with an Applanix POS/MV220 
motion sensor. Processing of the data involves 
the manual editing of  erroneous depth measure- 
ments, merging the data from the different 
sensors with corrections related to the tidal 
height and the celerity of the acoustic pulse in the 

water column. 
The 2001 survey covered mainly the southern 

flank, but also a small part of the northern flank 
(Fig. 2b). The 2002 survey covered the eastern 
end of Helwick bank, on both flanks and 

adjacent coastal areas (Fig. 2a and c). 
During both surveys, data were acquired in 

relatively calm seas. In 2001, tidal heights were 
collected at the Mumbles UK national tide 
gauge, whereas in 2002, they were also collected 
simultaneously on an adjacent beach located less 

than 5 km from the surveyed area. The compari- 
son of the two tidal signals allowed the determi- 
nation of  a tidal range multiplier and a phase 
offset, which have been applied to the 2001 
Mumbles tide gauge data to correct the 2001 

bathymetric dataset. 
All depths in this paper are given relative to 

Chart  Datum. The surveys extend from 4 m at 
the crest of the bank to 40 m at the base of the 
southern flank. The crest of the bank connects to 
the bedrock sub-tidal extension of Port Eynon 
Point through a depression where the water 

depth ranges from 8 m to 10 m (Fig. 2). 

Mapping of dunes 

Small and medium dunes are superimposed on 
both flanks and the crest of the bank. Small 
dunes have been described as transient or highly 
dynamic morphological features, which can be 
obliterated by meteorological events such as 

storms (Houthuys et  al. 1994). They are present 

on the stoss sides of several bigger dunes, mostly 
located on the base of  each flank of the bank (see 

inset to Fig. 2a). The direction of their crests, on 
the northern flank, is sub-parallel to the crests of  
the medium dunes that they cover. At the base 
of  the southern flank they are orientated c. 30 ~ 
oblique to the dune crest. Bennett & Best (1995) 
suggest that flow separation occurring at the 

crest of large dunes induce a zone of detachment, 
in which turbulences affect the mode of sediment 
transport and may lead to the formation of  

smaller scale dunes. 
Although, medium and large dunes can occa- 

sionally reverse within a tidal cycle (Hawkins & 

Sebbage 1972; Bern6 1993; Lanckneus & De 
Moor  1995) or more especially because of  
atmospheric events (Le Bot & Trentesaux 2004), 
they are generally recognized as persistent 
features over many tidal cycles (Lanckneus & De 
Moor  1991; McCave 1971). Therefore, their 
morphology has been widely used as an indicator 

of the time-averaged direction of sediment trans- 
port (Perillo & Ludwick 1984; Smith 1988; Lobo 
et  al. 2000; Bern6 et  al. 1994; Van Lanker & 

Jacobs 2000). 
The artificial illumination on Figure 2 (from 

the NW) highlights the dune crests and their 
western slopes facing the illumination. The strike 
of  the dune crest lines is roughly transverse to the 
axis of the sandbank except towards the crest of 
the bank (dashed line on Fig. 2) where they 
curve at an oblique direction of N50~ They are 

generally laterally continuous from one flank of 
the bank to the other. This configuration leads to 
a high degree of sinuosity, with a maximum 
inflexion coinciding with the crest of the 
bank. Bifurcation of dune crests was observed 
occasionally, such as along the southern base 

of the bank, below 35 m depth and, to a lesser 

extent, over the crest of the bank (in the area of  
maximum inflexion of the dune crestlines). A 

similar dune plan-form geometry was observed 

in the 2001 and 2002 surveys (Fig. 2b and c 
respectively), confirming that dune geometries 

are stable over a period of 11 months. 

Fig. 3. Geometrical characteristics of dunes in the 
area of repeated surveys. Dune height, spacing and 
asymmetry have been measured from profiles run 
roughly parallel to the sandbank crest. (a) 2002 
survey dune height measured from crests to the 
average of the adjacent troughs (m). (b) Dune 
spacing measured from two consecutive troughs (m). 
(c) Sense and magnitude of the asymmetry of the 
medium sized dunes (ratio of the horizontal length 
of the lee side to the length of the stoss side). 
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Morphometric characteristics of the dunes 

Sand-dune morphology has generally been 

summarized using their height, spacing and 

asymmetry. Bathymetric cross-sections were 

taken parallel to the crest of the bank to measure 

these parameters from. Figure 3a shows a map of 

the heights (H), derived from the vertical distance 
between the dune crest and the average of the 
depths of the adjacent troughs. Dunes taller than 
2 m are found on the southern flank, with maxi- 
mum values around 4 m at the base of the bank. 
Slightly smaller dunes within the 2-3 m range are 
located on the northern flank of the bank, near 
the headland. At the crest of the bank, the dune 
heights tend to reduce to 1 m, especially where 
the plan-view sinuosity inflexion occurs. The 
smallest dunes in the studied area can be seen 
north of the 15 m contour (northern limit of the 
data in Fig. 3a), where they reach heights of 0.6 m 
to 1 m and at the far southeastern corner of the 
studied area where their heights are around 1 m. 

Dune Spacing or horizontal length (L) was 
measured as the horizontal distance between two 
consecutive troughs and is shown in Figure 3b. 
Smaller dune spacing (c. 60 m) than the 110 m 
average occurs at the base of the southern flank, 
where most of the bifurcation occurs. The dune 
spacing increases (190-200 m) towards the crest 
of the bank. Finally, on the northern side of the 
bank, as it approaches the headland, dune crests 

are spaced by 40-80 m. 
As mentioned earlier, the asymmetry of the 

dunes is a good indicator of the direction of 
the sediment transport. Various definition of the 
symmetry index can be found in the literature. 
Allen (1980) defines it as the ratio of the horizon- 
tal lengths of the lee and stoss slopes. These were 
measured as the distance between the crest of 
the dune and the corresponding trough along 
the profiles and results are shown in Figure 3c. 
Symmetric dunes are present in three areas: (1) 
at the crest of the bank, (2) where the bank lies 
closest to the headland and (3) at the westerly 
side of the southern flank of the bank (Fig. 3c), 
where the dune crests are linear and perpendicu- 
lar to water depth contours. Dunes with easterly 
facing lee sides dominate the northern flank of 
the bank. Their lee and stoss slopes are typically 
c. 2 .2  ~ and c. 0.7 ~ respectively. The dunes are 
symmetric over the crest of the bank, with slopes 
of c. 1 o. Further south, the dunes are asymmetric 
with lee slopes of 1.5 ~ to 2 ~ facing west and stoss 
slopes of 0.5 ~ to 1 ~ At the southern base of the 
flank, the lee sides of the dunes dip at angles of 
between 4 ~ and 7 ~ compared to angles of 2 ~ to 3 ~ 
for the stoss side. From the above, the sediment 
transport is towards the east on the north side of 
the bank and towards the west on the south side, 

while there is no resolvable transport direction 

over the crest. 
Geometrical features of dunes reflect the cur- 

rent strength, the wave regime and characteristics 

of the sediment (Flemming 2000). A detailed 
study of the dune heights (H), dune crest water 

depth (z) and dune spacing (L) was therefore 
carried out to relate the characteristics of the 
sand dunes to the conditions of sediment 

transport  as found in other studies. 
The size (height and spacing) of the dunes 

show some variation along crestlines (Fig. 3a and 
b). To suppress this dispersion of the data, we 
only use the maximum height of the dune (//max) 
and its corresponding spacing and water depth to 
plot Figure 4. The properties of the dunes were 
measured in three depths region based on the 
above observations: below 25 m, corresponding 
to the foot of the bank, between 25 m and 15 m, 
corresponding to the flanks of the bank and 
from 15 m to the crest of the bank. Correlation 
between the shape of the dune and the water 
depth can be expected as water depth can affect 
the size of the turbulent boundary layer and limit 
the development of wakes and turbulences on the 
lee side of the dunes (McLean 1989). Figure 4a 
clearly shows that sand dune height increases 
with increasing water depth. A linear trend fitted 
to the data by least-squares indicates that the 
relation H I z  is 0.11, which is comparable with 
the widely accepted relation of Yalin (1992): 
H l z  =0.167 for dunes submitted to a unidirec- 
tional flow. Figure 4b, displaying the relation 
between the dune spacing and the water depth, 
shows no correlation, as spacing varies weakly. 
Flemming (2000) defines steepness as the ratio 
of dune height over its spacing. Figure4c 

shows the steepness of the dunes for each of 
the depths groups. Flemming found a relation 
Hmax=0.0667L ~ by power regression on 1491 
data, with a coefficient of correlation, R = 0.98, 
which holds for dunes that have reached their 
equilibrium. For each of the dune groups, power 
regressions were fitted through the data. At the 
foot of the bank (below 25 m), dunes are steeper 
than those analysed by Flemming, while above 
25 m the dunes tend to flatten (Fig. 4c). The 
tendency to flatten could arise from one or more 
effects: (1) increasing resuspension and bedload 
movements by surface waves that are likely to 

Fig. 4. Relationships between dune geometrical 
parameters. Data used to plot these graphs correspond 
to the maximum height of each dune in the 
corresponding water-depth range. Dune height (a) and 
hence dune flatness (c) are depth dependant. 
Wave-induced flattening of dune crests are speculated 
to be important at the crest of the bank. 
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intensify towards shallow water and with prox- 
imity of  the surface; (2) the tidal current intensi- 
fying as it is concentrated through a narrower 
depth extent as proposed for flattening of sand 
banks at larger scale (Huthnance 1982b); and (3) 
the effect of shallow water in reducing the vigour 
of lee-side eddies (Kostaschuk 2000). 

Dune migration 

Langhorne (1982) noticed that the shapes of 
dune crests can be strongly influenced by revers- 
ing tidal currents. Bern6 (1993) showed that 
rounded crests, or 'cat-back' profiles, can form in 
response to varied tidal asymmetry over neap-  
spring cycles and strong currents. Cat-back 
profiles are common on the southern flank 
indicating the predominance of such strong 
and directionally varying tidal asymmetry. 
Therefore, difficulties arise in mapping the tran- 
sient crests of such cat-back dunes, and hence 
changes in the location of the dune crests can not 
be considered to be the best measurement 
for resolving their long-term migration. We 
therefore developed an alternative method based 
on isolating and displaying the 'mobile dune 
layer' along with cross-sections in order to 
identify and quantify dune migration. A drawing 
defining the mobile sand layer (h(x,t)) is pre- 
sented in the inset to Figure 5. This layer 
represents the thickness of sand continually 
redistributed by dune migration. To resolve this 
layer, dune troughs were digitized from cross- 
sections and a surface was fitted to them using a 
continuous curvature gridding algorithm with 
maximum tension (Smith & Wessel 1990). This 
surface was then subtracted from the bathym- 
etry, leaving only the dune layer h(x,t). This 
process was repeated for both surveys to facili- 
tate comparisons. As varied deposition can occur 
in the low-stress areas of dune troughs (Bennett 
& Best 1995) and as small digitizing or inter- 
polation errors can make h(x,t) somewhat irre- 
gular in the troughs, the h = 0.5 m contour of  the 
mobile sand layer is shown on Figure 5. As also 
illustrated in the inset to Figure 5, this contour 
level and the shaded relief of the mobile bedform 
layer above it encompass the two evolving slopes 
of the dunes and was found to highlight their 
plan-view shapes quite well. 

Comparison of vertical profiles, such as those 
in Figure 6, along with Figure 5 enabled us to 
track dunes from one survey to the other. Confi- 
dently tracked dunes are referred as A to M on 
the 2001 survey along the southern flank and 1 
to 15 along the northern flank. Apostrophes are 
applied to the 2002 data. Changes in cross- 
sectional area and migration rates for tracked 
dunes are displayed in Table 1. Most of the dunes 

show a simple migration during the 11 month- 
period separating both surveys, with a mean of  
22 m (10 m standard deviation) along the south- 
ern profile, compared with 34 m (13 m standard 
deviation) on the northern profile. The respective 
annual migration rate 24 m a -~ and 37 m a -~ are 
relatively slow migrations compared with the 
values reported by in Forschungsanstalt der 
Bundeswehr fur Wasserschall und Geophysik 
(2003) review, which range from 7 to 220 m a -~. 
Among 11 dunes, 8 show a volume change of less 
than 25%. The geometrical similarity between the 
dunes in plan-form and cross-section between 
the two surveys (Figs 5 and 6) is interpreted as the 
product of predominantly bedload transport 
leading to simple dune migration (Van den Berg 
1987). 

The tracked dunes reveal migrations with the 
same directions expected from the dune asymme- 
try (Figs 3c and 5). Along the southern side of  
Figure 5 dunes are migrating westward, whereas 
along the northern side dunes are moving 
eastward. The boundary between the zones of  
opposite migration coincides with the crestline 
of the bank (Fig. 2, and dotted line on Fig. 5). 

Splitting can be observed. For example, dune 
D, on the southern side of the bank, was 
connected in 2001 with dune 7 on the northern 
side. In 2002, dune D' has migrated eastward 
(Fig. 4a and b). As defined by the h=0.5  m 
contour, it is clearly disconnected from dunes in 
the north. Dune 7 has been migrating eastward, 
and has connected with dune C' temporarily 
in the period between the two surveys, but 
was disconnected from dune C' by the time of  
the 2002 survey. Dune 8' was then laterally 
connected with dune C'. 

Merging can also be observed. For example, 
dune H was split in two parts and barely con- 
nected with dune 10 on the 2001 survey (Fig. 5a). 
In the time between the surveys, the southern 
part of dune H migrated faster than the northern 
part. In 2002, the northern part of dune H' has 

Fig. 5. Grey image of the 'Mobile dune layer' h(x,t) 
defined as the height relative to the trough level for the 
2001 (a) and the 2002 (b) surveys. The inset illustrates 
how this layer was constructed by referencing the 
topography to a surface interpolated between the dune 
troughs. Dunes are assigned a number from 1 to 15 on 
the north side and a letter A to M on the south side. 
Apostrophes are applied for the 2002 dunes. Note 
similarities in plan-form shapes of dunes defined by 
the h = 0.5 m level (contours in the map) suggesting 
that dunes have migrated by relatively simple 
translation without changing shape. The solid arrows 
plotted on the 2001 survey mark the two profiles of 
Figure 6 (orientation of the profile is indicated by the 
arrow) 
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Table 1. Morphologic evolution and migration of the dunes reported in Figure 5 

Dune (as referenced Cross-sectional area (m 2) Cross-sectional Migration (m) 
on Fig. 5) area changes (%) 

26/09/2001 20/08/2002 

7 151 202 + 33.77 34 
6 97 88 -9.278351 29 
5 159 146 -8.176101 14 
4 118 169 +43.2203 44 
3 190 149 -21.57895 50 

M 279 267 -4.301075 32 
L 281 295 +4.98221 28 
K 109 90 - 17.43119 30 
J 135 196 +45.1852 25 
I 112 57 -49.10714 8 
H 122 115 -5.737705 10 

merged with dune 12' to form a single laterally 

continuous dune from one side of the bank to the 
other. In some cases, dunes have also amalgam- 

ated. For example, dune 6 presents a 'X' plan- 

form on the 2001 survey. In 2002, both southern 

legs of the 'X' shape are amalgamated and form 

dune 6' which is laterally connected to dune B'. 

An unusual feature of the dunes in Figure 5 

is that many show an across-bank continuity 

(over the crest of the bank) despite migrating in 

opposite directions along the flanks. Opposite 

migration on the flanks of sand banks has been 

widely reported (Caston 1981; Reynaud et al. 

1999; Mallet et al. 2000; Bastos et al. 2002) but 

the continuity of the dunes over the crest of a 

bank has been rarely described and not as far as 

we are aware ever properly explained. The obser- 

vations suggest that a three-step mechanism is 

involved. First, dune crests deform or bend, due 

to the gradient of  the clockwise circular net 

residual current along the sandbank inferred by 

numerical modelling (HR Wallingford 1997). 

Second, they split or break laterally, and third 

rejoin with another crest. We speculate that the 

latter may be encouraged by along-dune crest 

sediment transport driven by surface waves 
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because the predominant wave direction is 
from the SW here (Postford Duvivier & ABP 
H e r  2000), parallel to the crestal dunes. This 
last mechanism was suggested by McCave & 
Langhorne (1982) for bank-crossing small dunes, 
at the end of the Haisborough Sand in the 
southern Nor th  Sea. Our ongoing research is 
attempting to resolve whether sand fluxes due to 
surface waves recorded here are sufficient to 
cause this evolution. 

The sand dune asymmetry and migration 
therefore indicate a circular (clockwise) sediment 
transport around the bank, as described in the 
literature for other types of sandbanks. As 
predicted by Pingree & Maddock (1979), gradi- 
ents in the residual tidal currents arise from the 
interaction of the currents with the headland and 
the topography of the bank itself. Huthnance 
(1982b) also predicted a deflection of the flow 
over the crest of sand banks caused by the effect 
of friction. These mechanisms are partly respon- 
sible for the oblique dune orientation over the 
crest of the bank. The determination of tidally- or 
wave-driven flux of sediments at the crest of the 
bank is still under investigation. 

Conclusion 

Two multibeam surveys over the eastern end of 
Helwick Bank, as it approaches Port Eynon 
Point headland, have been used to assess the 
characteristics of sediment transport. The sense 
of sand dune asymmetries indicates the direc- 
tions of the sediment transport. The dunes are 
also correlated by geometrical similarity both in 
plan-form and in cross-section between the two 
surveys. The tracked dunes suggest that they 
migrate relatively simply without major change 
in shape, which is characteristic of bedload 
transport. 

Both asymmetry and migration of dunes 
indicate opposing transport  directions on the two 
sides of the bank, suggesting a clockwise sand 
circulation. Some dune crests connect continu- 
ously over the crest of the bank. This phenom- 
enon remains unexplained, but we speculate that 
wave-induced sediment transport could play 
an important  role. It has also been shown that 
dune height increases with increasing water 
depth, whereas dune spacing does not, a result of 
flattening of the dunes over the crest of the bank. 
Dune flattening would also be consistent with 
stronger wave-driven transport  at the crest of 
the bank. 

This study illustrates how multiple swath- 
bathymetric surveys provide quantitative infor- 
mation of both the morphology and the 
evolution of sand dunes. Frequent usage of this 
technique will provide more in-situ information, 

which will be highly valuable in the development 
of our understanding of sedimentary processes 
affecting coastal and shelf areas. 
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A model for simulating the dispersal tracks of sand grains 

in coastal areas: 'SandTrack' 

R.  L. S O U L S B Y ,  C. T. M E A D  & B. R.  W I L D  

H R  Wallingford, Howbery Park, Wallingford, Oxon OXIO 8BA, UK 

( emai# rls@hrwallingf ord. co. uk) 

Abstract: A new model is described that simulates the paths taken by a large number of 
identified ('tagged') sand grains in coastal areas in response to waves and currents. A number 
of practical applications require such a Lagrangian approach, as distinct from the more tradi- 
tional Eulerian calculations of the transport rates of bulk quantities of identical, non-tagged, 
grains. Such applications might include studies on the dispersal of dredged spoil, or on the 
release of contaminated particulate material. 

The particle-tracking algorithm determining the movement of tagged grains takes account 
of the following processes: 

�9 burial and re-emergence 
�9 initiation of motion and entrainment by combined waves and currents 
�9 bedload transport 
�9 suspended transport 
�9 turbulent diffusion. 

A novel method of simulating these processes has been devised, by formulating functions to 
parameterize each of them, and then specifying a grain speed as the product of the functions. 
The particle-tracking algorithm is implemented within HR Wallingford's SEDPLUME-RW 
model, originally devised to track the dispersal of muddy sediments. This in turn is driven by 
currents and waves computed by the hydrodynamic model TELEMAC. A validation exercise 
simulating dispersal of radioactive sand tracer measured in the 1960s in Morecambe Bay is 

described. 

Conventional Eulerian sand transport models 
predict the bulk flux of sand grains, ignoring 

the identity of the grains. However, for certain 

problems a Lagrangian approach is required, 
and the identity of the grains is important  (i.e. 

we need to simulate the paths taken by ' tagged' 

grains). Applications of such an approach 
include dispersal of dredged spoil and fate of 

contaminated particles. Existing particle- 
tracking models for very fine sediments, such as 
H R  Wallingford's model S E D P L U M E - R W  

(Mead & Rodger 1991), do not cope with burial, 

bedload or incipient motion. The objective of 
the development of the SandTrack model was 

to devise an algorithm to simulate sand-grain 
movements, to use within SEDPLUME-RW.  

The processes that must be simulated are: 

�9 burial and re-emergence of grains 
�9 threshold & mobility of surface grains 

�9 speed of mobile grains (bedload & suspended). 

This paper presents the concepts underlying the 
SandTrack algorithm that determines the grain 

motion in response to wave and current action. 

It does not give the full mathematical formu- 

lation, which will be the subject of a separate 

publication. 

F o r m u l a t i o n  

The aim of the model is to track the movements 

of a large number (typically hundreds or thou- 

sands) of tagged particles at each time-step 
throughout  the duration of the required simula- 
tion, and over the study area of the problem. To 

achieve this, each grain is moved a 2D-vector 

horizontal distance Ax = At. Ugr at each time-step 
At. Here the velocity of grain movement, Ugh, 

(different for every grain) is represented by: 

Ug~ = F. P. R. Uc + diffusion 

where: 

F is a 'Freedom function' (buried = 0, free = 1) 
P is a 'Probabili ty of movement '  function 

(0 < P <  1) 

R is a 'Relative speed' function (0 < R < 1) 
Uc is the (2D-vector) current velocity averaged 
over the bottom 1 m of the flow turbulent 

diffusion is represented by the well-known 

random walk process 

In coastal waters, the grain motion is driven by 
combined waves and currents, so the formulation 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 65-72.0305-8719/07/$15.00 
�9 The Geological Society of London 2007. 
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must include both. In some cases, the wave 
motion may be necessary to mobilize the grains, 
which are then moved by a current that is too 
weak to mobilize the grains on its own. The 
model in its present form is designed for deepish 
water; it does not model the detailed processes 
within the surf-zone. 

Although gridded hydrodynamic models are 
needed to generate distributions of currents and 
waves, the SandTrack model does not itself have 
a grid, because the position coordinates of each 
particle are stored exactly. The hydrodynamics 
at the location of the particle are calculated by 
interpolation from the grid of the hydrodynamic 
models. 

Burial processes: function F 

The tagged grains may be trapped in the bed to 
different depths and durations by a number of 
processes, listed here with their typical depths 
and timescales of disturbance: 

�9 deposits from suspension (mm, hours) 
�9 ripple migration (cm, minutes) 
�9 sandwave migration (m, days to weeks) 
�9 general bed movement (cm to m, storm to 

season) 
�9 bioturbation (cm, hours) 
�9 anthroturbation (cm to m, weeks) 

(The term 'anthroturbation' is coined to denote 
disturbance of sediments by human activities, 
such as trawling, dredging, trenching and 
anchoring.) Ideally, each of the above processes 
would be represented by a separate distinctive 
function. However, within the current version 
of SandTrack they are all parameterised together 
by a single function F, in which burial and 
re-emergence of grains is simulated by a modified 
vertical random walk process. In this, the magni- 
tude of change in burial depth depends on the 
bed mobility, given by function P (see below) 
applied to the ambient grains, i.e. those forming 
the natural sea-bed as opposed to the tagged 
grains which can optionally be defined 

separately. A random number (in range 0 to 1, 
generated for each grain at each time-step by the 
computer code) then decides whether the burial 
depth increases or decreases. The vertical change 
in bed-level (and hence burial depth of the tagged 
grain) is given by ~z = (+  l -  1).Ps where gb is a 
scale depth (specified as an input to the model), 
and (+  l - 1 )  is specified at each step according 
to whether the random number is > or < 0.5. 
If this process results in a negative burial depth 
(i.e. grain above the seabed level) then the burial 
depth is set to zero. Function F is computed as 
follows: 

If burial depth > 0, then F =  0 
If burial depth = 0, then F =  1. 

It should be noted that the concept is that the 
grain becomes buried at some time when it lies 
on the bed surface and is then covered by accre- 
tion of ambient sediment. Subsequent accretion 
and erosion of the bed surface then vary the 
burial depth, while the grain itself stays still. This 
excludes bioturbation and anthroturbation pro- 
cesses, in which the grain itself is moved. In the 
SandTrack context, sheet-flow of sand is treated 
as a form of bedload, so that grains within the 
mobile sheet-flow layer have F =  1, while grains 
below it have F =  0. 

Figure 1 shows an example of the variation in 
burial depth of a typical grain over a seven-day 
period simulated by a random walk algorithm 
(a simplified version of that described above). 
Tagged grains typically spend 15-20% of the 
time on or very near the bed surface (as has been 
observed in experiments), and are only very 
occasionally buried deeper than 0.5 m. 

It is necessary to introduce a scale depth (6b), 
which can be chosen by calibration if data on 
burial depths is available. However, this choice 
is only important if the vertical distribution of 
tagged particles in the bed is a required output 
for a particular study. It does not affect the 
horizontal dispersion of tagged particles at all, 
because this is only governed by whether Fis 0 or 
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Fig. 1. Example of a random walk burial simulation, showing how the depth of sediment covering an individual 
grain is predicted to vary with time. If At-- 10 minutes, then 1000 time-steps is about 7 days. 
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1 at each time step, which is independent of  the 
depth-scale of burial. The vertical movement of  
the bed is only notional, so as to introduce the 
effects of burial, and is not intended to represent 
the actual morphodynamic behaviour of the bed. 
However, areas of sand and areas of rock can be 
defined in the model, so that burial only takes 
place in sandy areas. 

Mobility formulation." function P 

If a tagged grain is 'free' (i.e. F =  1) it lies on 
the surface of  the bed until it is moved by the 
waves and currents. The P function represents 

the probability (or equivalently, percent of time) 
that a given tagged grain (on the bed surface) is 
mobile. It is a function of the grain properties 

and the maximum bed shear-stress due to com- 
bined waves and current, "Cmax. If the shear-stress 
is less than the threshold value "Ccr for movement 
of the tagged grains (taking into account that 
they might be a different size to the ambient 
grains on which they lie) then the probability of 

movement is taken to be zero. For larger shear- 
stresses there is an increasing probability that an 
individual grain will move during a time-step of  

the model. This is formulated as follows: 

P- -0 ,  i fz  .... < z ,  

P increases with "~max to 1, if ~max > q~cr 

The functional dependence of the probability 
(Fig. 2) is written in terms of the maximum 

Shields parameter, 0ma x = ' C m a x / g ( p  s -  p)d, due to 
combined waves and currents. The function is 
based on an expression given by Fredsoe & 
Deigaard (1992, eq 7.58), which in turn is based 
on the work of  Engelund & Fredsoe (1976) as 
part  of a bedload transport theory for sand 
grains in steady flows. Here we have adapted it to 
combined waves and currents by replacing their 
steady shear-stress with Zmax- The maximum bed 
shear-stress, z . . . .  is calculated from the current 
speed and wave orbital velocity using the 
'DATA2'  method given by Soulsby (1997, p.92). 
The wave orbital velocity at the sea bed is calcu- 
lated from the significant wave-height, peak- 
period and water depth by transforming all the 
frequencies in an assumed JONSWAP spectrum 
using linear wave theory by the method of 
Soulsby (1987). 

The possible difference in size of  the tagged 
particles and the ambient grains is accounted 
for by using a 'hiding and exposure' function 
when calculating the threshold bed shear-stress. 
A range of sizes of  the tagged particles is dealt 
with by performing separate runs of  SandTrack 
for a number of  different sizes. The degree of 
grading of the ambient sediment is not  accounted 
for, and nor is the possibility that the tagged 
particles might carpet the ambient sediment at 
the point of release. Thus it is assumed that  the 
tagged grains form a very small proport ion of the 
ambient grains and do not affect their movement, 
which will generally be true some time after the 
release. In some cases the tagged and ambient 
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Fig. 2. Dependence of function P (probability that a grain is mobile) on the maximum Shields parameter 0max- 
Threshold Shields parameter 0or = 0.063 in this example. 
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Fig. 3. Examples of functions R b and Rs for the speed of a mobile grain (relative to the near-bed current speed) 
travelling as bedload and in suspension respectively, for the case d= 0.2 mm, h = 5 m, with no waves. 

grains can be given the same size: for example, 
if it was desired to track the movement of the 
ambient sand. 

Relative speed formulation. function R 

Once a grain is mobile (i.e. P > 0), it will move 
either as bedload or in suspension. Its speed of 
movement will be some fraction of the current 
speed near the bed (usually taken to be the lowest 
1 m, although this can be varied). The function 
R represents the speed of a given mobile tagged 
grain relative to the near-bottom current speed. 
It is a function of the grain properties and maxi- 
mum and mean bed shear-stress in combined 
waves and current, (z . . . .  z . . . .  ) .  It is formulated as 
follows: 

�9 for bedload, R increases with Zm,x to about 
0.3 -0 .5  

�9 for suspended load, R increases with Zm,x (and 
with decreasing settling velocity) to 1. 

The expression for bedload speed R b is based 
on the same work by Fredsoe & Deigaard (1992, 
eq 7.51, following Engelund & Fredsoe 1976) 
as the P function, and hence is compatible 
with it. It is adapted from steady flow to 
waves-plus-currents by assuming that the 
particle mobility depends on ~ . . . .  while the speed 
is scaled by U.m=('C . . . .  /p)m. The expression 
for speed in suspension Rs is based on the 
concentration-weighted average speed in the 

bot tom layer, assuming a power-law concentra- 
tion profile (e.g. Soulsby 1997, eq 106). A power- 
law concentration profile corresponds to an eddy 
diffusivity that increases linearly with height 
above the bed. No account is taken of density 
stratification by suspended sediment. R~ is taken 
for R if a criterion for the threshold of suspension 
is exceeded, otherwise Rb is taken. The value of R 
only approaches 1 for cases with very fine grains, 
very fast currents, or large wave orbital veloci- 
ties. Figure 3 shows a site-specific example of the 
behaviour of the R function. In this example, the 
threshold of motion is exceeded for 0 m a  x = 0.063, 
and the threshold of suspension for 0m,x = 0.129, 
above which the value Rs is taken. Figure 4 shows 
how the speed of the grain varies with the depth- 
averaged current speed for a particular site- 
specific example (depth = 5 m, grain-diameter 
--0.2 mm, current only), ignoring the burial and 
diffusion processes. Thus it shows Ug~ as the 
product of  the P function, the R function and U~. 
For current speeds less than about 0.4 m s -1 the 
grain is stationary, between 0.4 and 1.0 m s -1 the 
grain moves at a speed considerably slower than 
the current, while for very strong currents the 
grain moves at a large fraction of the current 
speed. 

Formulation of turbulent diffusion 

As well as responding to the deterministic forcing 
by the mean currents and waves, mobile grains 
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Fig. 4. Example of the speed of a mobile grain (Ugr) as a function of the depth-averaged current speed (Ucu0, for 
the case d = 0.2 ram, h = 5 m, with no waves and no burial. 

will be affected by the turbulent fluctuations in 
velocity near the bed. SEDPLUME-RW already 
contained a random walk function to cater for 
diffusion of dissolved pollutants or fine mud (i.e. 
diffusion of the water) by adding in a random 
(2D-vector) step of length/direction Axt. 

This deals with horizontal diffusion, since 
vertical diffusion had already been dear  with in 
the formulation for suspension of sediment. The 
horizontal diffusion coefficient is given a con- 
stant value, typical of coastal flows, and is differ- 
ent from the value for vertical diffusion described 
earlier. No account is taken of shear-dispersion 
in the current version of SandTrack. The 
approach to horizontal diffusion of the water is 
described in detail by Mead & Rodger (1991). 
This is adapted in SandTrack by multiplying 
the step Axt by the product of the F, P and R 
functions, and adding this to the deterministic 
step-length Ax. In practice, it is found that diffu- 
sion by large-scale, slowly varying processes (e.g. 
waves, wind) is much greater than the small-scale 
turbulent diffusion. This is in line with known 
behaviour of turbulent diffusion. However, the 
randomness applied to individual tagged grains 
in SandTrack in both the F function and the 
diffusion term ensures that grains released simul- 
taneously from the same point source end up 
following different and diverging paths, as they 
would in nature. 

Implementation in model 

The SandTrack algorithm has been incorporated 
into the SEDPLUME-RW model, utilizing 

some of the same code and plotting software. 

It is driven (off-line) by water-levels, currents 

and waves computed over the study area on 
a variable-sized triangular (finite element) grid 

by the TELEMAC suite of models (http:// 

www. te lemacsystem,  c om/gb/de  fault ,  html) .  
TELEMAC was developed originally by Labora- 

toire National d'Hydraulique of Electricit~ de 

France, and has been extensively calibrated and 
applied by HR Wallingford in coastal hydraulic 

studies throughout the world. The wave distri- 

bution over the study area can be calculated by 

a number of methods, depending on the app- 
lication. For example, by hindcasting offshore 
wave-heights, periods and directions from a long 

time-series of wind, and propagating them 

inshore using a ray model. For simple bathy- 

metries it is sometimes adequate to hold wave 

heights constant until the water is so shallow that 
they break, and inshore of the break-point make 
wave height proportional to water depth. In the 

applications of the model to date, wave-induced 

currents due to radiation stresses have not been 
included, but they could easily be included if 

required. 
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Once a set of hydrodynamic inputs has been 

computed, different grain-sizes, release points 

and scenarios (e.g. instantaneous or continuous 

source of particles, different times of release) can 

be run using SandTrack. The tagged grains travel 

around the study area according to the algorithm 

for their individual x and y step-lengths at each 

time-step as described above. The model can be 

driven by a simple repeating tide or a full time- 

series of  synthesized currents and waves, depend- 

ing on the nature of the problem and the budget 
available. 

Time-steps from 3 to 20 minutes, numbers of 

grains from 800 to 12 000, and durations of simu- 

lation from 6 weeks to 30 years have been run for 

different applications. Sensitivity to the time-step 

chosen relates to the goodness of approximation 

of the tidal excursion in discrete steps. For 

example, a 20-minute time-step for a 12-hour 

sinusoidal tidal cycle introduces less than 0.6% 

error in the excursion of a sand grain in 6 hours, 

compared to an infinitesimal time-step. The time- 

step must also be sufficiently small that the corre- 

sponding spatial step does not carry the particle 

to a location where the currents and waves are 

greatly different from the starting point. This will 

depend on the geomorphology of the study area. 

The output analysis software produces plots of 

snap-shots and envelopes of all the particle posi- 

tions in the study area at selected times, move- 

ment of the centroid and spread of particles, and 

the distribution of burial depths, among others. 

Example application: Morecambe Bay 

A validation exercise was undertaken to compare 

SandTrack with observations of dispersal of 

radioactive and fluorescent sand tracers from an 

experiment in 1968 in connection with a pro- 

posed barrage in Morecambe Bay (HRS 1969). 
The sediment was fine sand, which was sus- 

pended by strong tidal currents of up to 1.8 m s -1, 

but with negligible waves. The distribution of the 

tracer was measured at intervals over six weeks 

following release. The experiment was simulated 

using SandTrack with synthesised currents, a 

time-step of 20 minutes, and 12 000 sand grains 

of 0.12 mm diameter all released at the same 

point but over several tidal cycles. As an example 

of the speed of the SandTrack model, the 

Morecambe Bay study took 2 hours of computer 

time to model particle tracks over 39 days of real 

time. 

The simulated grains spread both longitudi- 

nally and laterally relative to the axis of the tidal 

current, and drifted slowly SW in response to 

the ebb-dominant tidal current. Figure 5 shows 

that the modelled movement of the centroid of 

the cloud of simulated grains over 50 tides was an 

accurate prediction of the observed movement, 

in that it moved in the correct direction at the 

about the correct speed, both initially and sub- 

sequently. The longitudinal and lateral spreads 

were also seen by eye to be similar to the 

measured contours of radioactivity. 
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Fig. 5. Variation of the displacement of the centroid of the plume of tracer grains in the Morecambe Bay tracer 
surveys with time (measured in tides). Comparison between SandTrack simulation (curve) and observations 
(squares). 
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Fig. 6. Variation of the mean depth of burial of tracer grains in the Morecambe Bay tracer surveys with time 
(measured in tides). Comparison between SandTrack simulation (diamonds) and observations by two methods 
(open and filled squares). 

Figure 6 shows that while the model predicted 
the general behaviour of the variation in the aver- 
age burial depth of the tagged particles, the 
modelled depths were too large by a factor of 
about 3. This is because the scale depth 6b used 
as an input to the burial algorithm was too large, 
although it could easily be calibrated to the 
observations if required. 

Overall, the SandTrack model correctly 

simulated: 

~ the rapid initial spread and slower subsequent 
spread and redistribution of tracer 

~ the rate and direction of movement of  the 
centroid of the tracer patch 

~ the amplitude of the initial spread 
~ the development of the longitudinal profile 
�9 time history of burial - but 3 times too deep. 

The burial formulation has been found to over- 
estimate the burial depths and under-estimate the 
residence times of grains in the bed. This will be 
rectified in the next version of SandTrack, by 
adopting an improved burial/trapping algorithm. 
However, the overall movement of the grains is 
not affected by the actual depths of  burial, but 
only by the percentage of  time they lie on the 
surface, so simulations of the dispersal patterns 
are satisfactorily reproduced. Increasing the 
residence times will result in a larger proport ion 
of grains remaining buried at deep depths over 
longer periods. 

Summary 

SandTrack fills a gap in the modelling capabili- 
ties: to predict the long-term paths of 'tagged' 

sand grains. It uses a novel approach based on a 

product of functions describing burial, mobility 

and speed of  individual grains. 
Tests against measurements in Morecambe 

Bay reproduced the main features and speeds of 
sediment dispersal. The SandTrack model has 

also been applied in simulations for a dredged 

spoil disposal study and a study of 30-year 

movement of released particles, and in both cases 
it gave valuable insights into the dispersal speeds 

and paths of the particles. 

The development of the SandTrack model was carried 
out under contract to the United Kingdom Atomic 
Energy Authority (UKAEA). 

References 

ENGELUND, F. & FREDSOE, J. 1976. A sediment trans- 
port model for straight alluvial channels. Nordic 

Hydrology, 7, 293-306. 
FREDSOE, J. & DEIGAARD, R. 1992. Mechanics of  

Sediment Transport. World Scientific Publishing, 
Singapore. 

HRS 1969. Sand movements in Morecambe Bay - a 

radioactive tracer study. Report EX471, Hydraulics 
Research Station, Wallingford, UK. 



72 R.L.  SOULSBY 

MEAD, C. T. & RODGER, J. G. 1991. Random Walk 
Simulations of the Dispersal of Dredged Spoil. In: 
LEE, J. H. W. 8r CHEUNG, Y. K. (eds) Environmental 

Hydraulics. Balkema, Rotterdam, 783-788. 

SOULSBY, R. L. 1987. Calculating bottom orbital veloc- 
ity beneath waves. CoastaIEngineering, 11,371-380. 

SOULSBY, R. L. 1997. Dynamics of Marine Sands. 
Thomas Telford Publications, London, UK. 



The use of particle tracking in sediment transport studies: a review 
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Abstract: New European environmental legislation such as the Shellfish and Habitats 
Directives, together with the more recent Water Framework Directive, are driving new and 
fresh approaches to sediment management. Regional authorities, environment protection 
agencies and consultants are increasingly being required to adopt a holistic, system-wide 
appreciation of sediment flux in aquatic systems. Increasingly, and necessarily, there is a need 
to describe sediment (and contaminant) transport pathways on dynamically variable and 
spatially distributed scales rather than at single point localities. 'Particle tracking', or as it is 
also known 'particle' or 'sediment tracing', providing certain assumptions are satisfied, offers 
a practical methodology for the assessment of transport pathways of a variety of sediments 
across wider temporal and spatial scales, and is available for silts, sands, granules, pebbles and 
cobbles. Although not a new technique, particle tracking has experienced a resurgence of 
interest and application by geologists, hydrologists and oceanographers principally as a result 
of the arrival of new, innovative manufacturing and measurement technologies. These have 
overcome previous limitations presented by the method, and have also provided a foundation 
for silt tracking that previously did not exist. The purpose of this paper is to provide an 
overview of the particle tracking methodology in the modern context, with a bias towards 
the practicalities of conducting a tracking experiment. We present a detailed summary of the 
factors and considerations involved in conducting tracking studies, including an assessment of 
tolerance limits on synthetic tracers and the importance of appropriate sampling strategies. In 
addition, we highlight the principal technical limitations of the method. We summarise the 
historical background regarding the use of the particle tracking method outlining the domi- 
nance of studies on sand transport and the paucity of silt tracking studies, and draw attention 
to some of the potential areas of application of this innovative approach. 

The  m o v e m e n t  of  sediment  th rough  na tura l  pro-  

cesses (e.g. bed resuspension,  longshore  trans- 

port)  or  an th ropogen ic  activities (such as sea bed 

dredging or piling const ruct ion)  creates a un ique  

series of  con t empora ry  sediment  m a n a g e m e n t  

problems.  These problems include eut rophica-  

t ion of  rivers; sil tation in harbours ;  smother ing  

of  benthic  fauna  and  f lora in conservat ion  and  

other  areas; and,  u n w a r r a n t e d  t ransfer  of  con- 

t amina ted  sediments,  amongs t  a great  m a n y  

others.  In  order  that  effective m a n a g e m e n t  strat- 

egies m a y  be devised to comba t  these, and  also 

so tha t  appropr ia te  mon i to r ing  schemes can be 

pu t  in place, a f irm scientific under s t and ing  of  the 

na tu re  of  the t ranspor t  including the source and  

sink areas, the vo lume (or mass) in transit ,  and  

the rate  and  direct ion of  t ranspor t  is necessary. 

This is by no means  a trivial problem.  Tradi t iona l  

techniques such as ins t rumented  rigs (e.g. 

Wil l iams et al. 1999) or  gauging stations used in 

fluvial systems are inherent ly  l imited as they only 

measure  fluid and  sediment  t ranspor t  at a point ,  

and  yet sediment  t ransfer  on such scales is an  

inherent ly  geospatial  p h e n o m e n o n .  R e m o t e  

sensing (e.g. CZCS,  CASI ,  SeaWiFS,  A V H R )  

possibly offers a more  expansive view, but  

few systems are ta i lored specifically to address  

sediment  t ranspor t  problems,  and  those tha t  are 

(e.g. the CASI  technology,  Lavender  2001) view 

only a f ract ion of  the sediment  in transi t  (the 

uppe rmos t  1 m). This possibly leaves only math-  

emat ical  or  numer ica l  model l ing  as an appro-  

pr iate  app roach  and  yet, as always, the util i ty 

of  models  is p ropor t iona l  to their  ability to 

accurate ly  represent  rea l -world  processes (Dyke  

1996). 

Part icle t racking,  or  as it is also k n o w n  

'particle '  o r ' s e d i m e n t  t racing ' l ,  p rovid ing  cer ta in  

1 Particle tracking as described here is not to be confused 
with the type of tracing described in the book by Foster (2000). 
In fluvial and geomorphological studies a type of tracing 
known as 'sediment source ascription' or 'sediment fingerprint- 
ing' is routinely performed. This uses signatures associated 
with natural particles such as colour, magnetism, geochemical 
nature and lithology. Environmental samples are obtained 
usually from a basin or downstream location and sophisticated 
mathematical models are required to 'un-mix' the signatures 
arising from multiple source areas. Interestingly, the papers 
by Lee et al. (2000), and Sear et al. (2000), in this publication 
relate to tracing as we have defined it here, and are worth 
consulting if interested in cobble or shingle transport. 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 73-91. 0305-8719/07/$15.00 
�9 The Geological Society of London 2007. 
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assumptions are satisfied, is a technique which 
offers a practical solution to the assessment of 
transport pathways of a variety of sediments 
ranging from fine silts to pebbles and cobbles. 
It is particularly well-suited to pathway (source- 
sink) determination, and can be used in mass- 
balance and transport rate estimation if applied 
correctly. Particle tracking in this context 
involves deliberate marking or 'tagging' of either 
natural or artificial sediments with an identifiable 
signature (e.g. fluorescence), and then use of 
the spatial and temporal distribution of these 
'tagged' sediments to provide some insight into 
the transport pathways of the sediment. Tagged 
particles are usually referred to as tracers, 
although some people (notably biologists) use 
the term 'luminophore' to describe tracers (e.g. 
Mahaut & Graf  1987). Particle tracking, perhaps 
surprisingly, is not a new method or technique (at 
least for sand and shingle applications) and has 
a history extending back over 100 years (White 
1998). It has, nonetheless, experienced resur- 
gence in application by geologists, hydrologists 
and oceanographers, as a result of the arrival of 
new, innovative manufacturing and measure- 
ment technologies which have overcome pre- 
vious limitations presented by the method. 
Further, the desire for data generally has also 
increased dramatically. 

Crickmore (1976) provided a comprehensive 
early review of the tracking methodology, but 
since that time an up-to-date review of the use of 
particle tracking in relation to sediment trans- 
port has never been written. The purpose of this 
paper is to provide an overview of the particle 
tracking methodology in the modern context, 
with a bias towards the practicalities of conduct- 
ing a tracking experiment. We present a detailed 
summary of the factors and considerations 
involved in conducting tracking studies, includ- 
ing an assessment of tolerance limits on synthetic 
tracers, and the importance of appropriate sam- 
pling. In addition, we highlight the principal 
technical limitations of the method. We sum- 
marize the historical background regarding the 
use of the particle tracking method outlining 
the dominance of studies on sand transport and 
the paucity of silt tracking studies, and draw 
attention to some of the potential areas of 
application of this innovative approach. 

We recognize that particle tracking is also 
used quite widely in other sciences and refer the 
reader to Zhang et  al. (2001), Milne et  al. (1997) 
and Leighton et al. (1965) for useful overviews. 
We also acknowledge the pioneering publica- 
tions of Ingle (1966) and Louisse et al. (1986), 
which established many of the scientific and 

logistic factors associated with sand and silt 
tracking (respectively), and these factors remain 
relevant to all contemporary studies. Also, we 
refer the reader to the excellent review of the 
status of measurement techniques at the turn of 
the last century by White (1998), which includes a 
review of predominantly sandy shoreface tracer 
methods (including relevant equations). Finally, 
we deal principally with the tracking of silt and 
sand sediments here, as Sear et  al. (2000) have 
reviewed shingle tracking recently in consider- 
able detail, and we do not deal with tracking 
studies using natural minerals (see Salomons & 
Mook 1987). 

Historical overview 

Possibly the first use of tracers in a scientific sense 
was the brickbat study of Richardson (1902) on 
longshore transport of shingle on Chesil Beach, 
UK. However, it was during the 1950s and early 
1960s that serious development of the technique 
took place. Studies involved the use of radioac- 
tively tagged particles to determine transport, 
and although it was never shown to be of great 
utility for tracking silt (Sarma & Iya 1960; Caillot 
1970), it was used with considerable success 
in many sand transport studies (e.g. Inose & 
Shiraishi 1956; Davidson 1958; Inman & Cham- 
berlain 1959; Arlman et al. 1960; Crickmore & 
Lean 1962; Cummins & Ingram 1963; Hubel & 
Sayre 1964; Smith & Parsons 1967; Long et al. 

1978; refer also to Ingle's 1966 bibliography). 
Caillot (1973) lists detailed instructions for pre- 
paring radioactive tracers, and the problems and 
advantages of their use may be found in Sauzay 
(1973). This method is now not permitted in most 
environments on the basis of health and safety 
considerations (although see Heathershaw & 
Carr 1987; Drapeau et al. 1991; Beck et al. 1991; 
Cheong et  al. 1993). This is unfortunate, if only 
because it is comparatively easy to monitor the 
presence of radioactivity over reasonably large 
distances in aquatic environments. 

Other historical attempts at tracking sediment 
have included the use of materials such as 
pulverised coal (Shinohara et  al. 1958), broken 
bricks (West 1949; Kidson & Carr 1961), mag- 
netic concrete and other ferromagnetically 
marked sediments (Pantin 1961; Grisseier & 
Hoeg 1964), painted shingle (Dobbs 1958; 
Kidson et  al. 1962; Longuet-Higgins & Parkin 
1962), and dyed non-fluorescent hues (King 
1951; Luneberg 1960). By the 1960s research had 
begun to investigate the use of sand coated with 
fluorescent paint, dye or ink (e.g. Zenkovitch 
1960, 1962; Abecasis et  al. 1962), and this 
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technique gradually became the predominant 
and most successful of particle tagging methods. 
By the time of Ingle's (1966) now classic paper, 
there were over 100 reported studies in the 
literature employing this approach, albeit many 
in obscure Russian sources (refer to Ingle's bibli- 
ography for details) and almost exclusively con- 
cerning beachface sand transport (notably along 
the shores of the Black Sea). Historically, silt 
tracking has received virtually no scientific atten- 
tion excepting Sarma & Iya (1960) and a handful 
of Dutch studies (van Leussen, undated; Draaijer 
et al. 1984; Louisse et al. 1986). 

Finally, a variety of miscellaneous approaches 
to sediment tracking have appeared in literature 
sources. These include use of the naturally fluo- 
rescent mineral fluorite (Waters 1986), labelling 
of grains with rare earth elements (Zhang et al. 

2001) and use of fluorescent glass beads (Ventura 
et al. 2001). 

Assumptions of the particle tracking 

technique 

Foster (2000) noted that it is essential that the 
assumptions that underpin tracer application 
and tracking methodology are fully identified 
and tested. Table 1 identifies those assumptions 
that are applicable to all tracer studies, regardless 
of the context. In the event that any of these 
assumptions becomes violated or invalid, con- 
cerns must be raised as to the utility of a tracing 
study. The fundamental assumptions are that the 
tracer must mimic the behaviour of target sedi- 
ments adequately (for sand) else must integrate 
within and be transported via floc aggregates 
(silts), and this must remain so for the experi- 
mental duration. Finally, that the tracer can be 
monitored effectively. 

Tracer particle types 

T r a c e r  t y p e s  

Two principal types of tracer have been utilised 
in sediment tracking studies. These are: 

(1) labelled (coated) natural particles 
(2) labelled synthetic particles. 

In both instances, the label given to particles 
is commonly referred to as a 'signature'. The 
majority of historical studies have used coated 
natural particles, principally as this was the tech- 
nology of the day, but also because it retained 
use of the natural sediment particles. Using the 
natural mineral grains was, and still is, a pre- 
ferred methodology since it is relatively easy to 
demonstrate equivalence of hydraulic behaviour 
between uncoated (native) and coated grains 
(Ingle 1966), and mineral density is not an issue. 
More recently, however, the emphasis has shifted 
to the use of manufactured, labelled synthetic 
particles (Harvey et al. 1989; Harvey & Harms 
2002). 

Coated  natural  tracers. A number of different 
signatures have been used historically to label 
natural sand particles, and these are radioactivity 
and fluorescent colour. Although now banned 
for health and environmental reasons, the radio- 
active technology proved eventually to have a 
limited application due to the cost implications 
for large-scale studies, and the necessity to pro- 
cess sediment samples immediately to avoid loss 
of the radioactive signal. Fluorescent tagging of 
particles is perhaps the most pervasive tracer 
tagging methodology employed. In the past this 
used to involve application of a fluorescent 
substance (both organic and non-organic; Teleki 
1962) in a colloidal state to sand particles along 
with a binding material (e.g. agar or a resin). This 
process produced particles that were entirely 
benign, and therefore in contrast to radiated 
sand there was no need for special precautions 
during subsequent sampling and processing. 
Fluorescent dyes such as rhodamine (red) or 
anthracene (yellow-green) have also been coated 
to natural sand particles (Ingle 1966). 

Ingle (1966) and references therein describe in 
detail a number of coating application methods. 
Various dye formulations and application meth- 
odologies may also be found in Teleki (1966a), 
Zenkovitch (1960), and Yasso (1966). Coating/ 
dyeing sand particles for beachface dynamics 

Table 1. Assumptions surrounding the use o f  tracers in particle tracking studies 

1. The tracer hydraulic and bio-organic properties mimic those of the sediment of interest, and therefore the 
tracer is transported in the same fashion as native sediment 

2. The tracer does not change properties* through time (at least over the timescales of interest) and can be 
monitored 

3. The tracer does not manifestly change the transporting system in any way 

*Includes not only size and density but also fluorescence tincture 
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studies is not problematic, with many studies 
undertaking the coating process using a cement 
mixer actually at the field site. Coatings applied 
in this manner typically have a short life-time, 
particularly in the high-energy surf-zone. Ironi- 
cally, this may prove an advantage in that 
coloured particles then do not persist in the 
nearshore environment for long periods of time. 
Ciavola et al. (1997a, b, 1998) provide accounts 
of the modern usage of labelled natural sand par- 
ticles. Finally, exotic substances such as gold and 
silver and rare earth elements (REE e.g. Nd203) 
have been used as coatings in particle tracking 
studies (Olmez et al. 1994; Zhang et al. 2001). 

Labelled synthetic tracers. The arrival of new, 
innovative manufacturing technologies has 
given rise to the use of labelled, entirely artificial 
particles in tracking studies. These particles 
comprise a carrier substance mixed together with 
a commercially available fluorescent dye, pig- 
ment (e.g. Harvey et al. 1989; Black et al. 2004a, 
b; McComb & Black 2005) or other signature. 
Ventura et al. (2001), for example, explored the 
utility of polystyrene plastic beads embedded 
with a magnetic powder. The carrier substance is 
frequently polymer-based (i.e. plastic e.g. Harvey 
et al. 1989; Tanaka et al. 1998), but concerns 
related to the use of polymer-based particles in 
the natural environment, particularly in ecologi- 
cally sensitive regions (Thompson et al. 2004), 
have prompted the use of natural materials (e.g. 
Black et al. 2004a). Black et al. (2004) have taken 
synthetic tracers a step further and produced a 
'dual signature' tracer, comprising both fluores- 
cent colour and para-magnetic character. 'Para- 
magnetic' means that the particles are attracted 
by strong permanent or electro-magnets, thereby 
facilitating a simple and efficient separation from 
native sediment, but they are not themselves 
magnetic. The authors state that four spectrally 
distinctive tracer colours are available. 

Density can be controlled during the manu- 
facturing process to within 5-10% of most 
common natural mineral densities (e.g. quartz, 
feldspar, kaolinite), but there is limited control 
on particle shape. Synthetic particles may be 
manufactured with confidence across the size 
range 1-5000 gm, appropriate for the tracking of 
silt and sand-gravel. Specific size fractions are 
obtained through sieving. Far stricter quality 
assurance testing is usually required to demon- 
strate hydraulic equivalence of manufactured 
particles in comparison to naturally dyed/ 
painted particles. 

M i s c e l l a n e o u s  m e t h o d s  

Van der Post et al. (1995) adopted a rather 
different approach whilst still making use of 

natural sediment (sand). Ordinary beach sand 
can be made magnetic by heating at 500-900 ~ 
which converts small quantities of iron com- 
pounds on grain surfaces to magnetic oxides. 
This process, termed 'thermal magnetic enhance- 
ment', increases the magnetic signal of the mate- 
rial by over 300 times, and has been used 
previously in the terrestrial soil transport context 
(e.g. Arkell et al. 1983; Parsons et al. 1993). The 
quantity of tracer sand is then measured using 
a field-portable magnetic susceptibility sensor 
supported by laboratory methods. This tech- 
nique has considerable potential as a tracer 
method as the analytical equipment is reasonably 
cheap, magnetizing the material is comparatively 
simple and, although not especially straightfor- 
ward, the analysis is non-destructive, allowing 
scope for re-analysis. 

A Generalized tracking methodology 

A generalized 'tracking methodology' exists that 
applies uniformly to all particle or sediment 
tracking studies regardless of context (Munoz- 
Perez et al. 1999). Firstly, a number of sediment 
samples from the environment of interest and 
encompassing the temporal and spatial scales of 
interest are required to be collected and tested for 
their sedimentological properties. On the basis 
of this information tracer needs to be formed 
(through coating/manufacture); tracer properties 
must then be verified to establish their hydraulic 
similarity to the native sediments. Thereafter, 
logistic factors such as the method of tracer 
introduction and sampling are of concern, and 
these are of equal importance to ensuring that a 
contrived tracer experiment is representative of 
natural patterns of sedimentation. 

M a t c h & g  tracer wi th  in si tu s e d i m e n t  

The central tenet of all tracer experiments is that 
the tracer possesses the same (or nearly the same) 
physical, biological and electrochemical pro- 
perties as the native sediment (Ambulatov & 
Patrikeiev 1963; Madsen 1987; Foster 2000). 
The principal sediment physical properties or 
relevance are particle size, d~ (note that it is not 
always necessary to reproduce the entire size 
spectrum e.g. Duane & James 1980), particle 
density, p~, and settling velocity, COs (White 1998). 
Other readily measured physical parameters that 
may also be used for hydraulic matching include 
the critical entrainment stress, %, the angle of 
repose and/or final repose, ~, grain shape 
(Caldwell 1981), and bedload transport rate, q~ 
(Dyer 1986). Chief amongst the biological pro- 
perties is organic coating (e.g. Black et al. 2002). 
The principal characterization test of silts and 
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clays in addition to particle size is the mass sedi- 
mentation character (i.e. deposition rate; Louisse 
et al. 1986). 

Dyeing the surfaces of quartz sand does 
not seem to measurably change either grain size 
or density (Ingle 1966; Teleki 1966a; White & 
Inman 1989, quote a value of 0.1%o of the total 
volume of a sand grain to be occupied by dye), 
whereas coating with pigment can cause modifi- 
cations to the size (see Ciavola et al. 1998; Vila- 
Concejo et al. 2004). For  manufacturing reasons, 
synthetic particles for geoscientific purposes 
cannot currently be manufactured to be precisely 
the same as native sediment. For coated and 
synthetic particles, therefore, some tolerances 
on permissible differences between the tracer 
and the natural sediment need to be established. 
In terms of particle size, White & Inman (1989) 
use the modal grain diameter of a population in 
sand tracking studies; following a number of field 
studies they note that 'mis-match of tracer sand 
and native sand on the order of 10%0 of the modal 
diameter will not greatly affect the quality of  
the experiment'. White (1998) further noted that 
skewness and kurtosis of tracer size spectra are 
adequate if they are the same sign as the native 
sediment. It is of  interest that Vila-Concejo et al. 

(2004) accept much wider limits than this 
(85-125% relative to the mean grain size), and, 
while a sensitivity analysis was not undertaken, 
this tolerance has been accepted in the peer- 
reviewed literature. 

The density (specific gravity), p~, of  sediment 
is a fundamental attribute governing sediment 
mobility (Dyer 1986), and, in order for tracer to 
match hydraulically the native sediment tracer, 
the density must be equal or nearly equal to the 
native mineral density. In order to assess appro- 
priate tolerances on tracer density for manufac- 
tured particles, it is informative to examine the 
influence of changes in p~ on the generalized 
transport equation used in beach sand tracking 
studies: 

m 

ib=(p~--p)gn UK.  (1) 

where ib is the immersed weight longshore trans- 
port rate, ( p s - p )  is the submerged density, g is 
the acceleration due to gravity, n is the sediment 
porosity (-0.6_for sand), Ko is the depth of tracer 
mixing, and U is the mean horizontal sediment 
velocity determined from the centroid displace- 
ment. Analysis shows that a change in Ps of 
6% gives a corresponding change in the excess 
density term (Ps -  P) of  c. 10% (using a seawater 
density, p, of 1027 kg m-3; Soulsby 1997), and a 
change in ps of 10% gives a corresponding change 
in (p~-p)  of ca. 16%. Since Equation 1 is linear, 
these changes propagate through and hence the 

transport  rate, io, will experience a corresponding 
change. To keep errors in ib to within 10%o I tracer 
should be manufactured according to the follow- 
ing tolerance: 2491 kg m -3 < Ps < 2809 kg m -3. Of  
course, this assumes that the sediment density 
is 2650 kg m -3, which may be valid for quartz 
sands. Natural  sediments, though, typically com- 
prise a range of mineralogies (Dyer 1986), and it 
is of most profit (as well as good practice) to actu- 
ally measure the density (e.g. using the volumet- 
ric method) where synthetic tracer will be used 
to track transport. We recommend adoption of  
the ___ 6% value on the mean density value in such 
instances. 

Settling velocity is also a useful hydraulic 
measure with which to assess similitude of  tracer 
and native sand. McComb & Black (2005), 
for instance, used tracer manufactured with an 
equivalent particle size distribution (assuming 
quartz spheres) based on the settling velocity of  
the native sediment from the study site. Where it 
can be independently confirmed that grain size 
and density are correct, settling velocity can also 
be used in a diagnostic fashion to highlight any 
departures in settling velocity between the tracer 
and native sand due to shape differences. This 
approach permits batches of  synthetic tracer with 
erroneous shape to be rejected and is thus useful 
as a quality assurance measure. Caldwell (1981) 
discusses the impacts of  variations on particle 
shape in respect of  tracer behaviour. 

Both particle density and size distribution 
can also be used in a similitude analysis for silt 
tracers. In addition, it is relatively simple to 
assess the gross sedimentation character of  small 
sub-samples by measuring the decrease in turbid- 
ity through time of  a unit mass of particles. It is 
important  to ensure the mass concentration in 
tests is generally < 2-10 kg m -3 (the demarcation 
for hindered settling; Whitehouse et al. 2000). 
Louisse et al. (1986) conducted a settling test 
to compare natural  silt with their neat tracer 
powder. For  silt tracking it is also necessary to 
demonstrate that incorporation of tracer within 
natural  floc aggregates following mixing does not 
measurably change the sedimentation character 
of the flocs. This is achieved simply by comparing 
the settling rate of native sediment with that 
for various silt-tracer admixtures (e.g. 1:90, 
50:50:90:1). In addition, there is a line of  reason- 
ing that the bulk or engineering properties of 
the tracer-mud admixture, such as shear strength 

2 This error is fully tolerable if one considers that uncertainties 
associated with the predictive power of mathematical models of 
sediment transport are judged to be of the order of a factor of 
10 (Eidsvik 2004), reducing to 5 or better for validated models 
(Soulsby 1997). 
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and surface layer moisture content, should 
closely mimic that of the native mud. Whilst in 
practise this is rather difficult to achieve, instru- 
ments now exist to measure (vane) shear strength 
in situ (Hauton & Paterson 2003), and field- 
portable direct-reading moisture content meters 
are available to undertake measurement in 
grabbed samples. Therefore, it is possible to 
verify equality (or otherwise) of the engineering 
properties of a tracer-mud admix. Furthermore, 
it is now possible to measure quickly and easily 
seabed erodibility/erosion potential in the field 
(Black & Paterson 1997, discuss recent techno- 
logical advances in this area) using the Cohesive 
Strength Meter (CSM) of Tolhurst et al. (1999). 
This provides an additional, as well as key, 
parameter that can be used to assess the mobility 
of the tracer mixture in relation to the native 
sediment. 

Tracer injection 

Teleki (1966a) highlighted many of the problems 
associated with injection of tracers in the field 
(the tracer 'drop zone'). In so far as the majority 
of studies are 'sea bed transport '  rather than 'sus- 
pended particle' studies (or at least begin so), it 
becomes necessary to place the tracer (or tracer- 
sediment admixture) on the sea bed without loss 
of particles to the water column. Whilst this is not 
generally a serious issue for beachface sand trans- 
port studies (where bags are split in the waves else 
tracer is raked into the surface sediment layers at 
low tide), it can be problematic for deeper sub- 
tidal and fuvia l  environments. A simple solution 
is to use water-soluble bags (comprising methyl 
cellulose or polyvinylalcohol) for packaging the 
tracer, and these have been around since the early 
1960s. Bags of dissolution time 2-3 minutes at 
typical ocean temperature and salinity (15 ~ 
S--- 35) are available commercially. An immedi- 
ate problem appears here, however, which relates 
to the form of  the tracer-sediment admixture on 
the sea or river bed. As the bags dissolve, they 
leave a mound of  tracer on the seabed, although 
some avalanching may occur around the peri- 
phery. The authors have observed directly that 
when acted upon by a moving flow, this mound 
will erode preferentially in relation to the sur- 
rounding sediments giving a false conclusion as 
to the mobility of the sediments (counter to the 
use of tracers in the first place). 

In order to obviate this it is necessary to 
form low-profile tracer blocks, e.g. 2-3 cm high 
at most, or to investigate alternative injection 
methods. These can include careful emplacement 
by divers (e.g. McComb & Black 2005), ice 
encapsulation methods (in which the tracer 

admixture is entombed in a weighted ice block), 
remotely operated bottles or chambers lowered 
from a ship (Ingle 1966; White 1987), or barge 
dumps for very large experiments (Louisse et al. 

1986; White 1998). Sprinkling the tracer- 
sediment admixture represents perhaps the best 
method of tracer injection onto a seabed (e.g. 
Ferreira et al. 2002), although, in fact, this is 
rarely performed and consideration of the local 
tidal and wave conditions is necessary. Tudhope 
& Scoffin (1987) used a novel device resembling a 
seed disperser to sprinkle tracer onto the seabed 
in the deep ocean, and various other mechanical 
solutions to tracer injection in deep water, 
including a weighted knife blade that rips 
through a bag of tracer upon contact with the sea 
bottom (Vernon 1963) and an oil drum fitted 
with a hinged false-bottom (Ingle 1966, p.104). 
Initially intuitive attempts to feed tracer down a 
tube to the seabed (e.g. Jolliffe 1963) have met 
with limited success. 

For more applied projects, other injection 

methods have been used. Louisse et al. (1986), 
for example, introduced tracer directly into the 
supply line of a dredger during active excava- 
tions. Six samples taken from the hopper 
indicated a well mixed tracer-mud mixture. 

Continuous injection me thod  ( C I M )  

The foregoing injection method(s) relate to 

emplacement of a tracer mass on the seafloor at 
a single moment in time in order to assess the 
sediment transport rate. Some tracer studies (e.g. 

Lean & Crickmore 1963; Russell et al. 1963) used 
a method known as the 'Russell-Abbott concen- 
tration'  or 'continuous injection method' (CIM) 
to measure rates of sediment transport in both 
the laboratory and field. The basis of the CIM 
method was to inject tracer continuously through 

time at a known steady rate and then to measure 
the concentration at a point downdrift of the 
injection site. Although some success was 
reported, it is unlikely that such an approach 
would be valid in tidal systems, although it may 
be appropriate to point source pollution inputs 
to water bodies. In any case, by its nature the 
CIM involves large quantities of tracer, and 
thus may not be economically feasible in most 
instances, especially where post-release disper- 
sion rates are high. 

Injection mass 

Use of an appropriate quantity of tracer is essen- 
tial and fundamental to a successful tracer study. 
It is not possible to be prescriptive here as to 
tracer quantity since inevitably this is a study and 
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site specific issue. The dynamic nature of coastal 
marine environments means that dilution and 
dispersal to beyond the analytical limit can occur 
quite quickly, and therefore it is important to 
work well within this limit (White 1998). The 
factors which must be formed into an equation to 
guide determination of tracer mass include the 
(maximum) areal extent of the region of interest, 
the approximate volume of sediment in the active 
layer, the sediment porosity, and the analytical 
limit of detection (e.g. 1 ppm-- 1 mg kg-1). In 
addition, one ordinarily incorporates a safety 
factor into this as to work well within the limit of 
detection, and to minimise the influence of sam- 
pling errors at low tracer contents 3. As examples 
of differing injection mass, Levoy et al. (1998) 
used around 30 kg of tracer for a beach longshore 
transport investigation, whereas Tanaka et al. 

(1998) used 3 tonnes in a down-canyon transport 
study. 

Environmental sampling 

Particle tracking is, fundamentally, Lagrangian 
in nature since it involves monitoring in both 
space and time a 'cloud' of tracer (Madsen 1987). 
Sampling, whether of the water column or of the 
sea bottom, and whether achieved using cores or 
grabs (or a combination), is at the heart of the 
particle tracking method. The particle tracking 
method is beset by a classic problem; since it is 
neither practicable nor cost-effective to sample 
an entire area of interest, studies are faced with 
mapping a continuous variable (tracer mass), 
whose distribution cannot be known a priori  

and which may be patchily distributed, across a 
spatial area with only limited resources. This is 
not a trivial problem. Poorly defined sampling 
schemes at best give rise to low information 
content datasets, from which it is impossible or 
dangerous even, to interpolate or draw contour 
maps of tracer mass (Haining 1990; Cromey et al. 

2002). Further, these schemes can be prone to 
erroneous conclusions; the most prominent of 
these is to conclude that there is no deposition of 
tracer, when in fact there is - it is simply that it 
has not been sampled. This type of conclusion 
rises in importance where ecological or political 
sensitivities surround particular studies. 

3 'Content '  indicates a mass per unit  mass (e.g. g tracer per kg 

dry sediment), whereas 'concentration'  refers to a mass per unit  

volume (e.g. g tracer per litre wet sediment). These terms should 

not be confused (Flemming & Delafontaine 2000, provide a dis- 

cussion of this). Tracer abundance may also be expressed as 

mass per unit area (e.g. g tracer per m 2 as done by Louisse et al. 

1986), although this necessitates use of a fixed volume sampler. 

The principal factors of concern in tracer 
recovery are the area of the region to be sampled 

(which governs, ultimately, maximum tracer 

dilution), organization of the sampling grid, 
sample number (including replication), and 

minimum sample mass. 

Sample size is of fundamental importance to 
sediment tracking, simply on the basis that tur- 

bulent diffusion and advection in most marine 

and fluvial environments disperses tracer content 
to levels approaching (for practical purposes) 
10 -z - 10 .6 % o f  the original injection mass, and 

processing of a greater mass gives rise to a pro- 
portionate rise in the probability of discovering 

tracer. For beach face sand transport studies a 

comparatively large fraction of released tracer 
can be recovered with 100g samples ( >  60-70%; 

e.g. Ciavola et al. 1997a, b; Vila-Concejo et al. 

2004) and minimum sample size is not an issue 
(White 1998). However, in most offshore and 

deeper water studies only a small fraction 

(<  10%) of tracer may be recovered (e.g. Pantin 

1961; Louisse et al. 1986; McComb & Black 
2005) and therefore an earnest search for tracer 

which sifts through as much sediment as practi- 
cable given the available resources is necessary. 
Two-stage or sub-sampling, wherein smaller 
sub-samples are taken from a larger sample is 

permissible (e.g. McComb & Black 2005) pro- 
vided relevant statistical checks are made to 
ensure homogeneity of the bulk sample (e.g. 

Elliot 1971, p. 136). 
Definition of an appropriate number of 

samples for a tracking study is difficult, and quite 
often is governed by logistic factors such as bud- 
getary restrictions and the time available, as well 

as sample processing time. From the ecological 
literature Elliot (1971) states a greater number of 
(smaller) samples has more degrees of freedom 
and the statistical error is reduced; further, col- 
lection of many samples with some level of repli- 

cation can more effectively sample a contagious 
(heterogeneous) distribution region lending some 
statistical accuracy to studies. Whilst there is no 
need to follow closely the sampling strategies 
used in ecological studies (and indeed, often this 

is not possible), these points form useful guid- 
ance in tracking studies. Choice of the number of 

samples is inevitably site/project specific, and it 
is interesting to observe that sampling strategy 
designs for studies similar in design to tracking 

studies, such as spatial sediment quality assess- 
ment, show substantial differences in sample 
density (from 0.018 to 135 locations per km2; see 

Haining 1990) in spite of similar goals, i.e. to the 
map a spatially distributed variable. 
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Fig. 1. Spatial and temporal grids for monitoring tracer motion (after Inman et al. 1980). Although the context of 
these is beachface studies, the principles apply to sediment tracking in general terms and to sampling of sediments 
transported as bedload (SIM) and in suspension (TIM). 

The three main forms of spatial configuration 
of sampling points are simple random sampling, 
stratified sampling and systematic sampling 
(Caeiro et  al. 2003). Tracking studies over- 
whelmingly have utilized a rudimentary, non- 
randomized systematic grid with sampling at grid 
nodes (Fig. 1). This configuration is appropriate 
where no prior information on transport 
direction exists and is usually arranged in two 
directions with respect to the tracer injection 
point. Where information is present on transport 
direction, systematic grids can introduce bias 
(Webster 1999), and more complex approaches 
such as systematic unaligned sampling (e.g. 
Clarke & Hosking 1986) may be more appropri- 
ate. Grids may frequently be irregular simply due 
to coastal features e.g. the presence of headlands 
and promontories or man-made features such 
as harbour walls (e.g. Sherman et al. 1990; Vila- 
Concejo et  al. 2004), and may also be logarithmi- 
cally spaced in the dominant transport direction. 
Boyd et  al. (2002) discuss the relative merits of 
various grid-based sample strategies, including 
use of regular, irregular, random and radial 
tessellations, and nested and stratified sampling 
schemes. Additional information that may be 
used to guide sampling in sediment tracking 
studies is provided by Elliott (1971), Green 
(1979) and Fowler et  al. (1998). 

Sand tracking studies 

The historical literature is dominated by sand 
tracking studies, with examples of use on sandy 
shorefaces (Komar & Inman 1970; Knoth & 
Nummeda 1977; Komar 1977; Kraus 1981, 1985; 
Kraus et  al. 1982; Galvin 1987; Stepanian et  al. 

2001; Howa & Resseguier 1994; Howa et  al. 1994; 
Michel 1997; Ciavola et  al. 1997a, b; 1998; Levoy 
et  al. 1997, 1998; Wong et  al. 1998; Munoz-Perez 
et  al. 1999), in tidal inlets (Balouin et al. 2003; 
Vila Concejo et  al. 2004), in submarine canyon 
systems (see Ingle 1966; Dingier & Anima 1982; 
Tanaka et al. 1998), in the shallow sub-tidal 
(Foster et al. 1996; Johnson 2005) and wave- 
dominated coastal environment (Beck et al. 1991; 
McComb & Black 2005), and in harbours (e.g. 
Ferreira et  al. 2002) and in rivers (e.g. Kennedy & 
Kouba 1970; Rathburn & Nording 1971). These 
studies have provided a wealth of information on 
qualitative transport pathways on beaches and in 
rivers, as well as provided quantitative estimates 
of sand transport in relation to hydrodynamic 
driving forces, and on the sand mixing depth. As 
noted by Knoth & Nummeda (1977), the primary 
advantage of use of a sand tracer is that regard- 
less of the mechanism or mode of transport the 
amount of sand moved is measured directly 
without any reliance on predictive equations or 
calibration. 
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The method has also been applied to more 
complex systems such as swash platforms (Oertel 
1972), submarine sand banks (Collins et al. 
1995), and in sediment bypassing studies (e.g. 
Sherman et al. 1990; Uda et al. 1991). As noted 
by P. Ciavola's research group (Ciavola et al. 
1998), who have brought fluorescent sand track- 
ing back into the mainstream (e.g. Vila-Concejo 
et al. 2004), the usage of fluorescent sand is 
simple, and marking can be done easily and rap- 
idly (Teleki 1966a). In addition, whilst a govern- 
ment permit is required (in the UK at least) to use 
particulate (and fluid) tracers in aquatic systems, 
the controlled use of tracers is environmentally 
safe, different colours can be used to tag grains of 
differing size fraction, solubility of binding media 
can be adjusted so that dye will adhere to grains 
for periods ranging days to years, and the sensi- 
tivity of the technique is at least 1 ppm. Perhaps 
the most onerous characteristic of the sand track- 
ing method is that many hundreds of samples 
over a period of time are required to assess 
sediment transport. Badr & Lofty (1998), for 
example, collected 672 samples from 12 consecu- 
tive sampling campaigns. 

The movement of sediment tracer can be 
described in terms of the translation of the centre 
of mass (centroid), and the advance of the area 
occupied by the tracer (Madsen 1987; White & 
Inman 1989; McComb 2001). The former indi- 
cates the flux of sediment transport in response 
to horizontal advective forces, while the latter 
reflects the spread of the tracer into the sur- 
rounding environment, which is due to horizon- 
tal diffusion and advection by currents (Miller & 
Komar 1979). 

A Lagrangian sampling strategy based upon a 
2D grid and referred to as the 'spatial integration 
method' (SIM) is used to compute sediment 
transport (White 1998; Vila-Concejo et al. 2004). 
This involves sampling the bed across the grid 
at a single instant, t'. Assuming samples have 
sampled tracer throughout the mobile layer 
(thickness Ko 4) this produces a dataset of tracer 
content C(x,y,t). The tracer content values are 
then used to obtain the average sand velocity 
(U(t) between the time of tracer injection (t =0), 
and the time of sampling, t'. White (1998) pro- 
vides the following equation for calculation of 
U(t3: 

4 Determination of Ko is central to computation of the tracer/ 

sand transport layer thickness. Most simply, it is given by the 

depth of penetration of tracer observed in cores, however this is 

valid only when there is no increase in tracer content with 

depth. White (1998) provides a more detailed discussion of this 

aspect. Note that if tracer particles are known to be fully mixed 

(no vertical gradient) and Ko is known then transport rate may 

be deduced from surface tracer distribution only. 

~ C ( x , y , t ' ) {  

g ( r )  = x.y 
 C(x,y,C) 
x , y  

(2) 

If one considers the x-direction in Equation 2 
corresponds to the longshore direction then 
Equation 2 provides an estimate of the longshore 
sand transport velocity. An underlying assump- 
tion of the method is that there are no significant 
cross-shore variations in U(t'), which may be 
indicated, for example, by morphological fea- 
tures on the beachface. White (1998) notes that 
in many historical investigations, this assump- 
tion was not frequently met, and provides a 
method to account for this. Calculation of the 
immersed weight longshore transport rate is via 
Equation 1 integrated across the width of the surf 
zone (or zone of interest). 

A second assumption of the method is that all 
grid nodes (whose spacing will be a reflection of 
the contemporary wave conditions and long- 
shore current strength and therefore variable 
between experiments) are sampled simulta- 
neously. Since this can never be achieved in 
reality, time itself influences the data. Whilst 
most researchers choose to ignore this, Ingle 
(1966) normalized tracer concentration values to 
an arbitrary elapsed time after tracer release by 
multiplication with the ratio of the arbitrary time 
to the elapsed time at the moment of collection. A 
further concern, which has never been addressed 
in the literature, is the permanent removal of 
tracer mass during sampling and how to statisti- 
cally account for this removal in the final results; 
this must be calculated to derive accurate mass 
balance. 

Tracer analysis  

Particle tracking experiments by their very 
nature involve the collection of many environ- 
mental (sediment/water) samples, and this conse- 
quently incurs considerable effort in both the 
field and laboratory (e.g. Badr & Lofty 1998). A 
simple, rapid and reliable analytical method for 
separation and enumeration of tracer is therefore 
necessary. 

The issue of separation of tracer grains from 
a bulk sediment sample appears to have been 
resolved recently by Black et al. (2004a, b), who 
used magnetic tracer particles ranging from silts 
to gravel and consequently used powerful mag- 
nets to separate the tracer from the native sedi- 
ment (an approach first used by Pantin 1961). 
Previously there were no published accounts of 
effective separation methods. Aside from the 
method of Pantin/Black, in which tracer (once 
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separated) is weighed thereby giving mass 
directly, as soon as tracer grains are recovered, 
two methods exist: counting grains or measuring 
fluorescence. Counting, which has been the 
dominant method for most historical studies, 
involves simply washing and drying of samples, 
spreading a thin layer and counting using the eye 
under ultraviolet light. Beach studies have often 
employed the simple method of scanning the 
sand surface with an ultraviolet light at night- 
time to assess general tracer presence (Russell 
1960; Ingle 1966; Ciavola et al. 1997b). Counting 
is a lengthy and time-consuming process, par- 
ticularly where particle abundances exceed 100, 
and counting is problematic where multiple 
colours are used owing to spectral overlap and 
the resolution of the human eye. It is also subject 
to human error. Teleki (1966b) recognized the 
limitations of visual assessment of sand tracer 
grains and devised an automated fluorescent 
particle counting instrument using high resolu- 
tion photo-multipliers and sharply delineating 
transmission filters, and nowadays several 
sophisticated image-analysis methods have been 
developed to count particles (Pinto et al. 1994; 
Vila-Concejo et al. 2004 cf. their FENIX system; 
Forsyth 2000). Pinto et al.'s (1994) was used 
extensively during the recent Luminoferos na 
Areia (LUAR) experiments undertaken by the 
DISPELA research group (Taborda et al. 1994; 
Ciavola et al. 1997a). 

Photodetection devices have been used to 
detect the amount of fluorescing light emitted 
from a sample (De Vries 1967; Nelson & Coakley 
1974; Ignatov et al. 1979; Farinato & Kraus 1980; 
Howa et al. 1994), as well as the quantity of 
dye dissolved from the surfaces of coated tracer 
grains (Zenkovitch in Teleki 1963; Farinato & 
Kraus 1980). Gallagher et al. (1991) developed a 
video camera system to measure the tracer fluo- 
rescence. McComb & Black (2005) use synthetic 
(polymer) tracer and used a spectorophotometric 
method following grinding of particles and disso- 
lution in acetone. This method proved effective 
at determining very low concentrations of tracer 
particles, but has inherent assumptions including 
a dependence on tracer volume, a uniform pig- 
ment concentration across all tracer particles and 
presumes there is no loss of fluorescence through 
time (photo-bleaching). 

C o m p u t a t i o n  o f  t racer  budge t  

At given times (e.g. at each sampling interval), 
it is good practice to compute the tracer budget 
to assess the sediment transport that has taken 
place. Ingle (1966) uses this approach to plot 
'depletion curves' - graphs of the percentage of 

released tracer sand to that found in the sampling 
grid. A thorough analysis of this method is also 
given by Vila-Concejo et al. (2004). One can 
assume that the tracer mass within a given core 
(C(x,y))  of area rcr 2 represents the content in a 
rectangle (AxAy) surrounding the core locality 
of thickness Ko, the boundaries lying midway 
between sample points (an approach first used by 
Inman and Chamberlain 1957). The total mass 
(Mror) across the sampling grid is then given by 
the summation of mass in contiguous rectangles 
in the alongshore and across-shore directions: 

(3) 

where C is tracer mass. This procedure works 
successfully for beachface studies, where grid 
node-node spacing is not large. For large 
Lagrangian grids 5 (e.g. Louisse et al. 1986) errors 
arise as the spacing increases, since the assump- 
tion of uniform tracer content over such scales is 
increasingly tenuous; in addition it is clear that 
replication (e.g. > 1 core) is necessary in order 
to attach significance (in a statistical sense) to 
the value of C(x,y), especially where the tracer 
distribution is contagious (patchy) or where 
tracer 'hotspots' may occur. 

Tracer  bur ia l  

Tracer burial during the course of a study 
through direct sedimentation (e.g. beneath 
plumes) or due to migrating bedforms is a poten- 
tial confounding factor, since it can give rise to an 
apparent loss of tracer through a mechanism 
other than resuspension. Of course, enhanced 
levels of deposition leading to burial may be a 
characteristic of a particular environment. In the 
absence of a priori information on local sedi- 
mentation rates or rates of bedload transport, 
it is useful to obtain measurement of bed level 
at one locality (using altimetry, for instance) 
concomitantly with any tracking study, or to use 
short cores to sample the bed. 

Silt tracking 

The tracking of silt (<  63 ~m) has always been a 
more formidable task. Whilst Sarma & Iya (1960) 
used a (now banned) radioactive method to tag 

5 Although is not possible here to prescribe what constitutes a 

'large' sampling grid as this is a study specific length scale, the 

important issue is that single core samples based on a relatively 

disparate sampling scale represents a low-information content 

and should be avoided. 
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coarse silt particles, it remains extremely difficult 
to coat natural silt sediments with a fluorescent 
pigment without undue modification of particle 
size and density. However, technological impro- 
vements made during the 1980s gave rise to silt 
(and smaller) size powders with a fluorescent 
signature embedded throughout the particle (e.g. 
Harvey et al. 1989). Indeed, ultra-fine powders 
(0.1-1 gm) have been widely used in hydro- 
geological applications to track bacterial trans- 
port pathways (see Harvey & Harms 2002, and 
references therein). 

The earliest evidence of attempts to track silt 
derive from the Dutch. Van Leussen (undated) 
investigated the utility of a fine (--10 gm) com- 
mercial powder and it would seem these investi- 
gations were taken up and expanded by Draaijer 
et  al. (1984), and were continued in the form of a 
field trial to track the dispersal of dredge spoil in 
the Ems-Dollard estuary by Louisse et  al. (1986). 
The success of the method of Louisse et  al. (1986) 
is attributable, in part, to arrival of a new mea- 
surement technology especially suited to fine 
particles - environmental flow cytometry (EFC). 
Environmental flow cytometry is a laser-induced 
fluorescence technique originally used to excite 
and enumerate phytoplankton cells (e.g. Detmer 
& Jochem 1992). Flow cytometry works on the 
principle of stimulating fluorescent pigments 
using laser radiation, and then measuring the fre- 
quency of backscattered light energy. Through 
the frequency it becomes possible to detect simul- 
taneously the presence of differently coloured 
tracer particles. The principal disadvantage of 
EFC is that the maximum permissible particle 
size is =10 -15  gm, otherwise clogging of the 
tubing of the flow-through chamber occurs and 
unwarranted particle obscuration influences the 
results. 

Louisse et  al. (1986) followed the generic 
methodology outlined previously. A series of 
verification tests (particle size, sedimentation 
rate) indicated the suitability of the powder as a 
tracer. Note, however, these authors aimed not  

to mimic individual floc aggregates with their 
tracer, rather to incorporate tracer particles 
within natural aggregates in order to tag them. 
This is a different style of tracking to sand track- 
ing. The tracer was introduced directly into the 
supply line of a dredger during active excava- 
tions, following which it was dispersed through- 
out the estuary by tidal action. In the absence 
of any means to trap the tracer-silt aggregates 
in suspension, the authors conducted a series of 
grid-based benthic sampling campaigns during 
the ensuing weeks (akin to SIM-based sampling) 
to map the extent of deposition of tracer. The 
authors used specially designed coring devices 

to avoid disturbing the fine, mobile layer in 
which the tracer was present. Unlike many sand 
tracking studies, only a fraction (c. 10%) of tracer 
on a mass basis was retrieved, precluding use of 
the spatial integration mathematics to estimate 
transport. The utility of the study rested prin- 
cipally on demonstrating the spatial extent of 
dredge spoil contamination (a useful piece of 
information of itself). 

More recently, Newman et  al. (1990a, b) and 
Adams et  al. (1998) also used flow cytometry to 
count tracer particles comprising fine (1-10 gin) 
commercially available paint pigment during 
sewage tracking studies in Boston Harbour. In 
these studies, the tracer was used in a similar 
fashion to sand tracer, i.e. the discrete paint par- 
ticles possessed the same hydraulic properties as 
the sewage particles. 

Whilst the above authors all used bottom 
sampling to describe transport pathways, fine 
sediment tracer studies lend themselves to 
'temporal' or 'Eulerian' sampling (although this 
form of sampling has been used in sand studies 
e.g. Knoth & Nummeda 1977; McComb & Black 
2005). Essentially, this approach tracks the cen- 
troid of motion from a single reference point over 
time. This is similar in principle to the determina- 
tion of fluid discharge by tracing soluble dyes 
(Crickmore & Lean 1962), and is referred to as 
the 'time integration method' (TIM). TIM meth- 
odologies are discussed in greater depth by White 
& Inman (1989). Eulerian sampling is an appro- 
priate approach where the rate of loss of a sedi- 
ment or contaminant from a specific locality is 
more important than the eventual (geographic) 
fate, or where the rate of dilution through time 
and in space is excessive. Eulerian sampling 
requires a temporally dense sampling scheme in 
order that significant mass is not 'missed'. 

Black et  al. (2004a) describe a new sampling 
instrument appropriate to temporally based sam- 
pling of suspended sediments. Their instrument 
captures sediment moving horizontally within a 
flow on a continuous basis, and it hag a mech- 
anism to provide a time-stamp as to when sedi- 
ments are captured. In addition, the instrument is 
equipped with a variety of sensors to measure 
flow and sediment properties. The device is 
ideally suited to fine sediment tracking studies 
using the TIM method since it permits capture 
and measurement of the mass of tracer in suspen- 
sion through time. Moreover, the instrument can 
be deployed in a manner whereby tracer is cap- 
tured before it becomes thoroughly dispersed by 
the flow turbulence i.e. in the 'near-field' (Black 
et  al. 2004a). Were the technology available at the 
time of the Louisse et  al. (1986) study, it would 
have formed a useful additional sampling tool in 
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the evaluation of the rate of sediment transport 
away from the dredge placement zone. As a point 
of interest, combination of the technology and 
approach used by Black et al. (2004a) with time- 
series vertical sedimentation traps (e.g. Eadie 
1997) would substantially aid sampling for 
tracer, as well as provide an insight into the 
relative importance of advective versus vertical 
(settling) sediment t ranspor t .  

Discussion 

Particle tracking constitutes an attractive, practi- 
cal method for use in sediment transport studies 
if used correctly, and if applied only within the 
context of  the limitations of the method. Indeed, 
Drapeau et al. (1991) noted that tracers do fulfil 
the purpose for which they are used, and can 
supply valid scientific data if knowledge and care 
are exercised. The method clearly has found a far 
wider application for sand, but equally now that 
a method for silt tracking is becoming established 
the method is of greater generic utility. The merit 
of the particle tracking method is related to 
the fact that it is, fundamentally, a geospatial 
method, and can delineate sediment transport 
pathways or trends in a way no other method 
can. Further, it is a field method which, if done 
correctly, can provide a direct picture of sedi- 
ment transport trends with no dependence on 
empiricism or calibration. Indeed, particle track- 
ing offers the potential to provide transport 
data on a Lagrangian basis, and to provide 

information on sources, pathways and rates of 

sediment movement, and to reveal physical 
impact within benthic environments. Few, if any, 
other field-based technologies can offer such an 
integrated measurement capability. Numerical 
modeling is the only comparable method that can 
provide information on similar temporal and 
spatial scales, and yet the utility of models is pro- 
portional to their ability to accurately represent 
real-world processes (Dyke 1996). Numerical 
schemes continue to have difficulties, for 
example, mathematically representing real-world 
features such as the temporal variability of  
bottom roughness (Van Rijn et al. 2001), the 
stress-erosion rate function for cohesive muds 
(Black et al. 2002), and biological influences such 
microbial bio-cohesion (Paterson 1994) with suf- 
ficient accuracy. Of course, a poorly conducted 
tracking experiment must be viewed with 
caution, but at least particle tracking inherently 
integrates these real-world effects (Knoth & 
Nummeda 1977). 

The flexibility of the method undoubtedly 
lies within the ease of use, the range of colours 
available, the range of grain sizes available (silt 
to cobbles), and the cost is not (relative to other 
methods, including modelling) overly expensive. 
White (1998) published a table comparing track- 
ing as a singular method with other available 
methods and techniques for measuring sediment 
transport. This is reproduced in modified form 
in Table 2. It may be seen that the tracking 
method has perhaps the widest applicability of  
the various methods, warranting a more main- 
stream position for the tracking approach. 
Notwithstanding this, sediment tracking is a tool 

Table 2. Compar&on o f  sediment transport measurement techniques (modified after White, 1998) 

Large scale Suspension Suspension Cloth Tracers Optical Acoustic 
traps pumps samplers traps methods methods 

Bedload X X 
Suspension X X X X X X X 
Near-bed suspension X X ? '~ X X X 
Point measurement* X X X X X X X 
Global measurement ~ X X 
Concentration X X X X X 
Velocity X X 
Transport X X X 
Accuracy A M M M M A A 
Relative cost M/E I I I M/E M M/E 

X indicates that the method has that characteristic 
A is accurate (10-30% range) 
M is moderately accurate (30-60% range) 
E: expensive, M: moderate, I: inexpensive 
*Point measurement implies very localized study e.g. longshore drift study 
*Global measurement implies studies on a wider spatial scale (e.g. coastal/basin scale) 
*Not including aerial remote sensing 
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and compliments more traditional approaches 
to sediment monitoring and measurement 
(e.g. current and turbidity monitoring, erosion- 
deposition measurement). Ultimately, most 
benefit will be gained from the use of particle 
tracking in conjunction with these other 
methods. 

In spite of the long history of the particle 
tracking technique, especially for sands and gra- 
vels, the method remains beset by several meth- 
odological problems and could be improved. 
These problems include a generally rudimentary 
approach to sampling design, a lack of replicate 
sampling (statistical rigour), the inability until 
recently to separate tracer from native sediment 
in a simple fashion, and a method recurrently 
based upon grain counts rather than tracer mass. 
These can be examined in turn. 

Organization of sampling 

Van Rijn (1993) notes that 'the quality of the 
total study can only be as good as the quality 
of the information gained from sampling', and 
nowhere is this more true than for particle track- 
ing studies. If one adopts the view that there is 
usually a need to differentiate tracer content 
amongst and between sites, rather than simply 
identify trends or determine presence-absence, 
then there is much to learn from other sciences 
and disciplines that also have quantitative sam- 
pling at their heart. For instance, other sampling 
schemes used for benthic monitoring and con- 
taminated land assessment such as probability 
based sampling schemes or generalised random 
tessellation (GRTS) sampling designs may find 
useful application in tracking studies. GTRS 
(a method devised by the US Environmental Pro- 
tection Agency) combines elements of random 
and systematic sampling, whilst maintaining 
a uniform spread of sampling stations across 
a given area (Stevens 1997). For an inherently 
geospatial methodology, it is remarkable that 
geostatistical methods have not been used to 
underpin the sediment tracking studies. Geos- 
tatistical methods include sampling strategies, 
interpolation methods, semi-variogram model- 
ling (spatial correlation analysis) and data 
visualization (Gouvaerts 1999). Geostatistics, in 
particular, has the capacity to predict values 
at unsampled locations (Webster & Oliver 1993), 
and can provide some quantitative measure 
of the uncertainty about unsampled values 
(Flatman et al. 1987; Gouvaerts 1999). Saito & 
Goovaerts (2001) published a study in which they 
account for source location and transport direc- 
tion of lead-contaminated soils around Dallas, 
which may be of special relevance to tracking 

studies. A geostatistically based approach to 
sediment tracking would undoubtedly provide 
a firmer theoretical foundation for a range of 
tracking studies, as well as contribute to more 
refined and statistically defensible field sampling 
schemes. For these reasons alone, these related 
areas of study are worthy of our attention. 

Replication 

Sampling is time-consuming, often difficult and 
costly, and for these reasons replication at every 
sampling location (i.e. a second drop of the grab) 
is perhaps unrealistic. This issue can be addressed 
effectively through use of sampling equipment 
that collects multiple samples in one drop, such 
as a multiple corer or a sectioned box corer (e.g. 
Gooday & Gabriella Malzone 2004). Although 
such sampling in a strict sense constitutes pseo- 
doreplication (Hurlbert 1984), for the purposes 
of sediment tracking the increase in statistical 
confidence are judged to outweigh this factor. 
Effective use of replicate sampling becomes 
important where localised tracer 'hotspots' may 
occur, since without some level of replication 
interpretation of the significance of a single 
(high) data value becomes difficult. 

Tracer separation 

The lack (historically) of an effective method to 
separate tracer from native sediment following 
sampling was the single, prominent impediment 
(in a practical sense) to tracking studies. Flow 
cytometry offers some scope in terms of an ana- 
lytical method as a stream of tracer plus sediment 
is forced through the measurement volume. The 
drawback of the cytometric method, however, is 
that it is restricted to very fine silts (c. < 10 ~tm) 
and comparatively very small sediment volumes 
of e. 1 ml only can be processed. For sands, either 
fluorescent grains have been handpicked (e.g. 
Ingle 1966) or else a small sample (e.g. 1 g; 
McComb & Black 2005) was photographed 
under ultra-violet light and image processing 
used to count grains. Neither method is ideal, 
especially where a large number of samples are 
collected or where the tracer sample is itself large. 
Pantin (1961) struck upon a simple and effective 
method of separation: use of a magnetic tracer. 
Although he was not able to tightly control grain 
density, an elegant consequence of direct tracer 
separation is that the data are in the form of 
mass, rather than counts, a unit that is of far 
greater use to oceanographers and geologists 
engaged in flux analysis in sediment transport 
problems (van Rijn 1993). Although there are 
inevitable problems associated with magnetic 
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tracers, such as contamination by magnetic 
accessory minerals (hematite, magnetite), it 
should not be overly difficult to surmount these. 
Magnetite, for instance, possess a specific gravity 
of c. 5100 kg m-3; in order for a particle to be 
in hydraulic equilibrium with 200 lam quartz it 
would be around 30 grn in size (Soulsby 1997) 
and therefore simple sieving will separate the 
magnetite from the quartz. The magnetic tracer 
method first used by Pantin (1961) and sub- 
sequently refined and improved by Black et al. 

(2004a, b) constitutes a significant step-advance 
in tracer methodology. The potential now exists 
for the method to be used shipboard, which 
opens up the prospect of quasi-real-time, adap- 
tive sampling. 

The heated sand approach of Van der Post 
et al. (1995), a seemingly one-off study but in 
which it was not necessary to retrieve samples or 
separate out tracer, initially appears extremely 
attractive as an alternative method as it presents 
a non-intrusive, remote sensing option for tracer 
content determination (magnetic susceptibility). 
Ventura et al. (2001) also used magnetic suscep- 
tibility successfully to measure dispersion of a 
magnetic tracer on soils. The susceptibility tech- 
nique is the closest there is to a fully field-based 
sensor for tracking studies. However, there are 
shortcomings of the method, not least the ability 
to discriminate the modified sand tracer from 
natural magnetic grains, but also information on 
the tracer mixing depth is required in order to 
quantitatively assess the mass content remotely 
from magnetic susceptibility readings. Cross- 
comparison of the susceptibility method with the 
Pantin/Black direct magnetic separation method 
may prove a fruitful avenue of research towards a 
generic field-sensor capability. 

L i m i t a t i o n s  

A clear appreciation of the limitations of the par- 
ticle tracking method is most certainly required, 
and particle tracking has a functional limit 
beyond which data gained may not be considered 
reliable. For suspended sediments the limiting 
factor is dilution, or, more specifically, excessive 
dilution (Ingle 1966; Louisse et al. 1986), whereas 
for bedload the limiting factor is burial. Burial 
can be addressed, to some extent, by taking and 
sectioning cores (e.g. Knoth & Nummeda 1977). 
For suspended sediment tracking studies there is 
a point along the transport pathway at which 
dilution is so great that either sampling and ana- 
lytical errors rise to unacceptable levels, or that it 
is no longer possible to detect tracer in the envi- 
ronment. This is termed the operational limit. 
Although McComb & Black (2005) successfully 
conducted a bedload tracer study in a high wave 

energy coastal environment, and in spite of the 
fact that average grain transport velocities are in 
theory much slower than in shallower waters, 
generally these types of environments are chal- 
lenging to the tracking methodology unless 
sampling is conducted within a few hours of 
tracer release (e.g. Bastin et al. 1983). Use of the 
sediment trap device described by Black et al. 

(2004a, b) is a particularly innovative method to 
capture suspended tracer in the 'nearfield', and 
so provide data on (suspended) tracer transport 
even in energetic environments. Clearly, tracking 
studies need to identify appropriate sampling 
strategies that will capture tracer well before 
the operational limit is reached. Of course, the 
operational limit is also a function of the analyti- 
cal detection limit in the sense that an increased 
detection limit extends the operational limit, and 
vice versa. Simple use of a greater mass of tracer 
will obviously also extend the operational limit. 
It is important that the concept of operational 
limit is recognised by users of the particle 
tracking method. 

Conclusions 

Particle tracking within a geoscientific context 
has firm foundation as a field method for the 
investigation of sediment transport processes, 
with a research history reaching back to the 
1900's. It offers a practical method for the assess- 
ment of transport pathways of sediments from 
silts to cobbles in almost all aquatic environ- 
ments, and presents a measurement capability 
that few other contemporary technologies can 
provide. In recent years many specific elements 
of the method have been improved considerably. 
The issue of tracer separation has been resolved 
through the use of a modern magnetic tracer, and 
substantial advancements have arisen in syn- 
thetic particle manufacturing methods, sediment 
capture devices, and analytical methods (e.g. 
digital image analysis). The central feature of 
sediment tracking--sampling--can, in the 
authors' view, be improved, and there is benefit 
in using approaches adopted in other fields e.g. 
geostatistics. Used in conjunction with a range of 
more traditional methods, particle tracking is a 
useful tool which provides additional lines of 
evidence in sediment transport studies and thus 
contributes to forming a more detailed under- 
standing of sediment transport pathways. The 
use of particle tracking in sediment transport 
studies will be of interest to a variety of pro- 
fessionals including sediment researchers, coastal 
managers, engineers and modellers, conservation 
agencies, regulatory authorities, and members of 
the dredging industry. 
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Abstract: The morphodynamic behaviour of the shoreface of the Holland coast has been 
investigated over the medium- and large-scales (years to decades). This is a wave-dominated, 
uniform coastline backed by dunes and uninterrupted by tidal inlets. The work takes a 
data-orientated approach using the 'long' profiles in a data set extending over 32 years and 
covering 81 km of coast. These profiles are spaced every 1 km alongshore and extend to a 
maximum offshore distance of 3 km (approximately 16 m water depth). 

Previous work based upon cross-shore profiles suggests that there is a seaward limit 
to significant depth change, or activity, on the upper shoreface over the small- and medium- 
scales (termed 'depth of closure'). Examination of the data set shows that the middle and 
lower shoreface is also morphologically active in many instances, with the activity increasing 
with timescale. Many profiles exhibit closure on the upper shoreface, and then reopen 
on the middle/lower shoreface, exhibiting morphological activity. This deeper shoreface 
morphodynamics appears to be related to onshore supply of sand to the active zone. Hence, 
the analysis shows that the upper, middle and lower shoreface are coupled, as widely assumed, 
and has widespread significance for understanding long-term coastal evolution. 

The coastal system is highly dynamic at a range 
of  time and space scales, which can have poten- 
tially significant impacts upon both the ecologi- 

cal and human environments. As these dynamics 

are often poorly understood, especially at the 

longer timescales where detailed process knowl- 

edge is least developed, a systems perspective 
approach is often taken which considers inte- 

grated coastal behaviour, rather than focussing 

upon detailed processes. 
In this approach, the coast is divided into 

several sub-systems, or compartments (e.g. 

Ruessink 1998), each of which has a distinct 
temporal and spatial scale (e.g. the shoreface, 

tidal inlets, beach, active zone). This is illustrated 

in the ASMITA (Aggregated Scale Morphologi- 
cal Interaction between a Tidal basin and the 

Adjacent coast) model of a tidal inlet and basin 

which consists of three interacting compart- 
ments; the tidal basin; ebb-tidal delta; and 

adjacent coast (Goor et al. 2003). Changes occur 

within these compartments at a wide range of 

scales, from individual grain motions through to 

development on the geological scale. Within each 
compartment, a morphodynamic system exists 
composed of the sub-systems of hydrodynamics, 

morphology and sediment transport. The coastal 

morphodynamic system involves feedback 

between these three main sub-systems. Indeed 

the temporal and spatial interaction of coastal 
compartments and the associated sub-systems 
has been investigated with the formalisation 
of the Coastal Tract Cascade concept, which 
discriminates between cause and effect on the 
basis of scale (Cowell et al. 2003a, b). It  formal- 
izes the concepts for separating coastal processes 
and behaviour into a hierarchy on the basis of 
scale distinguishing between those which are 
important  for the modelling of  coastal change 
and those which can be disregarded at that 
particular scale (i.e. representing 'noise'). 

The morphological unit between the beach 
and shelf represents the ' transition zone', or 
'buffer zone' between the land and sea as here 
shoaling waves have a significant direct impact 
upon the sea floor. This unit is most commonly 
referred to as the shoreface (e.g. Vincent et al. 
1983; Wright et al. 1985; Stive et al. 1990; van 
Rijn 1995; Walstra et al. 1998). Other terms 
are (i) the inner shelf (e.g. Wright 1995) and (ii) 
the offshore (e.g. Komar  1998). The shoreface 
makes an important  long-term contribution to 
the coastal sediment budget as it will be acting 
as either a sink or source of sediment from/to 
the active zone. Hence, the shoreface can 
potentially act as an important  control upon 
long-term shoreline movement. However, long- 
term shoreface behaviour remains poorly 
understood. 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 93-101. 0305-8719/07/$15.00 
�9 The Geological Society of London 2007. 
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It is important that the response of the coastal 
region to different forcings can be anticipated 
over all relevant scales; 'in addition to being 
fundamental to understanding the morpho- 
dynamics of beaches, the spatial and temporal 
behaviour of the beach profile has direct applica- 
tion in coastal engineering projects involving 
beach nourishment and the siting of coastal 
structures' (Larson & Kraus 1994). For coastal 
management and engineering, relevant scales 
include sediment transport processes and 
individual storms, but they also include more 
aggregated long-term coastal behaviour over 
many decades or longer, due to the increasing 
pressures placed upon the coastal environment. 
An example of a long-term pressure is human- 
induced climate change that is expected to cause 
an acceleration in sea-level rise during the twenty 
first Century (Houghton et  al. 2001). At present 
there is quite limited information available of 
coastal behaviour over the medium- and 
large-scale (1 km and years; 10 km and decades, 
respectively; Stive et  al. 1990; see also Stive et al. 

2002). This is primarily the result of: 

(a) a lack of good~luality, long-term data sets 
which are required not only (i) to allow the 
observation of coastal behaviour, but also 
(ii) to validate and calibrate models which 
attempt to reproduce and predict this 
behaviour; 

(b) limited understanding of the coastal 
system dynamics due to (i) the inherent 
non-linearity of the system dynamics; (ii) 
different interactions between forcings (i.e. 
hydrodynamics) through time and space; 
and (iii) the relative importance of these 
interactions through time and space. 

It has proven hard to upscale process knowledge, 
as observed from short-term field experiments, 
to change on a longer timescale (cf. De Vriend 
1993), resulting in a large knowledge gap. This 
problem has been investigated in some detail 
over the past 15 years: an example of a recent 
research project is the EU MAST-III PACE (Pre- 
diction of Aggregated-scale Coastal Evolution) 
project (De Vriend 1997, 1998). 

This paper takes the 'long' profiles of an 
extensive data set along the Holland coast to 
investigate the spatial and temporal evolution 
of shoreface morphodynamic behaviour to 
approximately 16 m depth. The extensive tempo- 
ral ( > 30 years) and spatial coverage (>  80 km) of 
this data set means that it qualifies as the only 
dataset of its type in the world. Earlier analyses 
of more limited data from the Holland coast 
showed evidence of lower and middle shoreface 
dynamics (Stive et  al. 1990; Stive & de Vriend 

1995), which is causing concern about its future 
management (de Ruig 1998). This paper assesses 
these earlier observations and the general validity 
of present assumptions on shoreface behaviour. 
Hence, it extends many existing studies of upper 
shoreface behaviour (e.g. Larson & Kraus 1994; 
Nicholls et  al. 1998a). There is also particular 
emphasis on generalizing the depth of closure 
concept to middle and lower shoreface activity 
and inactivity. It presents (i) details of the unique 
data set used; (ii) the methodology employed 
to determine the shoreface morphodynamic 
behaviour over the medium- and large-scales; 
and (iii) findings of this study. Conclusions 
are drawn regarding (i) the different timescales of 
shoreface behaviour; (ii) the validity of assump- 
tions adopted in many medium- and long-term 
modelling tasks; and (iii) details of shoreface 
morphodynamic behaviour for application to 
generic shoreface studies. 

Study area 

The study area was the 'closed' Holland coast in 
the southern part of the North Sea, (Fig. 1). It is 
bound in the north by the Marsdiep tidal inlet, 
which has considerable influence on coastal 
behaviour due to the presence of a large ebb tidal 
shoal, from the inlet to, approximately, 12 km 
south (as observed from bathymetric profiles). In 
the south, the Rotterdam Waterway acts as a 
boundary between the 'closed' coast and Delta 
Region; the Waterway causes the deposition of 
sediment directly to the north in the dune, 
breaker and active zones due its interruption 
to longshore drift (De Ruig & Louisse 1991; 
Van Rijn 1995). The Holland coast is presently 
prograding in the centre and retreating in the 
north and south. The progradation is interpreted 
to be the result of onshore sediment exchange 
from the shelf and shoreface to the surf zone 
(Wiersma & van Alphen 1988; Stive & de Vriend 
1987; Stive 1989; Stive et al. 1990). Retreat in 
the north is due to sediment loss through the 
Marsdiep Inlet to the Wadden Sea and in the 
south due to net northward longshore losses 
enhanced by the Rotterdam Waterway (Dijkman 
et  al. 1990; Stive e t  a/.1990; Van Rijn 1995). 

To avoid the influence of tidal inlets, the 
precise boundaries of the study area were the 
shoreface between Callantsoog (kin 16) and 
Schevingen (km 97), comprising 81 km of shore- 
line length (Fig. 1). This represents a wave- 
dominated, uniform coastline; backed by dunes 
and uninterrupted by tidal inlets. Major morpho- 
logic characteristics of the study area are: (i) 
continuous oblique multiple bars located in the 
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Fig. 1. The study area and the Holland shoreface (adapted from Wijnberg 1995). 

active zone subject to frequent wave breaking, 
(ii) to seaward a shoreface with declining slope, 
and (iii) shoreface-connected ridges between 
km 35 and 65. Important anthropogenic features 
are the Hondsbossche and Pettermer seawall 
(km 20-26) and the IJmuiden harbour moles 
(km 55/56), in addition to relatively minor beach 
nourishments, although in the future this will 
be an increasingly important control on coastal 
evolution (de Ruig 1998). 

Data set 

One of the largest coastal morphological data 
sets in the world exists for the low-lying, densely 
populated Netherlands coast where data has 
been collected since 1963. This extensive data set 
is called JARKUS, an acronym for annual 
soundings (in Dutch 'JAaRlijkse KUStlodingen'; 
Ruessink 1998) and its extensive temporal and 
spatial coverage mean that it is the only dataset 
of its type in the world. The JARKUS data 

set comprises 'short' and 'long' profiles which 

extend to about 8 m (0.8 km offshore) and 16 m 
(3 km offshore) depths, respectively. Here the 

'long' profiles collected from 1963 to 1995 are 
considered. Each 'long' cross-shore profile: 

(a) is spaced 1 km in the longshore; the 

longshore spacing of the cross-shore profiles 
is marked by a permanent base of beach 
poles known as the RSP ('Rijks Strand 
Palen lijn') reference line. The poles are 
numbered relative to their distance from 
Den Holder (Fig. 1) and within this study 

each profile is labelled according to this 

distance. For example km 81 represents the 
profile located 81 km south of Den Holder at 
Noordwijk aan Zee; 

(b) has a temporal resolution of 3 to 5 years; 
(c) extends offshore to a distance of 3 km 

(approximately 16 m water depth); 
(d) has a documented measurement accuracy 

of 0.25 m. This has been derived from both 
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analysis of the JARKUS data set (Hinton 
2000) and the stochastic and systematic 
errors which arise from measurement 
techniques. 

The cross-shore bathymetric profiles are typi- 
cally surveyed (relative to NAP, Normal 
Amsterdams Peil which is approximately equal 
to Mean Sea Level) in the spring and summer 
months. As the morphodynamic behaviour 
investigated occurs over temporal periods greater 
than seasonal changes, seasonal bias is not 
considered to be important. In addition, prelimi- 
nary investigations showed that where the 
profiles are active on the lower and middle 
shoreface, they generally undergo slow steady 
declines in elevation suggesting that there is 
limited seasonal variability. 

Methodology 

Two methods were selected to identify, shoreface 
behaviour and performed for all available 
profiles over a range of temporal periods: 5, 10, 
15, 20, 25, 28 and 32 years between 1965 and 
1997. Both methods were originally used to 
identify 'depth of closure'; which is 'the seaward 
limit of significant depth change but not the 
absolute limit to cross-shore sediment transport' 
(Nicholls et al. 1996). Significant depth change is 
a relative concept, which is dependant upon the 
criterion selected to identify the depth change. 
However these methods are easily adapted to 
identify shoreface morphodynamic in/activity. 
The use of two methods allowed the consistency 
of the results to be considered. 

(1) Standard deviation o f  elevation. The stan- 
dard deviation of elevation, or sde, method 
is a simple method particularly effective 
in dealing both with large data sets and 
removing bias from outlying values. The 
effectiveness of the method increases as 
the number of profiles increase, reducing 
the error influence. The sde method is imple- 
mented by calculating the 'variation in 
the standard deviation of elevation . . .  as a 
function of the cross-shore distance for x 
number of profiles from the same along- 
shore location' (Kraus & Harikai 1983). 
Once the sde values were calculated, it then 
remained for the locations of 'activity' and 
'inactivity' to be identified. This was per- 
formed by applying a 'fixed standard devia- 
tion value'. Inactivity is identified when the 
standard deviation falls below a fixed value; 
in the example given a value of 0.25 m is 
used, which represents a 66% confidence 
that a real change in the bathymetry has 

(2) 

occurred. This takes the assumption that 
the data measurement errors are normally 
distributed with a standard deviation of 
0.25 m. Two additional values have been 
used. 0.5 m and 0.75 m, which respectively 
represent a 95% and 99% confidence that a 
real bathymetric change has occurred. It is 
important that more than one criterion is 
used as it will ensure that a real bathymetric 
change is observed. It should be noted that 
the larger the criteria the more inactive the 
profile is as a larger degree of change is 
required in order to be active. However, the 
general pattern of results is mimicked with 
the different criteria. The 0.75 m cases were 
not investigated further after preliminary 
analysis showed that in the majority of 
cases, even the active nearshore bar system 
would be considered inactive using this 
value. 
Fixed depth change. The depth change 
between two profiles measured at the same 
location, but in different years, was calcu- 
lated. When the change was more than, or 
equal to, the selected criterion then the 
shoreface was classified to be exhibiting 
morphodynamically active behaviour. The 
change criterion chosen matched those of 
the sde method, so representing a 66%, 95% 
and 99% confidence that a real bathymetric 
change has occurred. 

The observed variation in standard deviation 
in the nearshore zone landward of 8 m depth 
typically relate to bar morphodynamics on the 
upper shoreface, whilst those changes observed 
further offshore equate to middle and lower 
shoreface morphodynamics. 

Results and discussion 

Previous work based upon cross-shore profiles 
(e.g. Nicholls et al. 1996, 1998a; Garcia et al. 

1998) suggests that there is a seaward limit 
to significant depth change, or activity, on the 
upper shoreface over the small- and medium- 
scales (up to several years). This limit has been 
widely termed as the 'depth of closure' (De). 
Whilst the limit moved seaward as timescale 
increases, the effect was not dramatic. As most of 
the datasets considered only covered the upper 
shoreface, this precluded detailed observation of 
this process. Examination of the more extensive 
JARKUS data set clearly shows that in many 
instances the middle and lower shoreface also 
shows significant depth changes, especially over 
the medium- and long-term, and these changes 
progressively increase with timescale (Hinton 
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Fig. 2. Cross-shore phenomena identified in the analysis of bathymetric profiles along the Holland Coast. Shown 
using actual examples of profiles and the sde method. 

et al. 1999; Hinton 2000). A common observation 
is that the profile becomes inactive at some 
distance x from the shore on the upper shoreface, 
but then becomes active again further seaward, 
and usually exhibiting a return to inactivity 
towards its seaward boundary (Fig. 2). These 
phenomena are hereafter termed as: 

(a) the shoreward closure (Des). The limit to 
significant depth change, but not the abso- 
lute limit to cross-shore sediment transport,  
as located on the upper shoreface (in water 
depths of 8 m or less); 

(b) the re-opening point (Ro) and associated 
re-opening zone; the shoreward point of 
significant depth changes which occur on 
the middle/lower shoreface is termed the 
're-opening point'. The cross-shore zone 
in which significant depth changes are 
observed is termed the re-opening zone; and 

(c) the middle~lower shoreface closure (Dom/1). 
The seaward limit to the re-opening zone, 
observed within the 16 m depth data  limits. 

The identification of the 're-opening zone' 
allowed the further classification of four types of 
middle and lower shoreface behaviour that are 
observed (Fig. 3): 

(a) an inactive shoreface. No morphodynamic 
activity is observed seaward of  the upper 
shoreface and the profile only exhibits Des; 

(b) a shoreward partially-active shoreface. The 
shoreface is active until the middle/lower 
shoreface where it closes, exhibiting D~I; 

(c) a seaward partially-active shoreface. The 
shoreface exhibits re-opening i.e. the profile 
closes on the upper shoreface at Des and then 
reopens on the middle and lower shoreface 
and may exhibit a deeper closure towards 
the seaward limit of the profile; 

(d) a fully-active shoreface. Morphodynamic 
activity occurs across the entire shoreface 
i.e. the profile does not exhibit any closure 
within the measured profile. 

The shoreward closure appears to define two 
distinct zones in terms of process. Landward of 
Des, the profile fluctuates up and down due to 
bar  migration, while seaward of  Des, generally the 
profile slowly drops where it is active and there 
appears to be a net onshore flux of sand (see also 
Stive et al. 1990), 

The Holland coast can be divided into two 
main longshore provinces as a function of 
shoreface characteristics and temporal evolution 
of D~s, Ro and Dcr~. There is an obvious behav- 
ioural division at, approximately, km 55157 as 
indicated in Fig. 4. Here the division is illustrated 
using the Dc~ behaviour over all temporal 
periods. It can be observed that Des is both (1) 
deeper between km 16 to 55/57 (Noord-Holland) 
and (2) more variable than in Zuid-Holland 
(km 55/57 to 97). For  example the mean D~s 
of  Noord-Holland is 2.6 m deeper than that of 
Zuid-Holland, for a 20 year period (Table 1). 
Interestingly, the wave climate in the two prov- 
inces are quite similar, and this factor does 
not appear to be controlling this different 
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Fig. 3. Classifications of shoreface behaviour identified in the analysis of bathymetric profiles along the Holland 
Coast. Shown using actual examples of profiles and the sde method. 

Fig. 4. Spatial variation of Des along the Holland coast over 5 to 32 year temporal periods. 

behaviours. Rather, it is an abrupt change in bar 

dynamics, as observed by Wijnberg (1995). 
It can also be observed that  the frequency 

of occurrence of Dcs decreases as time interval 

increases (Table 2), due to the increasing occur- 

rence of middle/lower shoreface activity. This 

suggests that ultimately, all the cross-shore 
profiles will become 'fully-active shorefaces' (see 
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Table 1. Characteristics o f  D~.s over a 20 year temporal 

period within the two provinces 

Region 
name 

Region Mean Standard 
extent depth (m) deviation (m) 

Noord-Holland km 16-54 7.3 0.8 
Zuid-Holland km 57-97 4.7 0.4 

These values are observed using the sde method 
criterion of 0.25 m. 

also Hinton 2000). This highlights the fact that 
the upper, middle and lower shoreface are 

coupled and should not be considered as inde- 
pendent units, especially over the medium- and 
long-term (decades and longer). This observa- 
tion, unique due to its derivation from a high 
resolution, large-scale data set, reinforces conclu- 
sions reached by other authors (e.g. Wright et al. 

1985; Stive & De Vriend 1995) that a fast 
response to forcing changes should be expected 
on the upper shoreface whilst a slower response 
should be expected on the lower shoreface. In the 
case of the Holland coast, this slower response 
comprises a source term for the shoreline. 

These observations support the use of the 
annual  shoreward closure as an important  
cross-shore boundary in short- and medium- 
term profile models (e.g. Stive & de Vriend 1995; 
Cowell et al. 2003a, b). It seems to separate a zone 
of cross-shore sand exchange (the zone where the 
classical equilibrium profile will apply), from a 
zone of onshore sand flux (where an equilibrium 
response is meaningless at the timescale consid- 
ered in the JARKUS data). However, detailed 
prediction of the middle/lower shoreface evolu- 
tion over the timescale of the observations is 
more problematic. This can be highlighted using 
the example of the Advection-Diffusion Model 
(ADM) (Niedoroda et al. 1995), which was used 
to simulate the evolution of Dc (as defined before 
this study revealed the presence of a re-opening 
zone) over time scales from 1 to 10 000 years for 
the Holland coast (Nicholls et al. 1998b). As the 
time period increases so Dc also increases, and 
after 10 000 years the cross-shore profile is active 
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to the shelf. Indeed, after 100 years the ADM 
predicts closure to range between 12 and 20 m 
deep, the range being dependant upon the forcing 
conditions used. Whilst the model is consistent 
with the long-term trends implied in the data, it 
does not  describe the observed shoreface evolu- 
tion. Whilst Dcs along the Holland coast increases 
with time, the increase is quite slow and is best 
described with a logarithmic relationship with 
time (see also Nicholls et al. 1996). Rather it is 

the cross-shore growth of the reopening zone 
which produces fully-active profiles. So whilst 
the predicted geological- to long-term shoreface 
behaviour agrees with the observations made 
here, at smaller scales detailed behaviour differs. 

It appears that no existing shoreface model 
could reproduce the detailed empirical shoreface 

observations presented here. 
This analysis of the JARKUS data set demon- 

strates the fact that the upper shoreface of 
Noord-Holland undergoes a greater degree of 

morphodynamic activity than Zuid-Holland, 
over the temporal periods investigated. Projec- 
tion of this trend would suggest that the differing 
behaviour between the two provinces will con- 
tinue until that point at which the morphody- 
namic activity within both reaches some point of 

maximum activity. However the continuation of 
this trend, as observed at present, is dependant 
upon numerous factors. For  example variations 
in anthropogenic interference (i.e. coastal 
defence strategies) and natural processes (i.e. 
changing hydrodynamic conditions). Whilst this 

behaviour has wider implications than the 
Holland coast alone, application of these ideas to 
other coastlines with differing morphological 
and environmental characteristics needs to be 

undertaken with caution, and it should not be 

assumed to be universal. 
The boundary at km 55157 coincides with the 

location of the IJmuiden harbour moles which 

has been previously identified as the division 
between two nearshore bar systems with differing 
behaviour (Wijnberg 1995). As Des is largely 
controlled by bar migration processes a similar 

division based on this parameter is not 
surprising. However, this longshore division of 

Table 2. Percentage occurrence of  Dc~ between km 16 to 71for each temporal period using all methods 

METHOD 0 yrs 5 yrs 10 yrs 15 yrs 20 yrs 25 yrs 28 yrs 32 yrs 

sde 0.25m 100 85 73 71 60 46 33 30 
sde 0.5m 100 96 98 98 96 98 93 93 
fdc 0.25m 100 100 76 52 96 72 16 12 
fdc 0.5m 100 100 96 96 100 96 68 35 
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the Holland coast is also supported by the 

morphodynamic behaviour of the middle and 
lower shoreface (Hinton et al. 1999). It is also 
worth noting that anthropogenic influences on 
shoreface behaviour are also apparent, especially 
due to the IJmuiden harbour moles (Hinton & 
Nicholls 2001). 

The controls upon Dcs are investigated 
further in Hinton (2000); controls analysed 
include sediment distribution and the shoreface- 
connected ridges found between km 35 and 65, 

however there does appear to be no correlation 

between these two phenomenon. These studies 
investigate the temporal and spatial variation in 

this upper shoreface phenomena drawing upon 
recently developed concepts, such as the Coastal 
Tract Cascade (Cowell et al. 2003a, b). Model 

studies of the different processes that might be 
controlling the observed shoreface changes are 
also required to link the behaviours to their 
underlying controls. 

Conclusion 

The analysis of the unique JARKUS data set, 

over varying temporal and spatial scales up to 
32 years, has provided information relating to 
the evolution of shoreface morphodynamic 

behaviour for a wave-dominated, uninterrupted 
coastline characterised by a nearshore bar 
system. Over the medium- and large-scales, 

significant depth changes occur on the middle 
and lower shoreface, such that, in the more 
morphodynamically active regions of North 
Holland, over the longer temporal periods, the 

entire shoreface is active. Furthermore it has 
been shown that, as the temporal period 
increases, then the cross-shore profile evolves 

from exhibiting no / little activity to activity over 
its entirety (0 to 16 m water depth). This observa- 
tion supports existing assumptions that the 
upper, middle and lower shoreface are coupled 
(e.g. Wright et al. 1985), that this effect increases 

with timescale and the more recent developments 

with regard to coastal modelling approaches 
based on scale (e.g. Cowell et al. 2003a). 

The observations made here have significant 
implications for morphodynamic modelling 

efforts, including those which incorporate a fixed 

nearshore zone for sediment budgets. Present 
assumptions adopted in many medium- and 
long-term models may need to be re-addressed 

as important elements in the coastal sediment 
budget may have been ignored. Whatever their 
controls, the observed shoreface behaviour has 
important implications for the future evolution 

of the Holland coast, including its management 
(e.g. de Ruig 1998). 

This research shows that the shoreface could 
be potentially be active anywhere, and this activ- 
ity will increase with timescale. However, the rate 

at which this occurs will ultimately be dependant 
upon the morphological constitution of the 
shoreface in question, forces (both natural and 
anthropogenic) which act upon the different 

scales and their associated variation through 
time (i.e. changes in the rates of sea-level rise). 
This needs to be investigated systematically, 

including long-term measurements of the 
shoreface at other sites around the world. 
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Abstract: The distribution and spatial patterns of surficial nearshore sediments off the north 
coast of Ireland were mapped in detail using three repeated (over one year total duration) 
dual-frequency (100-500 kHz) side-scan sonar surveys which were ground-truthed using a 
bucket-grab sediment sampler. In the study area (40 km 2, < 30 m water depth), three acoustic 
facies were identified (interpreted as sand, gravel, and bedrock). Planar sand with small sand 
waves dominates most of the study area; bedforms developed on sand and gravel substrates 
are located around the margins of a bedrock-floored bathymetric trench. Unusual sea-going 
gravel 'ribbons', which morphologically resemble rip current chutes, feed into the trench. 
Temporal changes in substrate and bedform patterns, mapped from the side-scan sonar data, 
suggest bedform development and facies boundary migration (by > 100 m distance) over 
the winter season followed by sediment migration back again during the summer. Generally, 
substrate and bedform mobility is likely to be related to changes in the relative strengths of 
waves and tides along this exposed, mesotidal coast. More specifically, tidal asymmetry and 
the formation of a headland leeside eddy can account for scouring of the trench, trench-flank 
bedform patterns developed in sand, and the formation of the gravel ribbons. 

The evolution and sediment dynamics of para- 

glacial shelves and coasts are dependent on a 

range of geological factors on different scales 

(FitzGerald & Rosen 1987; Carter 1990), most 

importantly the erosional and depositional 

effects of glaciation from adjacent landmasses, 

which generated large amounts of unconsoli- 

dated surficial sediment (Bridgland 2002; Taylor 

et al. 2002), and the role of postglacial changes 

in relative sea-level (RSL) in sediment redistribu- 

tion (Shaw et al. 1993; Bridgland 2002). 
A longstanding assumption in investigations 

of surface sediments on the N W  European shelf 

is that they are relatively inactive geomorphically 

at the present time compared to the recent geo- 

logical past, and that present-day sediment 

movement is forced by shelf-wide oceanographic 

events (e.g. Collins & Banner 1980; Anthony 

2002). As a result, a veneer ( <  30 m thick) of 

mobile surface sediment covers relict signatures 

of much larger land-sea changes of the late Pleis- 

tocene and early Holocene (Bartek & Wellner 

1995). 
This paper aims to evaluate this assumption 

by describing preliminary side-scan sonar investi- 

gations of submarine sediments and bedforms 
from part of the inner shelf of the north coast of 

Ireland, and to discuss patterns of and controls 

on present-day sediment dynamics. This study 

forms part of a wider project looking at late 

Pleistocene to present-day shelf evolution in 

the region, linking climate, RSL changes and 

sediment supply (McDowell et al. 2005). 

Location and geological setting of the study 

area 

The continental shelf located between the north 

of Ireland and SW Scotland is known as the 

Malin Sea, an arm of the Nor th  Atlantic Ocean 

(Fig. 1). During the late Devensian glaciation 

(c. 22-13 ka Br') the Malin Sea region was influ- 

enced by ice sourced from both western Scotland 

and north-central Ireland which deposited a 

range of glaciomarine to marine diamictons 

and muds (Jura Formation) (Binns et al. 1974; 

Fyfe et al. 1993). These sediments are overlain 

by a variable thickness of late Holocene marine 

sands and gravels. Bedrock pinnacles through 

the sediment cover are common. Inshore water 

depths are up to 80 m; isolated and enclosed 

bathymetric lows of up to 200 m water depth 

are also present such as north of Rathl in Island 

(Fig. 1). At Portrush, 5 km east of the study area, 

tides are semidiurnal (M2) and mesotidal in range 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 103-116.0305-8719/07/$15.00 
�9 The Geological Society of London 2007. 
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Fig. 1. Map of the British Isles (inset) with the Malin Sea region boxed. (a) Map of the Malin Sea region showing 
the location of the study area (boxed), regional bathymetry, and places named in the text. (b) Detailed surveyed 
bathymetry of the study area showing the location of surficial sediment maps (boxed) (Fig. 4) and side-scan sonar 
extracts (Figs. 5-7) located around the trench. 
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(3.10 m). Ebb tides are oriented towards 270- 
280 ~ and flood tides towards 90-100 ~ with a 
near-bed spring-tide water velocity of 0.55 ms-' 
and a small flood-tide residual (Lawlor 2000). 
During both flood and ebb tides, eddies on the 
scale of a few kilometres width are formed on the 
lee sides of coastal headlands along the north 
of Ireland (Hydrographic Office 1992). Atlantic 
swell waves have a strong geomorphic influence 
along this coastline and have a mean significant 
wave height of 2.5 m (Carter & Kitcher 1979). 

Marine substrate types and regional-scale 
bedform patterns of the NW European shelf 
were mapped by Kenyon & Stride (1970) who, in 
the Malin Sea, identified sand ribbons aligned 
parallel to the strongest tidal flows. Net seabed 
sediment transport in this region is generally 
east-going from a bedload parting located off 
Malin Head. More locally, the Malin Sea region 
is dominated by areas of gravelly sand and sandy 
gravel with isolated areas of sand and gravel 
(Fyfe et al. 1993). Surface sediment types and 
bedforms were mapped in detail by Pendlebury & 
Dobson (1976), Carter & Kitcher (1979) and 
Lawlor (2000). Bedforms present include sand 
ribbons, sand waves and ripples, and gravel 
waves and ripples (Kenyon & Stride 1970; 
Pendlebury & Dobson 1976). These surveys were 
undertaken using different geophysical equip- 
ment at differing resolutions, and in non- 
overlapping spatial areas, making it difficult to 
compare results from these surveys. 

Methods 

Surface morphology and surficial sediments 
and bedforms in the study area (area of c. 40 k m  2, 
water depth of < 30 m) were investigated using 
repeated high-resolution geophysical surveys 
conducted during August 2000, April 2001 and 
August 2001 (Fig. 2). Bathymetric data were col- 
lected using an AutoHelm SeaTalk single-beam 
echo sounder operated at 50 kHz frequency. 
Seafloor data were collected along overlapping 
tracklines in a grid pattern using an EdgeTech 
272-TD dual frequency side-scan sonar system 
operated at 100/500 kHz. Results from side-scan 
surveys were ground-truthed using sediments 
obtained from a trawled bucket-sampler. Posi- 
tional data were obtained in all marine surveys 
using a Litton Marine LMX-400 series global 
positioning system (GPS) with real-time differen- 
tial correction. Positional error in the marine 
environment using this equipment is estimated 
to be in the order of _+ 5 m. 

Bathymetric data were gridded and contoured 
using Surfer in order to produce a digital terrain 

model of the study area. Side-scan data, includ- 
ing boundaries between acoustic facies types, 
were digitised for each survey; bedform crests 
were identified on the basis of reflected acoustic 
signature, and were plotted manually. Absolute 
positional error of digitized facies boundaries 
and bedform crests is estimated to be on the 
order of _+ 8-10 m and was consistent between all 
surveys. 

Results 

Substrate types 

Seabed sediment samples (n = 69) were obtained 
using a bucket dredge. These data were collected 
using both stratifed and random sampling meth- 
ods during August 2001 (the time of survey 3). 
The location of the samples, obtained by the 
shipboard GPS, is shown in Fig. 2a. No samples 
were retrieved from 12 stations (17%). The 
substrate at these locations is therefore inter- 
preted to be rocky and generally devoid of sedi- 
ment. Loss of sample from the bucket dredge 
during retrieval is not considered to be an impor- 
tant factor, since a wide range of sediment sizes 
(very fine sand to boulders) were recovered suc- 
cessfully. At all stations where sediments were 
recovered (n= 57), fine sand (range of 46.8-92.0 
wt%) and very fine sand (range 1.3-45.6 wt%) 
dominate, making up over 90% of the total 
sample in nearly all cases. These sand size classes 
are therefore ubiquitous across the study area 
and at all water depths. Medium and coarse sand 
is important only locally, mainly in deeper water 
and within the river barmouth. No samples con- 
taining gravel were retrieved. This is likely due to 
its low percentage cover in the study area and the 
'hardness' of the gravel surface. 

Sediments also vary over short distances. 
To the NW of Portstewart, stations 12, 17 and 
54 show very different substrate characteristics 
(Fig. 2b). No sediments were recovered from 
station 54, suggesting it is hard-bottomed. 
Station 17 is dominated by fine sand whereas 
station 12 has an important medium sand 
component. Sediments retrieved from the study 
area provide ground-truth evidence for interpre- 
tations of substrate type made from side-scan 
sonar data. 

Acoustic evidence for substrate type and 

mobility 

Three acoustic facies were identified on the basis 
of the strength and lateral continuity of backscat- 
ter (Fig. 3). There is also a clear relationship 
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Fig. 2. (a) Location of side-scan sonar survey lines (shown schematically) for the three surveys in the study area, 
and the position of stations at which seabed sediment samples were recovered (black circles) and were not 
recovered (white circles). The position of stations 12, 17 and 54, discussed in the text, is shown. (b) Histogram of 
grain size classes of sediments recovered from stations 12 and 17. 
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Fig. 3. Description and interpretation of acoustic facies. The scale bar is 25 m long. 

between acoustic signature and substrate sedi- 
ment type (e.g. Collier & Brown 2005), which 
allows for interpretation of these acoustic facies. 
Facies I is characterized by moderate backscatter 
with a uniform tonal return, interpreted as 
medium to fine sand. Bedforms are sometimes 
developed in this substrate. Facies II is character- 
ized by moderate to high backscatter with a vari- 
able tonal return, and is interpreted as gravel. 
Bedforms are common on gravel substrates. 
Facies III is characterized by high backscatter 
with highly variable tonal returns, and with 
highly-reflective individual targets up to 2 m in 
plan form dimensions. These acoustic character- 
istics suggest a rough substrate (either scoured 
bedrock, or a winnowed glacial diamicton (till) 
surface; Fyfe et al. 1993) with the individual 
targets interpreted as isolated surficial boulders. 
The presence of surficial boulders is consistent 
with both interpretations, and acoustic tech- 
niques alone cannot differentiate between these 
substrate types. Both substrate types have also 
been imaged on the surface off the north of 
Ireland coast using Chirp sub-bottom profiling 

(McDowell et al. 2005) and a remotely-operated 
vehicle (Lawlor 2000). 

The mapping procedure shows that most of 
the study area comprises facies I. Facies II and 
III are found mainly in and around the partly- 
enclosed bathymetric low (termed the trench) 
located NW of Portstewart (Fig. 1). The surveys 
of August 2000 and August 2001 are almost 
identical, with facies II and III having a similar 
spatial extent and positioning (Fig. 4). In these 
surveys, the boundary between facies I and III 
is highly complex and shows sand (facies I) 
interfingering with bedrock (facies III). In con- 
trast the survey of April 2001 (Fig. 4b) shows a 
very sharp boundary between facies I and III. 
Additionally, a new area of bedrock was exposed 
west of Portstewart (Fig. 4b). Facies II (gravel) 
occupies a similar location in all surveys on the 
southern flank of the trench. 

Comparison between facies boundaries iden- 
tified on succeeding surveys can indicate the 
net direction and time-averaged rate of sediment 
transport (Anthony & Leth 2002), which has 
implications for the strength and direction of 
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Fig. 4. Detailed maps showing the distribution of surficial sediments in the trench region from the surveys of (a) 
August 2000, (b) April 2001 and (c) August 2001. Acoustic facies I-III are described and interpreted in the text. 
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Fig. 5. (a) Side-scan sonar extract showing the morphology and relationship of bedforms developed in acoustic 
facies I (sand). (b) Example of bedforms developed in acoustic facies I and their 'feathered' bounding relationship 
with acoustic facies III (bedrock). Note that bedform crests are oriented parallel to the bedrock margin. 
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tidal currents and wave disturbance which force 
bottom-sediment transport (Zeiler et al. 2000; 
Anthony & Orford 2002; Bastos et al. 2002). Pre- 
liminary comparison between the August 2000 
and April 2001 surveys shows that facies bound- 

aries around the trench generally migrated 
upslope (e.g. towards the SW). The boundary 
between facies I and III (sand and bedrock) 
migrated westwards by an average of l14m 
(0.48 m/day), whereas the boundary between 
facies I and II (sand and gravel) migrated 

towards the SSW by an average of 37 m (0.16 m/ 
day). The survey of August 2001 shows these 

facies boundaries have migrated back to the 
positions of August 2000, suggesting that sedi- 
ment dynamics displays a strongly seasonal 
behaviour. 

Bedform types and directions o f  sediment 

transport 

Bedforms were identified in both sand (facies I) 

and gravel (facies II) substrates and are described 

using the size-classes of Ashley (1990). Bedforms 

developed in sand are located in two areas: (1) 

in the nearshore up to water depths of about 
8 m (broad, subtidal dunes with crests aligned 

oblique to the coastline), and (2) near the 

bedrock-floored trench (smaller current- 
perpendicular dunes). Only bedforms located in 

deeper water near the trench are discussed here. 

Bedforms developed in sand around the 

trench are found in water depths of 15-25 m and 

are laterally continuous over several hundred 

metres distance. Medium dune bedforms have 
undulating to straight crests which occasionally 

bifurcate (Fig. 5a). The dune crests are 

generally aligned between NW-SE and NE-SW 

(approximately slope-parallel around the sides 

of the trench), and have wavelengths on the 
order of 5.4-6.4 m and amplitude of 1.0-1.4 m. 

Smaller ripples may be superimposed upon these 

dunes. On the eastern (deeper) margin of the 

Fig. 6. Side-scan sonar extract showing the 
relationships between acoustic facies I (sand) and II 
(gravel). Note that the gravel forms both large circular 
patches and elongate ribbons. (a) Detailed side-scan 
extract showing the lateral margin of the gravel patch 
and the termination of gravel bedforms. (b) Detailed 
side-scan extract showing a gravel ribbon feeding into 
a larger gravel patch. Bedform terminations, 
suggestive of changes in substrate slope or direction of 
gravel migration, are arrowed. These mark the 
boundaries of individual bedform sets. 

trench the sand-bedrock boundary is sometimes 
complex, showing areas of sand penetration into 

troughs or low points on the bedrock surface, 

giving rise to a 'feathered' acoustic appearance 

(Fig. 5b). 
Bedforms are also developed over most areas 

covered by the gravel facies. The gravel areas are 
arranged in two morphological types. (1) Large 

circular patches of gravel (<  few hundred metres 
across) comprise straight-crested, east-west ali- 

gned small dunes with wavelengths of 0.7-1.4 m 
and amplitudes of 0.2-0.5 m (Fig. 6). The gravel 
patches have sharp northerly and southerly 
margins, often demarcated by a single bounding 
gravel ridge, and have 'feathered' easterly and 
westerly margins formed as a result of sand infil- 

ling dune troughs (Figs. 5 and 6). (2) 'Ribbon'- 
shaped gravel patches (here termed gravel 
ribbons) are elongate, north-south aligned fea- 
tures which are 8-10 m wide and up to 150m 
long (Fig. 7). They are located particularly on 

the southern side of the trench (n = 6) where they 

occupy slight bathymetric lows (1-2 m depth) 
which face downslope, and are therefore mor- 

phologically similar to rip current or debris flow 
chutes (Smith & Largier 1995). The head of the 
gravel ribbons start consistently at - 1 3  m and 
- 1 6  m below ordnance datum (OD) (Fig. 4). 

The ribbons are onlapped laterally by areas of 
planar sand. These lateral margins are generally 
sharp whereas the northern (downslope) and 
southern (upslope) margins are more diffuse and 
tapering in shape. Straight-crested small gravel 

dunes are developed within the gravel ribbons 

(Fig. 7). Dune crests (aligned east-west, wave- 
length of < 1 m) are aligned at right angles to the 

direction in which the gravel ribbon is elongated. 

The gravel ribbons are observed on all three 

surveys but are most common on the second 

survey (April 2001). Some individual ribbons are 

present on all three surveys. 
By tracing the lateral continuity of gravel 

bedform crests, and by noting patterns of super- 
position, it is possible to identify up to four dif- 
ferent groups of bedforms, termed bedform sets, 
within the gravel ribbons. Bedform sets are iden- 

tified on the basis of patterns of bedform crests. 
Within a single bedform set, individual bedform 

crests are parallel to one another and laterally 

continuous across a distance of 5-12 m. Bound- 
aries between bedform sets are marked by con- 
cave breaks of slope where bedform crests change 

direction and/or continuity sharply (Figs. 6b, 
7b). It is uncertain as to whether the surface 

bedforms form part of a larger migrating gravel 

lobe (<  1 m high), or whether the bedforms 
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are developing across a pre-existing and partly 
buried gravel surface. Based on the direction of 

bedform set superposition, bedform migration 

is from south to north, downslope towards the 

trench. 

Discussion 

Formation and positioning of sand bedforms 

Nearshore bedforms on the NW European shelf 
reflect a combination of, mainly, tidal and wave 
influences (Kenyon & Stride 1970; Banner & 
Culver 1979; Pingree & Griffiths 1979; Anthony 
& Leth 2002; Anthony & Orford 2002). Despite 
the preliminary nature of the data presented 
here, the positioning and orientation of sand and 
gravel bedforms off the north coast of Ireland 
suggest that these regional-scale controls are 
modified by local-scale factors including coast- 
line shape and fluid interaction with seabed mor- 
phology (Zimmerman 1981). Generally, sand 
bedforms in this area lie oblique to both flood- 
and ebb-tide components, and lie approximately 
perpendicular to the direction of incoming long- 
period Atlantic swell waves from the NW 
(Pendlebury & Dobson 1976). As a result, the 
formation, maintenance and modification of 
these nearshore bedforms are the likely effects 
of tides and waves in combination, which may 
change in relative dominance seasonally or epi- 
sodically as during large storms (cf. Anthony & 
Orford 2002). The observed migration of the 
boundaries between the sand and adjacent facies 
(facies I/II and facies I/III boundaries) through- 
out the surveyed period may reflect seasonal 
changes in tide/wave dominance. 

Despite both strong flood and ebb tides in the 
study area, the small eastward (flood-oriented) 
tidal residual (Hydrographic Office 1992) sug- 
gests net easterly sediment transport, consistent 
with regional-scale bedform patterns (Kenyon & 
Stride 1970). Marine sand waves, reflecting this 
net easterly transport direction, are recorded east 
of Portstewart (Lawlor 2000). The presence of 

Fig. 7. Side-scan sonar extract showing the 
morphology and bedform patterns of gravel ribbons. 
Note that there is a slight depression (substrate low) at 
the base of the water column, confirming that gravel 
ribbons are buffed (onlapped) by facies I (sand). (a) 
Detailed side-scan extract showing tipple patterns 
within the gravel ribbon. Ripple terminations, 
suggestive of changes in substrate slope or direction of 
gravel migration, are arrowed. These mark the 
boundaries of individual bedform sets. 

bedforms around the trench west of Portstewart, 
however, do not fit with evidence for this slight 
tidal asymmetry. A possible explanation is that 
the bathymetric irregularity of the trench acts to 
set up internal water vortices that scour the 
trench floor and recirculate sediment locally. 
Sand bedforms that follow the bedrock margin 
around the trench (Fig. 5) likely reflect this 
bottom current recirculation (cf. contourites), 
which may take place during both flood- and 

ebb-tides (e.g. Geyer 1993). 
Tidal asymmetry, in combination with a 

coastline comprised of alternating headlands and 
bays, is known to lead to the formation of head- 
land leeside eddies (Signell & Geyer 1991; Davis 
et al. 1995) which can impact on sediment trans- 
port and deposition patterns (Pingree & Griffiths 
1979; Ferentinos & Collins 1980; Zimmerman 
1981). The location of the sand bedforms around 
the trench and immediately adjacent to the head- 
land near Portstewart suggests there may be a 
relationship between bedform development and 
the formation of attached leeside eddies, which 
are recorded in this area (Hydrographic Office 
1992). Sandy bedforms are found in similar head- 
land settings along the north coast of Ireland 
(Lawlor 2000), and may be associated with areas 
of tidal flow expansion adjacent to headlands 
and between islands (Carter & Kitcher 1979). 

Model for water circulation and formation 

of the gravel ribbons 

Based on the described field data, and regional 
geological and oceanographic data (Hydro- 
graphic Office 1992; Lawlor 2000), a model can 
be proposed to explain the temporal changes in 
substrate facies patterns and the development 
and migration of sand and gravel bedforms 
(Fig. 8). The alignment and positioning of sand 
bedforms suggest they were shaped, possibly 
tidally, when sediment was more mobile under 
enhanced winter waves. This is also consistent 
with their location north of the trench and 
facing a descending bathymetric slope. Similar 
shallow-water wave-influenced sandy bedforms 
have been observed off the coast of Denmark 
(Anthony & Leth 2002). The orientation of the 
gravel ribbons south of the trench suggests that 
the east-going flood tide flowing shore-parallel 
(at around the - 1 3 m  isobath) is turned 
northwards by the presence of the headland and 
directed down a steeper bathymetric slope 
towards the trench (Fig. 8). This can explain the 
pattern of superposed bedform sets within 
the gravel ribbons, and the flow-perpendicular 
orientation of gravel bedform crests. 
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Fig. 8. Schematic model for nearshore bottom-water circulation off the north coast of Ireland. 

The discrete morphology and scale of the 
gravel ribbons is of interest since they closely 
resemble rip current chutes (e.g. Antia 1994; 
Smith & Largier 1995; Aagaard et  al. 1997). 
Although developed in too-deep water to be rip 
currents sensu  s t r ic to  (Antia 1994), they may 
reflect areas of similar bottom current flow con- 
vergence. The location (in the April 2001 survey) 
of some of the gravel ribbons adjacent to an area 
of freshly sediment-stripped bedrock (Fig. 4b) 
may suggest that return-flow water in this area 
(of wave or flood-tide origin) contains a high 
sediment load, leading to dense, gravity-driven 
flows downslope. This matches seasonal changes 
in morphology seen on the adjacent beach 
(Wilcock 1976). This is also similar to a precondi- 
tion required for rip current formation (Smith & 
Largier 1995). 

There is no nearshore gravel source at the 
present time. However, high-resolution Chirp 
data from -12 -14  m water depth in the area 
where the gravel ribbons are located show 
chaotic high-impedance reflectors at shallow 
depth (2-3 m) in the sediment profile, forming a 
discontinuous horizon that is located between 
acoustically-transparent units and which dips 
seaward. This horizon is interpreted as a thin and 
discontinuous gravel layer sandwiched between 

sand. The gravel layer may be the distal cor- 
relative to a gravel barrier upon which the 
Portstewart Strand sand dunes are anchored 
(Wilson & McKenna 1996). Alternatively, the 
gravel layer may represent a relict lag surface 
formed when meandering rivers extended onto 
the shelf during an early Holocene sea-level 
stillstand of about - 15 m OD (McDowell et al. 

2005). Given the absence of a present-day 
nearshore sediment source for the gravel ribbons, 
it is therefore likely that the subsurface gravel 
layer was exposed temporarily in the floor of the 
ribbons as overlying sand was removed by strong 
sea-going currents. Gravel was then organised 
and moved along the floor of the ribbons as 
they developed. This interpretation is similar to 
the winnowed gravel lags formed by deep-water 
contour currents (e.g. Howe et  al. 2001). 

The absence of sand in the trench suggests 
that, even if this sand is carried into it through 
the gravel ribbons (estimate of c. 200 m 3 volume 
based on ribbon geometry), it is quickly 
transported westwards out of the deepest part 
of the trench (Fig. 8). This anticlockwise, 
coriolis-driven sediment circulation into and out 
of the trench is consistent with overall bedform 
patterns and may indicate that, during winter, 
sand accumulates on the flat shelf west of the 
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trench from where it is reworked onshore and 
towards the trench under fairweather summer 
conditions. This model is consistent with other 
studies of sediment transport patterns around 
headlands (e.g. Ferentinos & Collins 1980; 

Zimmerman 1981; Bastos et al. 2002). It also 
indicates that regional-scale patterns of sediment 
transport (e.g. Kenyon & Stride 1970) con- 
siderably underestimate transport complexity 
particularly in the nearshore zone. 

Conclusions 

Paraglacial coasts are often considered to be 
essentially relict sediment systems with subdued 
present-day sediment dynamics (e.g. FitzGerald 

& Rosen 1987; Shaw et al. 1993; Belknap et al. 

2002). Repeated side-scan sonar surveys off the 

north coast of  Ireland, however, show marked 

mesoscale changes in the distribution and char- 

acter of nearshore surficial sediments, including 

temporal changes in spatial patterns of sand 

and gravel bedforms. Despite having a overall 

balanced nearshore sediment budget with limited 

onshore sediment transport at the present time 

(Wilcock 1976), sediments are very mobile, 

driven by seasonal changes in the relative 

strengths of waves and tidal currents. Water 

interaction with substrate topography and coast- 

line shape results in the formation of attached 

headland eddies which appear to be important  

in basal scouring and seasonal sediment redistri- 

bution. Although these results are preliminary 

they indicate far more complex local patterns 

of nearshore sediment transport than have been 

recognized hitherto at this location. 

We thank Chris Evans, Peter Harris and Neil Kenyon 
for their comments. 
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Abstract: Carmarthen Bay is a large embayment on the northern coast of the Bristol 
Channel; a location that is exposed directly exposed to both Atlantic waves and a macro-tidal 
environment. Until recently this embayment was comparatively poorly described in terms of 
its sediment regime. In particular, limited data were available to identify sediment types and 
sediment exchanges with the offshore. 

The Bristol Channel is an active interest area for marine aggregate extraction, with 
the majority of licenses falling in Welsh Territorial Waters. To enable the Government View 
procedure on marine aggregate extraction in this area to develop with a more complete under- 
standing a research project (Bristol Channel Marine Aggregates: Resource and Constraints, 
also commonly referred to as BCMA) was commissioned. This research project identified 
Carmarthen Bay as a strategic unit of the overall sediment regime, and defined a programme 
of primary research in this area to improve understanding of sediment exchanges. A key 
part of this research has been an application of sediment trend analysis (STA). This paper 
describes components of the STA technique, the rationale for its application, the survey 
design, results and subsequent interpretation of the information in the context of determining 
probable patterns of net sediment transport across Carmarthen Bay. 

Sediment trend analysis (STA) has been applied 
previously to various marine locations across 
the world, including other parts of the Bristol 
Channel, to identify and understand better sedi- 
ment transport  pathways. The first application of 
STA in the Bristol Channel was in 1989 as part of 
the Severn Tidal Barrage Project investigations 
(ETSU 1989), and the most recent to assist in 
developing a view related to aggregate extraction 
in Barnstaple Bay (McLaren & Kirby 1998). 
In each case, a programme of marine surveys 
has been required to obtain a representative 
sequence of seabed sediment samples across 
respective study areas. The STA technique relies 
on a detailed interpretation of these samples, 
expressed in terms of a highly resolved grading 
analysis. 

Study rationale 

The National  Assembly for Wales (NAW) has a 
responsibility to provide the Government View 
on the suitability of marine aggregate dredging 
for sites in Welsh Territorial Waters. To help 
inform this process the N A W  commissioned the 
Bristol Channel Marine Aggregate: Resource 
and Constraint  (BCMA) research project. A key 
objective for this research project was to develop 

a strategic view for the sediment regime across 

the whole of the Bristol Channel. 

In Phase 1 of the BCMA project all relevant 
data from previous studies and research was 

collated. This included information relating to 
various sediment transport  indicators (such as 

bedform asymmetry, tracer experiments, etc), 

and mapped distributions of sediment types. A 
synthesis of this information was used to identify 

areas where data coverage and knowledge was 
most limited. These data gaps were assessed for 

strategic importance, leading to a programme of 
primary research targets which was carried out 

under Phase 2 of the study. 

Carmarthen Bay 

Carmarthen Bay is a large embayment on the 
northern coast of the Bristol Channel,  bounded 
by headlands of Giltar Point and Worms Head 
(Fig. 1). The bay is directly exposed to both 
Atlantic seas and a macro-tidal environment. 
The bay was identified from Phase 1 as an area 

weakly provided with data, but also a strategi- 
cally important  part of the Bristol Channel for 
marine sands, with the potential for sediment 

pathways and linkage for sediment exchange 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 117-125.0305-8719107l$15.00 
�9 The Geological Society of London 2007. 
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Fig. 1. Study area. 

with the Celtic Sea. The site is presently a 

candidate Special Area of Conservation (cSAC) 

for primary habitat features, including: 

�9 large shallow inlets and bays; 
�9 sandbanks which are covered by sea water all 

the time; 
�9 estuaries. 

Study area 

The available geophysical records (A1-Ghadban 

1986) describe a sand cover of Quaternary depos- 

its which thicken towards the inshore areas and 
eastern side of the bay. Within the bay there are 

also several in-filled palaeovalleys that appear 

to be extensions of the main Burry Inlet and the 
northern estuarine complex of the rivers Taf, 

Twyi and Gwendraeth. The texture of the sea bed 
appears to lack any major bedforms, with only 

patches of megaripples in deeper water which 

indicate an east-west orientation. Outside of the 

bay there is a distinct pattern of large sandwaves. 
In the eastern part of the bay, and close to 

Worms Head, is a major linear sub-tidal sand- 

bank, known as Helwick Bank. This feature is 

a large morphological bedform comprised of 

medium sand. The bank is around 14 km in 
length, 1.2km width (taken at the 15m CD 
isobath) and orientated to the axis of peak tidal 
flows. The bank is commonly described in three 
segments; West Helwick and East Helwick, 
which are separated by a slightly lower profile 
ad central part of the bank known as Helwick 
Swatch. It is Helwick Swatch that is presently an 
active dredging site for marine aggregates. East 
Helwick runs up to join the coast at the headland 
of Port Eynon Point, South Gower, and West 
Helwick extends into Carmarthen Bay, merging 
at its tip into the extensive set of large sandwaves. 

Published maps of sediment distributions 
across Carmarthen Bay (IGS 1983) have been 
developed from a fairly sparse dataset, which 
comprise of around 50 sediment samples along 
with a limited number of geophysical survey 
lines. 

Primary research 

A structured programme of primary research 
was designed to improve data coverage across 

Carmarthen Bay and to help improve the under- 
standing of sediment pathways, linkages to the 
sandbank and shoreline. The primary research 
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included sediment trends analysis (STA), based 
upon an extensive sea bed grab sampling 
campaign, sediment tracer experiments from 
specified sites and a series of macro-benthic 
analysis. 

Sediment trend analysis 

This paper focuses on the application of STA 
in Carmarthen Bay and studies that has been 
reported previously as part of the BCMA project 
(Haine & Cooper 2000; McLaren 1999). STA 
has also been applied previously at other sites 
within the Bristol Channel, including: Severn 
Estuary, Inner Bristol Channel, Nash Bank and 
Barnstaple Bay. 

STA is a technique developed by GeoSea, 
whereby patterns of probable net sediment 
transport are determined from relative changes 
in the grain-size distributions of heterogeneous 
surficial seabed sediments. In addition, the 
method enables the dynamic behaviour of the 
sediments to be derived, i.e. net erosion, net 
accretion, dynamic equilibrium, etc. The original 
theory for determining sediment transport 
direction from changes in grain-size distributions 
was published initially by McLaren & Bowles 
(1985). 

The sampled sediments are described in statis- 
tical terms (by the moment measures of mean, 
sorting and skewness) and the basic underlying 
assumption is that processes causing sediment 
transport will affect the statistics of the sediments 
in a predictable way. Following from this ass- 
umption, the size frequency distributions of the 
sediments provide the data with which to search 
for patterns of net sediment transport. In reality, 
perfect sequential changes along a transport 
path, as determined by the model, are rarely 
observed. This is because of a variety of uncer- 
tainties that may be introduced in sampling, 
the analytical technique to obtain grain-size 
distributions, the assumptions of the transport 
model, and the statistics used in describing the 
grain-size distributions. These uncertainties may 
be summarized, as follows. 

The use of the log-normal distribution 

Although sediments are typically described by a 
particle weight distribution based on the log of 
the grain-size (i.e., the phi scale) there is, in fact, 
no way to determine the 'best' descriptor for all 
sediments. The log-normal distribution has been 
found useful in practice since it appears to high- 
light important features of naturally occurring 
sediments. Bias can, however, be introduced in 

the choice of distribution. For example, the mean 
of the distribution in phi space is not equal to the 
mean of the distribution in linear space. Using 
the moment measures (mean, variance and 
skewness) may highlight important features and 
suppress those that are unimportant; however, 
information will also be lost. There is no way to 
determine if the lost information is significant. 

Assumptions in the transport model 

In providing a mathematical proof for the 
transport model used in STA (McLaren & 
Bowles 1985), a basic assumption is made that 
smaller grains are more easily transported than 
larger grains, although this assumption is not 
strictly true. Factors such as shielding whereby 
the presence of larger grains may impede the 
transport of smaller grains, or the decreasing 
ability of the eroding process to carry additional 
fines with increasing load, demonstrate that 
the transport process is a complicated function 
related to the sediment distribution and the 
strength of the erosion process. 

Temporal fluctuations 

Sediment samples may comprise the effects of 
several transport processes. It is assumed that 
what is sampled is the 'average' of all the 
transport processes affecting the sample site. The 
'average' transport process may not conform 
to the transport model developed for a single 
transport process. 

Sample spacing 

Sample sites may be too far apart to detect 
relevant transport processes. With increasing 
distance between sample locations there is an 
increasing possibility of collecting sediments 
unrelated by transport (i.e., different facies). In 
practice, selection of a suitable sample spacing 
takes into account: (1) the number of sedimento- 
logical environments likely to be encountered; 
(2) the desired spatial scale of the sediment 
trends; and (3) the geographic shape of the study 
area (see below for further discussion of sample 
spacing). 

Random environmental uncertainties 

All samples will be affected by random errors. 
These may include unpredictable fluctuations 
in the depositional environment, the effects of 
sampling and sub-sampling a representative 
sediment population, and random measurement 
errors. 
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Fig. 2. Interpreted sediment samples across Carmarthen Bay. 

Survey design 

For the application of STA in Carmarthen Bay a 
hexagonal survey grid was designed with cover- 
age extending from St Govan Head (in the west) 
to Oxwich Point (in the east) and into the head of 
the bay, along the beaches and into Burry Inlet 
(Fig. 2). 

In total, 1574 grab samples of surficial sedi- 
ments were attempted at regular intervals across 
the Carmarthen Bay with a general spacing of 
1000 m. Across Helwick Bank and into Port 
Eynon Bay a finer spacing of 500 m was adopted 
due to the scale of these features and the special 
interest in this area. 

Survey results 

Grab Samples 

The grab samples were analysed to determine a 
complete grain size distribution. The analysis 
methods utilized a combination of a Malvern 
26001 laser diffraction particle sizer (for material 
< 1500 mm) and dry sieves (for coarser sedi- 
ments), to resolve the distribution of grain sizes 
in increments of 0.5 phi. 

Along with the provision of data for use in 
the STA, the grab sampling analysis has enabled 
improved mapping and classification of sediment 
distributions across Carmarthen Bay. Details of 
the resolved sediment types, expressed according 
to the Folk classification (Folk 1965), are listed 
in Table 1, and presented in Figure 2 overlain 
onto the original IGS classification of surficial 
sediments (IGS 1983). 

Sands are the dominant sediment type and 
account for almost 65% of all samples. In the 
inner part of the bay (within the 20 m contour) 
the main sediment type is a population of fine 
sands, with medium sands identified towards 
the deeper water and across Helwick Bank. 
To the south of Helwick Bank the sediment 
type grades into sandy gravel and gravel. Rhossili 
and Port Eynon beach appear to contain both 
fine sands in the lee of Worms Head and Port 
Eynon Point, respectively, and medium sands 

in the sub-tidal areas. Occasional mud patches 
are found in deeper water, these are believed 
to be exposed areas of underlying Pleistocene 
till. The general pattern of sediment types 
corresponds to a well-worked tidally sorted 
distribution. 
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Table 1. Classification of sediment samples in Carmarthen 

Bay 

Sediment Classification N. Percentage 
(after Folk 1965) samples (%) 

Sand Very fine 3 0.2 
Fine 469 29.8 
Medium 540 34.3 
Coarse 10 0.6 
Sub-total 1022 64. 9 

Muddy sand 70 4.4 
Sandy mud 29 1.8 
Mud 23 1.5 
Muddy gravel 3 0.2 
Muddy sandy gravel 48 3.0 
Slightly gravely sandy mud 2 0.1 
Slightly gravely sand 46 2.9 
Slightly gravely muddy sand 13 0.8 
Gravel 14 0.9 
Gravelly muddy sand 39 2.5 
Gravelly sand 74 4.7 
Gravelly mud 7 0.4 
Sandy gravel 65 4.1 
Hard ground 123 7.8 
Total 1574 100 

Trend  lines 

STA provides a means of analysis to derive sedi- 
ment pathways, based upon an inter-comparison 
between sets of sediment grading data, to identify 
coherent trends between various samples which 
are interpreted as trend lines. These trend lines 
represent the probable net transport pathways 
for mobile surface heterogeneous sediments. In 
the context of sediment gradings data collected 
across Carmarthen Bay, 216 trend lines were 
resolved for sand dominant sediments. The 
remaining mud dominant samples were consid- 
ered too few and too widely scattered to resolve 
meaningful trend lines. 

Along the trend lines the sediment transport 
process may be interpreted as follows. 

Dynamic equilibrium. The bed is neither accreting 
nor eroding, with the probability of finding a 
particular grain in the deposit equal to the prob- 
ability of its transport and re-deposition. There is 
a fine balance between erosion and accretion. 

Net  accretion. More fine grains are deposited 
along the transport path than eroded, with the 
result that the bed, though mobile, is accreting. 
The mean particle size becomes finer, with 
improved sorting and negative skewness 
(Fig. 3a). 

Net erosion. Sediment coarsens along the 
transport path, more grains are eroded than 

deposited, and the bed is undergoing erosion. 

The mean particle size becomes coarser, with 

improved sorting and positive skewness (Fig. 3b). 

Mixed case. The transport pattern is approach- 

ing that of Dynamic equilibrium. 

Total deposition. The bed is no longer mobile and 

is accreting under a 'rain' of sediment deposition 
that fines with distance from source. Such 

deposits are normally associated with a muddy 

environment. 

In addition, since the trend lines are resolved 

from statistical based techniques it is possible to 

attribute each trend line with a measure of corre- 
lation (R 2) between adjacent sequences of grain 

size distributions. Hence, for a poorly resolved 

trend line the value of R 2 is likely to be low, e.g. 

<0.49, whereas a perfectly resolved trend line 
would have R2= 1. 

The breakdown of interpreted trend lines 

within in each category, and the associated 

average R 2 value, is listed in Table 2. The pattern 

of trend lines across Carmarthen Bay is 

illustrated in Figure 4. 

Overall, the level of correlation for each 

trend line is considered to be high. The 'dynamic 
equilibrium' is the most common type of resolved 

trend line across the study area. 

Further interpretation of these trend lines has 
considered the sub-division of Carmarthen Bay 

into discrete sediment transport environments. 

A total of nine transport environments are 

described (Fig. 5). 

H e l w i c k  B a n k  

A set of transport lines suggest a linkage with 

material input from the Bristol Channel with 

westward transport south of Helwick Bank and 
extending to the western end of the sandbank, 

beyond which they trend northwards into 

Carmarthen Bay to form a clockwise gyre ending 

at the crest of the bank (net accretion). The sedi- 

ments in this transport regime are evidently are 

derived from ebb dominated tidal transport out 

of the Bristol Channel. However, the south side 

of Helwick Bank is made up of a considerable 

mixture of sediment types (e.g. sands and gravels; 

Fig. 2). It is suggested that this mixture of 

sediments reflect the erosion of earlier, glacially 

derived deposits, which may have contributed a 
source of sediments to Carmarthen Bay and the 
crest of West Helwick. The general pattern of 

net transport agrees with both the asymmetry of 

local bedforms and the typical clockwise sand 

transport patterns around sandbanks. 
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Fig. 3. Example of sediment trends along (a) a net accretion pathway and (b) a net erosion pathway. 

Table 2. Sediment trend lines" 

Interpreted trend line No. of lines R 2 (all lines) 

Dynamic equilibrium 84 0.93 
Net accretion 47 0.89 
Net Erosion 21 0.80 
Mixed case 64 0.87 
Total deposition none - 

Port Eynon Bay Gyre 

This small group of lines originates on the 

foreshore at the west end of Port Eynon Bay. 

They trend to the east along the beach in a 

direction compatible with the zeta, or 'fish hook'  

form of the bay, after which they curve seawards 

in a clockwise gyre. Here the trends are termi- 

nated by the strong ebb-directed transport 

regime described in the Helwick Bank transport 

environment. Of the four lines making up this 

transport regime, three of them show either 

mixed case or dynamic equilibrium, and one 

shows net erosion. It appears, therefore, that the 

coast of Port Eynon Bay may easily be subject to 

erosion as a result of a lowering foreshore. 

Rhossili Bay Gyre 

The sediment environment contains a set of trend 

lines which originate on the foreshore of Rhossili 
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Fig. 4. Interpreted sediment trends across Cannarthen Bay. 

Fig. 5. Sediment transport environments. 
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Bay. Transport on the beach follows the zeta- 
form of the bay with trends to the north (assessed 
to be in response to a strong prevailing wave 
induced littoral transport), and extending clock- 
wise to the offshore. From the offshore the lines 
eventually strike to the SE past Worms Head and 
into Helwick Channel. They terminate on the 
crest of Helwick Bank. The fact that over 90% 
of these lines show mixed case or net erosion 
suggests that the amount of sediment available 
for deposition is relatively small. 

Carmarthen Bay East 

This sediment transport environment contains a 
group of trend lines radiating to the north and 
into Burry Inlet, and comprise a combination 
of dynamic equilibrium and net accretion. Burry 
Inlet itself is regarded as a sink environment for 
sands. 

Carmarthen Bay Central 

Trend lines radiate to the west, north and NE 
where they link to pathways in the vicinity of the 
Afon Taf and Afon Tywi, where Net Accretion is 
resolved. The westward trending pathways are 
resolved as dynamic equilibrium and terminate 
north of Caldey Island. 

Afon Taf-Afon Tywi 

The sparsity of samples at this location may limit 
the interpretation. The few trend lines indicate 
that net sediment transport is in a seaward 
direction from both the Taf and Twyi rivers. 

Saundersfoot Bay 

The trend paths across Saundersfoot Bay are 
comparable to those described for Port Eynon 
Bay and Rhossili Bay. The transport paths 
originate on the foreshore and trend seawards to 
form a gyre. It is noteworthy that none of the 
lines shows net accretion; rather dynamic equilib- 
rium, mixed case and net erosion dominate the 
dynamic behaviour of the sediments. It is to be 
expected that the shoreline of Saundersfoot Bay 
is susceptible to erosion. 

Carmarthen Bay West 

Trend lines radiate from the centre of this 
sediment transport environment in mainly east 
and west directions. Indirect evidence of a 'part- 
ing zone' at this point stems from the underlying 
pattern of sediment types which suggests a coars- 
ening grading away from this location. Although 
lines of net accretion are scattered throughout 

this transport environment, they are relatively 
rare compared with those showing dynamic 
equilibrium and mixed case transport (78%). 

Saint Govan's Head Gyre 

This small group of lines forms a clockwise gyre 
in the vicinity of Saint Govan's Head. They 
are based on relatively few samples, and they are 
the only set of lines showing only net accretion. 
Against this finding is the irregular form of the 
sea bed with frequent areas of bedrock. 

Limitations of STA 

Whilst sediment trend analysis is a powerful tech- 

nique in determining a probable net transport 

pathway for heterogeneous surface sediments, it 
is important to note a number of key limitations 
with the technique: 

�9 STA does not identify the transport 

mechanism(s) along any trend line; 

�9 STA does not identify the transport event(s) 
(i.e. a relict or contemporary event); 

�9 it does not quantify the rate of transport; 
�9 STA records the signature(s) of sediment 

transport which may be 'rewritten' after an 
atypical stronger transport event (i.e. a storm 
condition). 

Hence, a set of STA results may contain a variety 

of mechanisms, events and rates across the set of 

trend lines. To support the further interpretation 

of the STA results across Carmarthen Bay the 
trend lines are considered against a range of 

other independent indicators of sediment distri- 

bution and transport. Further confidence in STA 
can be gained when all lines of evidence con- 

sistently support one general hypothesis. Con- 

sideration of individual sediment transport 
environments assists this interpretation where 

different process mechanisms may be responsible 
for the net transport, e.g. beach areas where 
littoral processes prevail. 

Summary 

Primary research for the BCMA project was 
targeted on Carmarthen Bay to understand 
better the relationship between the bay and the 
wider Bristol Channel sediment regime. A major 
part of the primary research related to the 

application of STA and the acquisition of over 
1500 sediment samples. Results from the grab 
sampling provide an improved description of 
sediment coverage with a distribution that can be 
explained in relation to a tidally sorted system. 
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Fine sands are found in the inner part of the bay 

away from strong tidal flows characteristics of 

the main axis of the Bristol Channel, which is an 

area characterized by coarser sediment grades. 

The grab samples provide the basis of the 

STA and reveal a complicated arrangement of 

net transport lines across Carmarthen Bay which 

suggest a semi-closed embayment with limited 

pathways exchanging sediments with the Bristol 

Channel. The main exception is around Helwick 

Bank, a large linear sandbank feature on the 

eastern side of the bay, and a site where aggregate 

extraction is presently licensed. 

The authors wish to provide thanks to National 
Assembly for Wales, Hanson, Llanelli Sand Dredging 
and UKHO for providing data to the project. 
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Abstract: An understanding of the geomorphological evolution of the coastal and inner 
continental shelf environments, in response to natural and/or anthropogenic forcings, 
depends upon a comprehensive knowledge of the prevailing sediment dynamics. In this 
contribution, selected methods/tools that can be used to study seabed mobility/transport 
patterns, are described and these all reviewed in relation to their inherent limitations. 

The geological, morphological, hydrodynamic and sedimentary information (the environ- 
mental framework) necessary to develop a general understanding of the areas investigated 
are identified. This preliminary information prescribes the investigative tools to be utilized 
subsequently, i.e. the collection/analysis of data; these can define geomorphological and 
sedimentological indicators of sediment transport, hydrodynamic/sediment transport field 
observations and numerical simulations. 

The results derived from the various methods can be used then independently or, preferably 
in combination, to establish conceptual models of seabed sediment dynamics over the inves- 
tigated area. The coherence between the outputs of the different methods/tools controls the 
confidence level (high, medium or low) of the models. This approach is illustrated in relation 
to case studies from the southern UK inner continental shelf. 

Coastal zones are presently under intensive 

development, represent some of  the most popu- 
lar tourist and recreational destinations, and 

constitute some of  the most valuable real estate 
(GEO-3 2002). At the same time, the diverse 

usages of the coastal zones and nearshore 

areas (i.e. residential, commercial and industrial 

development, port development, pipeline place- 
ment, shipping, oil, gas and marine aggregate 

extraction, recreation, etc.) not only create con- 
flicts of interest between different stakeholders, 

but also have significant environmental effects; 

these amplified further by various natural 
hazards, such as flooding, coastal erosion and 

other morphological changes (Flather et al. 1998; 
Eurosion 2003). Thus, there is an increasing 

demand for effective management, which should 

be based (amongst other considerations) on 

improved diagnoses and predictions of the 

coastal and shallow marine seabed morpho- 

dynamics. Such processes are controlled by the 
spatial and temporal variability in alongshore 

and/or onshore-offshore sediment transport  

(Wright 1995), sedimentary interactions between 

the coast and the inner continental shelf ( <  60 m) 

exert significant controls (e.g. Poulos et al. 2000) 
on the short-, medium- and long-term morpho- 

logical evolution of these environments (e.g. De 
Vriend 1990; Cowel & Thom 1994). Therefore, 

the quantification/prediction of inner continental 

shelf seabed mobility, together with sediment 

transport pathways, are of considerable impor- 
tance to coastal engineers/scientists and the pub- 

lic institutions responsible for the management 
of the coasts and the adjacent shallow-marine 

environments. 
Sediment dynamics, i.e. the erosion, transport  

and deposition of sediments of the inner 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 127-146. 0305-8719107l$15.00 
�9 The Geological Society of London 2007. 
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Fig. 1. Location of the regional sediment transport studies along the UK South Coast. 

continental shelves, result from flow-seabed sedi- 
ment interactions, i.e. form responses to momen- 
tum exchanges between the water flows and the 
sediments (Leeder 2000). However, as such 
momentum transfer functions are neither exact 
nor coherent (e.g. Sleath 1984; Soulsby 1997), the 
estimation of sediment mobility and transport 
rates is a complex undertaking; as such, it is 
subject to considerable error margins. Therefore, 
it would be beneficial, in terms of levels of accu- 
racy and confidence in the determination of shelf 
sediment mobility and transport pathways, to 
use and compare different scientific method- 
ologies and approaches. The final output of 
such investigations, i.e. a (conceptual) model of 
seabed sediment dynamics, should be based 
upon, and supported by, the weighted integra- 
tion of the outputs of the different methods. Such 
methods could include: (a) seabed mapping, i.e. 
the mapping of the morphological elements of 
the seabed and the distribution of sediments and 
bedforms; (b) sediment transport studies, based 
upon hydrodynamic measurements (currents 
and waves) and the use of appropriate empirical 
formulae, to translate flow into sediment move- 
ment, taking into account sediment threshold; 
and (c) the construction/application of coupled 
hydrodynamic-sediment transport numerical 
models, to simulate seabed mobility and sedi- 
ment transport pathways under different 
hydrodynamic regimes and time-scales. 

The objective of the present contribution is 
to describe and review appropriate scientific 
methodologies, which can be used to provide 

seabed mobility estimations, through their appli- 
cation in three areas of the English Channel. 
These methods/tools are assessed here in terms 
of their accuracy and inherent limitations. A syn- 
thetic approach to sediment dynamics investiga- 
tions is suggested, which consists of: (a) the study 
of the environmental framework, i.e. the back- 
ground information necessary to provide an 
understanding of the basic processes of the inves- 
tigated system; and (b) the application of various 
scientific tools/methodologies to investigate 
seabed sediment mobility and transport. Due to 
these inherent limitations involved in the tools/ 
methods involved, it is important also to estab- 
lish the levels of confidence that can be attached 
to the final products of such studies. 

Case studies 

Recently, a series of seabed mobility studies have 
been carried out over the southern UK inner 
continental shelf (Fig. 1), including: (a) the area 
between Lyme Bay and St Alban's Head (Bastos 
& Collins 2002); (b) Poole and Christchurch 
Bays, to the west of the Isle of Wight (IOW) 
(Brampton et al. 1998); and (c) the area between 
the eastern coast of the lOW and Selsey Bill 
(HR Wallingford 1993). Different methods have 
been used in each of these studies, including 
geomorphological and sedimentological inves- 
tigations, hydrodynamic measurements and 
numerical simulations. Representative results 
are presented, in this contribution, together with 
conceptual models for two particular areas 
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of this region, namely the Shambles (Area A) and 
Dolphin (Area B) Banks. 

Environmental framework 

Characterization of the environmental setting 
forms the basis of sediment dynamic investiga- 
tions and, as such, should be based upon the 
collation/acquisition of background environ- 
mental information concerning the geological/ 
geomorphological setting; the seabed bathym- 
etry; the prevailing hydrodynamic regime and 
its distribution; and the thickness and bedforms 
associated with the seabed sediments. 

Solid geology and coastal geomorphology 

The characterization of the geological and geo- 
morphological setting of the area studied should 
be based upon a review of the seafloor solid 
geology and the adjacent coastal geomorpho- 
logy. The influence of solid geology on the 
patterns of sediment transport and deposition, is 
evidently greater in the absence of any significant 
sedimentary cover; this, in turn is related to 
the differential erosion potential of the seabed, 
due to the presence/exposure of different rock 
types and structures and the development of 
solid geomorphological features (bedrock ridges) 
on the seafloor (Donovan & Stride 1961; Curry 
1989; Evans 1992; Bastos et al. 2002). An assess- 
ment of the coastal geomorphology is relevant 
also at this stage of the investigation, as it pro- 
vides information on the various offshore- 
onshore interactions as well as on the coastal 
sediment reservoirs, circulation cells and 
transport patterns. 

Modern and antecedent seabed morphology 

The study of seabed morphology constitutes a 
fundamental part of any investigation into sedi- 
ment dynamics, as it can provide useful informa- 
tion on the location and extent of sedimentary 
deposits and potential areas of seabed erosion 
and deposition; in addition, accurate bathy- 
metric data are fundamental inputs to sediment 
transport numerical simulations. The value of 
such information is exemplified by the bathymet- 
ric chart shown as Figure 2, which reveals the 
physiographic elements of the seabed in Area A. 
The chart indicates the presence of substantial 
concentrations of sediments (banks), on both 
sides of the headland; this in turn, suggests par- 
ticular patterns of sediment transport and depo- 
sition. Finally, deposit dynamics can be resolved, 
through the comparison of sequential historical 

bathymetric charts and/or 'Fair Sheets' (see 
below). 

The antecedent topography can also provide 
information on regional long-term sediment 
dynamics, as it controls the configuration of the 
seabed and the coastline by: (a) providing the 
regional slope and the large scale geomorpho- 
logical elements; (b) establishing the original 
orientation with respect to prevailing hydrody- 
namic regime; and (c) the presence of Pleistocene 
ridges, valleys and interfluves, on which the 
Holocene coastal lithosomes have migrated 
and deposited (Belknap & Kraft 1981; Allen & 
Posamentier 1993 ). 

Hydrodynamic regime 

The regional hydrodynamic regime is assessed 
on the basis of existing time-series of current 
measurements (single-point and/or from bottom 
or hull-mounted acoustic doppler current 
profilers (ADCP)), wave rose diagrams, water 
level recordings and numerical model outputs 
(Fig. 3). Existing field data are essential also for 
the calibration/validation of numerical simula- 
tions; likewise, when designing subsequent field 
programmes of hydrodynamic observations. 

Sediments 

Characterization of the nature, distribution and 
thickness of the seabed sediments is necessary 
for the definition of the sedimentary facies dis- 
tribution (Fig. 4); this, combined with a morpho- 
logical chart, may provide crucial information 
on sediment transport pathways. In addition, 
the distributions of the sediment grain size para- 
meters can be used in grain size trend analysis 
(GSTA) (see below), to form an essential input 
parameter for sediment dynamics numerical 
simulations. 

Tools 

The application of different research tools, inde- 
pendently or in combination (Table 1), in seabed 
mobility and sediment transport investigations 
has, as a main objective, the improvement of the 
levels of accuracy and confidence in the results. 
Each of the tools can provide 'independent' indi- 
cators of seabed sediment mobility and transport 
pathways, the coherence of which defines the 
levels of confidence in the results. 

Geomorphological indicators 

The integration of sediment erosion, transport 
and deposition processes shapes the seabed 
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Fig. 2. Bathymetric map from the inner continental shelf around the Isle of Portland (Dorset). Contours are in 
metres below Chart Datum (after Bastos et al. 2002). 

Fig. 3. Depth-averaged residual currents abstracted from the hydrodynamic model TELEMAC-2D, for the inner 
continental shelf around the Isle of Portland (after Bastos et al. 2003). It must be noted that hydrodynamic 
simulations require calibration/validation with field observations. 
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Fig. 4. Simplified surficial sediment distribution in the Eastern Approaches to the Solent (after Velegrakis, 2000). 

Table 1. Investigative tools used in each of the (case) 
study areas (for location, see Fig. 1) 

Investigative tools Area a Area b Area c 

Geomorphological indicators ,/ 4 4 
Sedimentological indicators 4 4 
Field observation 4 4 4 
Potential seabed mobility ,/ ,/ 
Sand transport rates 4 4 

morphology, whereas the temporal variability 
of these processes controls the seabed mor- 
phodynamics. Assuming that the seabed is in 
equilibrium with the prevailing hydrodynamic 
conditions, i.e. its sediments are being reworked 
by current and wave activity, it can be suggested 
that the seabed morphology and its changes 
reflect sediment transport patterns at different 
time-scales. Within this context, mobile surficial 
sedimentary structures (bedforms) can be 

considered also as significant geomorphological 
indicators (proxies) of seabed mobility and 
sediment transport pathways. 

Seabed morphological evolution. The morpho- 
logical evolution of the seabed can be inves- 
tigated through the comparison of historical 
bathymetric charts and/or of time-series of recent 
bathymetric surveys. This comparison can 
provide information on deposit dynamics, 
at medium- and short-time scales, respectively. 
The technique of 'chart-differencing', to assess 
sequential bathymetric changes, has been used 
widely (Bowyer 1992; Brampton et al. 1998; 
Chamillon et al. 2002; Kapsimalis et al. 2005). 
This technique is based upon the comparison of 
sequences of historical bathymetric charts or, if 
available, of "Fair Sheets" which record the 
original depth measurements. The younger chart 
(or 'Fair sheet') is superimposed onto the older 
chart, and the depth difference at each point is 
recorded. However, in most cases the two data 
sets are transformed into regular grids of water 
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depths, the nodes of which have common geo- 
graphical coordinates. The depths at each node 
are then compared with positive and negative 
residuals showing areas of net accretion and 
erosion, respectively. The resulting accretion- 
erosion patterns can be used subsequently as 
indicators of sediment transport patterns. 

Nonetheless there are limitations of this 
technique concerning (Velegrakis 1994): (a) the 
actual accuracy o f  each individual data set, par- 
ticularly those obtained in the distant past; (b) 
the utilization of different navigation/sounding 
systems within the various surveys, which results 
in comparisons between data sets with different 
errors; and (c) the different resolution of the 
charts-fair sheets, i.e. different spacings between 
the individual depth measurements. In addition, 

consideration should be given to errors arising 
from the usual practice of comparing inter- 
polated depths at the constructed grid nodes, 
not actual depth measurements. The magnitude 
of these errors depends up on the density of the 
original measurements (Davis 1986), as well as 
the gridding method used (Bowyer 1992; Mat Zin 
et al. 1994). Finally, care should be taken when 
studying steeply sloping seabeds (e.g. bank 
flanks), where small navigational errors can 
result in the indication of large rates of accretion/ 
deposition. 

Bedforms.  Over the inner continental shelf, two 
main types of structures develop on a sediment 
bed under the influence of water flows: flow 
parallel (e.g. sand ribbons) and flow transverse 
(e.g. sandwaves) bedforms (Belderson et al. 

1982). Sand ribbons are longitudinal bedforms 
developing parallel to the flow (McLean 1981; 
Dalrymple et al. 1992), consisting of straight or 
slightly sinuous, elongate patches of sand; these 
rest upon a substrate of coarser sediments, or 
bedrock. Flow transverse bedforms are repeti- 
tive, dune-like shaped structures, which have 
their crests aligned perpendicular to the pre- 
vailing flow; they are characterized generally by 
a gently sloping upstream (stoss) flank and a 
steeply sloping downstream (lee) flank (Allen 
1980; Amos & King 1984). The presence and 

morphological characteristics of bedforms can be 
used as proxies of seabed mobility and sediment 
transport pathways, respectively. Time-series of 
bathymetric/side scan sonar surveys can provide 

useful indications on short- to medium-term 
morphological changes, particularly in terms of 
bedform migration. 

The asymmetry of flow-transverse (e.g. 
sandwaves) and the orientation of flow-parallel 
bedforms have been used extensively in the 

determination of sediment transport patterns 
on tidally-dominated continental shelves (e.g. 
Kenyon & Stride 1970; Johnson et al. 1982; 
Lanckneus & De Moor 1995). The use of flow- 
transverse bedforms, as indicators of sediment 
transport directions is based upon their cross- 
sectional asymmetry; the steeper side indicates 
the direction of transport and bedform migra- 
tion. Nonetheless, some caution should be 
applied to the interpretation of such data sets. 

As the cross-sectional asymmetry of the 
flow-transverse bedforms is hydrodynamically- 
controlled and shallow-marine environments are 
subjected to unsteady flows (i.e. tidal currents, 
wind and wave induced currents, waves), it can 
be temporally variable (e.g. Allen 1980; Bern6 
et al. 1988, 1993; Harris 1991). Tidal flows, in 

particular, are characterized by significant 
temporal variability, in terms of their speed and 
direction, e.g. ebb-flood, spring-neap and longer 
period cycles. Thus, the cross-sectional asym- 
metry of tidally-controlled bedforms may be a 
function of the tidal stage during which the 
observations are obtained (Hawkins & Sebbage 
1972; Harris & Collins 1984; Terwindt & 
Brouwer 1986; Bastos et al. 2004). This is espe- 
cially true in the case of the smaller bedforms 
(e.g. the small and medium subaqueous dunes, 
see Ashley et al. 1990), which require smaller 
quantities of sediment to be transported across 
their crest by the reversing tidal flow in order 

to reverse their asymmetry. As such, their asym- 
metry should be used with particular care as 
an indicator of residual (net) tidal sediment 
transport. 

The geometry of the large and very large 
dunes (with heights >1 m and wavelengths 
> 10 m, Ashley et al. 1990) is more resilient than 
that of the smaller bedforms, as their cross- 
sectional asymmetry is less sensitive to ebb-flood 
and spring-neap flow modulations. However, 
if strong wind- and wave-induced currents are 
superimposed upon the tidal flow, then the 
morphology of these bedforms can also change 
significantly (Langhorne 1982; Harris 1991). It 
must be noted that highly energetic events are 
likely to be associated with large sediment fluxes 
(Vincent et al. 1998), which may define the 
regional residual (net) sediment transport. Thus, 
the direction of the net transport depends not 
only on local tidal flow asymmetries, but also on 
the resultant vector of the combined flows. 

Particular considerations to be taken into 
account when using the cross-sectional asym- 
metry of flow-transverse bedforms as proxies of 
sediment transport directions are (Lanckneus 
et al. 2001): (a) the bedforms should be active, i.e. 
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their asymmetry should be defined by the prevail- 
ing hydrodynamic conditions; (b) the bedform 
asymmetry should represent long-term equilib- 
rium, i.e. it should not reverse during a tidal 
cycle; and (c) the lee flank of the bedform (i.e. the 
steep slope) should be a depositional surface. 
In general, only the cross-sectional asymmetry of 
active large and very large subaqueous dunes 
(sandwaves) should be considered as an indicator 
of net (at least, tidally-induced) sediment trans- 
port directions. Nevertheless, the presence of 
small and medium dunes, which are often found 
superimposed upon the larger bedforms, pro- 
vides an indication of seabed mobility and 
reveals short-term sediment transport. This 
approach, incorporating the interpretation of 
flow-parallel and flow-transverse bedforms over 
Area B, is summarized below. 

In Area B, various bedforms have been obser- 
ved (Velegrakis 1994): flow-transverse gravel 
waves, sand megaripples and sand waves (i.e. 
small, medium and large subaqueous dunes, 
according to Ashley et al. 1990), together with 
flow-parallel sand ribbons (Fig. 5). Cross-over 
point observations (i.e. side-scan sonar observa- 
tions of the seabed obtained over the same area, 
at different tidal stages) have shown significant 
temporal variations in the cross-sectional asym- 
metry of the flow-transverse bedforms in most 
cases, particularly over the Dolphin Bank 
(Brampton et al. 1998). Moreover, the changes 
in the cross-sectional asymmetry of the sand 

megaripples/small sandwaves of the Dolphin 
Bank have been shown to be complex, as the 
bedforms do not simply reverse their cross sec- 
tional profile through the creation of 'ebb caps' 
(Boersma & Terwindt 1981) and/or by adopting 
'cat back' forms (Smith 1969). Instead, they 
appear to change the orientation of their crests 
mostly by rotation (see below). These results 
show that bedform cross-sectional asymmetry 
should not always be considered as a reliable 
indicator of sediment transport directions, par- 
ticularly over dynamic areas of the seabed. 

Sedimento logical  ind ica tors - -gra in  size 

trend analysis  

Seabed mobility studies have used a variety of 
indicators to assess sediment mobility and trans- 
port pathways. In addition to natural (Gao & 
Collins 1995) and artificial (Collins et al. 1995; 
Komar 1998; Voulgaris et al. 1999) tracers, 
grain-size distributions of seabed sediments can 
themselves provide useful information on sedi- 
ment transport processes (e.g. Flemming 1977; 
Nordstrom 1989). 

The presence of particular spatial relation- 
ships (trends) between the mean size, sorting 
and skewness of seabed sediments can be used to 
infer sediment transport directions and patterns. 
McLaren & Bowles (1985) developed a one- 
dimensional statistical technique (grain-size 
trend analysis), to define net sediment transport 
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along a particular sampling line. Gao & Collins 
(1992) refined and extended the technique to a 
two-dimensional procedure. The basic concept of 
the technique is that sediment size distributions 
are likely to show some ordered spatial patterns, 
in response to energy inputs and related sediment 
transport. The technique has been used in several 
coastal and inner shelf environments, with 
varying success (e.g. Masselink 1992; Gao et  al. 

1994; Pedreros et  al. 1996; Van Wesenbeeck & 
Lanckneus 2000). 

The limitations associated with the grain-size 
trend analysis are due mainly to: (i) the nature of 
the sampled sedimentary environments; and (ii) 
the nature of the data sets. The determination 
of sediment transport pathways, on the basis of 
grain size parameters (separately, or in combina- 
tion) can be a complex exercise, as sediment 
transport can also be influenced by processes 
which may be independent of the transport 
mechanisms themselves. One basic requirement 
of the grain-size trend analysis is that its applica- 
tion should not extend beyond the boundaries 
of a particular sedimentary environment (Gao 
& Collins 1992). A sedimentary environment is 
characterized by (at least) one major process 
response mechanism, but in most cases there are 
several mechanisms acting either independently 
in different parts of the system or sequentially 
within the same area (Reineck & Singh 1973). 

For example, abrasion along a transport 
pathway may affect both the mean size (Pettijohn 
et  al. 1972) and the sorting of the sediments, 
depending on the mineralogy of the original 
deposit (Velegrakis 1994). Selective transport, 
caused by differences in particle density and 
shape, may also result in modification of the 
statistical parameters of the sediment grain-size 
distribution (Komar 1977), whereas mixing of 
sediments from different sources (Self 1977; 
McManus et  al. 1980) may also change signifi- 
cantly the grain-size characteristics (Flemming 
1988). Therefore, the grain-size trend analysis 
tends to produce the best results in areas with 
sediments consisting of unimodal and texturally 
'mature' sediments (Folk 1980) of sufficient 
thickness, as polymodal distributions not only 
suggest different modes of transport and/or 
mixing of sediments, but impose serious limita- 
tions upon the accurate definition of the grain 
size parameters themselves. Sediments of low tex- 
tural 'maturity' may show unpredictable changes 
in the grain-size parameters during the course 
of transport, in response to abrasion; they may 
introduce uncertainties concerning their hydrau- 
lic behaviour if mechanical sieving is used in their 
grain-size analysis (Flemming 1977). Finally, 
thin deposits may be subject to 'contamination', 

by sediments produced by the erosion of the 
underlying bedrock (Curry 1989). 

An implicit requirement of the analytical pro- 
cedure proposed by Gao & Collins (1992) is that 
the sampling sites should form a regular grid. 
In this case, the comparisons suggested in the 
technique do not introduce a bias in the residual 
trends, as the grain-size parameters of each sam- 
piing site are compared with the parameters of 
the same number of neighbouring sites; likewise, 
the resultant vectors of all the sites have the same 
statistical weight. In contrast, if the sampling 
sites do not form a regular grid, then a bias in 
terms of the length and direction of the resultant 
vectors might be introduced. In practice, very 
few data sets comply with this requirement as, in 
most cases, the sampling sites form irregular 
grids; this is either because they are so designed 
or due to sampling survey practicalities. 

The Gao & Collins (1992) technique produces 
its best results when all the above limitations 
have been minimized. As a first step, sedimentary 
environments fulfilling the basic requirements of 
the method are identified and the spatial distribu- 
tion of the sampling sites in these environments is 
considered. In order to avoid problems arising 
from comparing samples collected on the basis 
of an irregular grid, to increase the spatial resolu- 
tion of the method, transformation of the data 
sets can be performed. The theoretical basis of 
this transformation lies in the principle that, in 
any sedimentary environment where the basic 
requirements of the trend analysis are fulfilled, 
the grain size parameters of the surficial sedi- 
ments can be considered as regionalised (i.e. 
spatially continuous) variables (Davis 1986). In 
this case, it is possible to estimate the value of 
these variables, at any location of the sedimen- 
tary environment, by interpolation. Thus, the 
grain-size parameters derived from the analysis 
of the sediment samples can be transformed 
to form regular grids, within the area under 
investigation. 

In summary, the trend analysis can provide 
its best results when it is applied to unimodal, 
texturally 'mature' deposits of sufficient thick- 
ness, which are subject to a singular principal 
mode of transport. If mechanical sieving is used 
in the grain size analysis, there are additional 
requirements concerning sediment origin (miner- 
alogy) and mean grain size. Examples of the 
trend analysis application in two different areas, 
in terms of the technique's requirements (Areas B 
and C), are presented below. 

In Area C (Fig. 6a), the grain-size trend 
analysis was applied over an area of the seabed 
characterized by a variety of seabed sediments 
(see Fig. 4), which can hardly be considered as 
a singular sedimentary environment. Although 
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Fig. 6. Sediment transport pathways derived on the basis of grain size trend analysis, (a) over the East Solent 
(after Paphitis et al. 2000); and (b) over the Dolphin Bank, Christchurch Bay (after Velegrakis, 1994). 

these results appear to be in broad agreement 
with those obtained from different methods/tools 
(Paphitis e t  al. 2000; Sharples 2000; Teles 2003) 

they should be, nevertheless, viewed with caution 
as this basic requirement of the technique is not 
fulfilled. In comparison, the application of the 

trend analysis over the Dolphin Bank area (Area 
B) fulfils all the requirements of the technique. 

The surficial sediments of the bank consist of 
medium to fine grained (mean size 1.4-2.45(0), 

moderately well to very well sorted (0.65-0.26q~) 
quartz sands, with both "opaque" minerals and 
biogenic material (shell debris) constituting less 
than 5% of the sediments (Velegrakis 1994). The 

results show intriguing patterns of trend vectors 
(Fig. 6b), suggesting divergence of sediment 

transport in the middle section of the bank. 

Independently of whether or not the trend 
analysis is applied, any seabed mobility study 
should be based upon an accurate sediment dis- 
tribution map. Thus, it is crucial to have a good 
sampling plan and consider the hydrodynamic 
conditions during and/or before the sampling, as 
these may influence the results. 

Hydrodynamic and sediment transport field 

observations 

Field hydrodynamic (Eulerian) observations, 
incorporating data from wave and near-bed flow 
sensors, can be used to characterize the hydrody- 
namic regime at specific locations of the investi- 
gated area. These observations can be coupled 
with concurrent observations of seabed mobility 
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and/or water column turbidity, to provide infor- 
mation on the ability of the water flow to mobi- 
lize and/or suspend the seabed sediments, i.e. on 
the momentum transfer function between the 
flow and the seabed sediments. 

The observations can be either of low- 
frequency (i.e. less than 2 Hz, two measurements 
per second) or of high-frequency (higher than 
3-4 Hz, 3-4 observations per sec). The benefit of 
using high-frequency sensors is that they allow 
analysis of particular flow characteristics (i.e. of 
the turbulent flow fluctuations). These can be 
then utilized to estimate bed shear stresses, using 
either the Reynolds stresses (e.g. Heathershaw 
1988) and/or the inertia dissipation method 
(Huntley 1988). Limitations are related to the 
relatively short time-series they produce. In con- 
trast, low-frequency flow measurements cannot 
resolve turbulence. Therefore, they provide less 
rigorous assessments of the bed shear stress using 
the logarithmic velocity profile method (if mul- 
tiple height flow measurements are obtained) 
(Soulsby 1997) and/or the quadratic friction law 
(Sternberg 1972). However, they can be extensive 
in terms of time-series length. 

Observations of seabed mobility/sediment 
resuspension can be carried out using various 
methods, such as sediment traps (Carling 1983), 
underwater cameras (Hammond et al. 1984), 
optical backscatter (Lecouturier et  al. 2000; 
Paphitis & Collins 2005) and acoustic back- 
scatter (Vincent et al. 1998) sensors, as well as 
the acoustic detection of sediment movement 

(Williams et  al. 1989; Voulgaris et  al. 1995). Such 
observations have been used extensively to assess 
seabed mobility and sediment resuspension, 
under various hydrodynamic forcings. In terms 
of establishing sediment transport rates and 
pathways, observation-derived bed shear stress 
time-series can be used, in conjunction with 
transport rate empirical formulae, to estimate 
sediment transport rates/directions at a particu- 
lar location (Fig. 7). In tidal areas, averaging 
such transport rate time-series over an appropri- 
ate period (preferably over two complete neap/ 
spring cycles, i.e. 29 days), can provide informa- 
tion on net (tidal) sediment transport directions. 
However, in wave-dominated or mixed-energy 
environments, superimposed wave effects should 
also be considered (Pattiarachi & Collins 1985; 
Vincent et  al. 1998). 

It must be noted that, although modern 
instrumentation is capable of measuring waves, 
currents and turbidity with an appropriate 
resolution/accuracy, the estimation of sediment 
transport rates is based upon theoretical models, 
algorithms and empirical formulae (Soulsby 
1997). Consequently, the results may vary signifi- 
cantly depending on the particular method used 
(Heathershaw 1981; Dyer & Soulsby 1988; Van 
Rijn 1993). Moreover even though reasonable 
results can be obtained in terms of seabed 
mobility/sediment transport directions, esti- 
mated transport rates may vary within orders of 
magnitude. Indeed, it is an achievement to derive 
different predictions that lie within an order of 
magnitude. 
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Numer ica l  s imulat ions 

Numerical sediment transport models are useful 
tools in sediment transport studies, particularly 
when a synoptic picture of potential seabed 
mobility and sediment transport patterns is 
required, over large areas of the inner continental 
shelf. Such models can be used to investigate 
patterns of sediment movement, under different 
sets of prevailing hydrodynamic conditions. 
It must be emphasized that in order to obtain 
successful predictions from such models, they 
must be calibrated/validated sufficiently by field 
data. 

Seabed mobility and resuspension potentials. The 
assessment of the ability of the prevailing hydro- 
dynamic conditions to mobilize and/or suspend 
the seabed sediments (i.e. seabed mobility and 
resuspension potentials), is of paramount impor- 
tance in sediment dynamic investigations. These 
potentials can be assessed in terms of the percent- 
age of time (at different temporal scales) during 
which the prevailing currents and waves are 
capable of mobilizing and suspending the seabed 
sediments within the investigated area. Thus, 
the bed shear stresses, estimated on the basis 
of a coupled hydrodynamic/sediment transport 
model can be compared with the stresses required 
to mobilize and/or suspend the seabed sediments 
(i.e. the threshold values for sediment movement 
and resuspension, respectively), at each cell of 
the model grid and at each time step; integration 
of the results provides the seabed mobility/ 
resuspension potentials as percentages of time 
over a selected temporal scale (Fig. 8). Although 
these studies do not provide information on 
sediment transport patterns, they are extremely 
useful to investigate the combined effects of 
waves and currents (Velegrakis et al. 1999), as 
well as human interference effects on the seabed, 
such as sediment (aggregate) extraction (e.g. HR 
Wallingford 1993; Brampton et al. 1998). 

Sediment transport rates and patterns. Sediment 
transport models can be used also to predict 
instantaneous and/or temporally integrated 
(net) transport rates and directions; they reveal 
patterns of sediment movement, at different 
time-scales and under various hydrodynamic 
conditions. Such models can provide assessments 
on the influence of superimposed wave activity 
on the background flow (Pattiaratchi & Collins 
1987), indicating the presence of convergence 
and/or divergence of sediment movement 
(Fig. 9). Although numerical simulations of sedi- 
ment transport rates and patterns have been used 
widely (e.g. Grochowski et al. 1993; Amos et al. 

1995; Bastos et al. 2003), their application should 
always be carried out carefully; in particular, 
they require rigorous validation by field observa- 
tions using, amongst other approaches, sediment 
traps, tracer dispersion and bedform migration 
studies. 

The main problems in modelling sediment 
transport rates/patterns are related to: (a) the 
modelling of the bed shear stresses, in the case of 
combined flows (Soulsby 1997); (b) uncertainties 
involved in the translation of 'excess' bed shear 
stresses, i.e. the shear stresses above the critical 
values for sediment movement, into sediment 
transport rates (Williams et al. 1989; Huntley 
& Bowen 1990; Madsen 1993); (c) the effects of 
seabed morphology on both the threshold of 
motion (Evans & Hardisty 1989) and the sedi- 
ment movement after the initiation of motion; 
and (d) uncertainties on seabed sediment charac- 
teristics and their associated roughness (Komar 
& Li 1986; Van Rijn 1993). Therefore, although 
numerical models can simulate flows quite 
efficiently, estimated transport rates may vary 
by orders of magnitude depending upon the 
algorithm used (Soulsby 1997). 

'Levels of confidence' in conceptual seabed 

mobility models 

In the previous Sections, the various tools/ 
methods that can be used in the study of sediment 
transport patterns and pathways, in inner conti- 
nental shelf environments, have been reviewed. 
Each of the methods described has shown to 
be associated with inherent limitations; and 
should be used with caution. Nevertheless, com- 
parison and integration of the outputs from 
different methods can not only evaluate the pre- 
cision of each of the methods, but also establish 
the levels of confidence in the final seabed mobil- 
ity and sediment transport outputs (conceptual 
models). This approach is described here, using 
two examples: (a) the Shambles Bank (Area A); 
and (b) the Dolphin Bank (Area B). 

The Shambles  B a n k  

Sediment transport over the Shambles Bank 
(Fig. 1) has been investigated using different 
methods/tools including: (i) bedform asymmetry, 
obtained from bathymetric and side-scan sonar 
surveys; (ii) hydrodynamic (ADCP) field mea- 
surements; and (iii) a 2D coupled hydrodynamic 
sediment transport model. Although the model- 
derived sediment transport rates varied by 
___ 50%, depending up on the algorithm used, the 
results from the different methods have revealed 
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Fig. 9. Predicted net bedload transport rates (kg/m/s), under currents alone, over Area A (for location, see Fig. 1). 
This simulation was undertaken using hydrodynamic (the TELEMAC 2D) and sediment transport models 
(SEDTRANS). 

similar sediment transport patterns over the 
bank, indicating sediment transport convergence 
towards its crest (Fig. 10a). Comparison of the 
bedload transport rates derived from the numeri- 
cal model with hydrodynamic data has shown 
that this convergence zone is associated with a 
gradual (tidal) flow/sediment transport decrease 
towards the bank's crest; this suggests sediment 
deposition there. However, it must be noted 
that these results refer to the background (tidal) 
energy, i.e. do not consider wave-induced effects, 
which are likely to control the vertical growth 
of banks (Pattiarachi & Collins 1987; Houthuys 
et al. 1994; Dyer & Hufitley 1999). The net 
sediment transport directions, inferred from the 
different methods, show relatively small discrep- 
ancies (differences of about 20~ This suggests, in 
turn, significant coherence between the outputs. 
In this comparison, only the asymmetries of 
the very large asymmetric subaqueous dunes 
(sandwaves) (with heights and wavelengths more 
than 5 and 100 m, respectively) have been consi- 
dered, as indicators of net sediment transport 
directions. The smaller bedforms have been 
found to reverse their asymmetry, during the 
tidal cycle (Bastos et al. 2004). The integration 
of the results from the different methods show 
that a conceptual model (Fig. 10b) of sediment 
transport pathways around the Shambles Bank 

Fig. 8. Results of the simulation of potential seabed 
mobility and resuspension over Area A (for location, 
see Fig. 1): potential mobility (a) and resuspension (b), 
under currents alone; and (c) and (d) the same 
variables, under the combined action of currents and 
waves, respectively. 

(Bastos & Collins 2002; Bastos et al. 2003) can be 

proposed with a high level of confidence, i.e. 
minimal contradiction between the outputs of 

the various approaches. 

The  Do lph in  B a n k  

Transport patterns over the Dolphin Bank 
(Fig. 1) have been studied, using: (i) geological/ 
sedimentological indicators, i.e. sediment distri- 

bution/thickness and grain-size trend analysis; 
(ii) bedform distribution and asymmetry; and 

(iii) sediment transport rates, derived on the 
basis of Eulerian current meter measurements 
and empirical sediment transport formulae. 
Seismic investigations undertaken over the area 
(Velegrakis 1994) have shown that the bank 
(Fig. 1 l a) forms one of the main sand stores 

in Poole and Christchurch Bays. The seabed 
to the north and south of the bank is covered 
by a mostly thin modern sedimentary cover 
(Brampton et al. 1998). To the ENE of the bank 
there is a large gravel/sandy gravel deposit 

(the Shingles Bank). The geophysical data have 
also shown that the Dolphin Bank sediments 

(max. thickness of 8 m) rest unconformably 

either on an undulating bedrock erosional sur- 
face or, in the case of the eastern extremity of 

the bank, on older coarser sediments. The sand 
deposit is non-uniform in thickness, forming two 
local 'depocentres', separated by a local thinning 
of the deposit situated within the middle section 

of the bank. In this area, the bedrock erosional 
surface is at a much higher elevation than that of 
the adjacent areas (Velegrakis 1994). 
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Fig. 11. (a) Integrated analysis of sediment transport pathways over the Dolphin Bank and (b) conceptual model 
of sediment transport pathways, showing the different levels of confidence. For location, see Fig. 6. 

Fig. 10. (a) Integrated analysis of sediment transport 
pathways over the Shambles Bank; and (b) conceptual 
model of sediment transport pathways, showing a high 
confidence level based upon three different scientific 
methods. 

The divergence of the grain size trend vectors, 

over the middle section of the sandbank (Figs 6 

and 1 la), suggests that material from this area 

moves towards both the east and the west. The 

general direction of the trend vectors suggests 
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that the bank is supplied mainly from the south 
and that there is no (net) sand transport from 
both flanks towards the crest; however, this 
does not mean that such sand movements do not 
occur; the averaging procedure used to obtain the 
resultant vectors may have filtered out all the 

minor trends. The architecture of the deposit 
appears to corroborate the output of the trend 
analysis, as thinning of the deposit over the 
middle section of the bank coincides with the 
area where the trend analysis shows divergence in 

the trend vectors. The evidence obtained from 
the bedform distribution and dynamics suggests 
high seabed mobility, but it is inconclusive in 
terms of sediment transport directions. Never- 
theless, it must be noted, that, even if the bedform 

asymmetry were more consistent indicator, it is 
unlikely to be comparable directly to the trend 
analysis results (see also Van Wesenbeeck & 

Lanckneus 2000). This association is because 
bedform asymmetry is related mostly to tidal 

flow/sediment interactions, whereas grain size 

trends are likely to integrate also wave effects. 
The near-bed (at 1 m above the bed) hydrody- 

namic data (Figs 7 and 11 a) have shown there to 

be strong flood currents (of up to 110 cm s -1, on 
springs) and weaker (of up to 90 cm s -~, on neaps) 

temporally variable in terms of the direction of 

the ebb currents. This ebb current variability 
may explain the complex changes in the cross- 

sectional asymmetry of the bedforms over this 

area. Finally, sediment transport estimations 
established on the basis of the near-bed hydrody- 

namic data have shown that, at least over the 

area of the observations, there is a substantial 
sand transport towards the east. 

Comparison between the results from all of 

the methods/tools used shows only partial agree- 

ment. Although the deposit architecture and 
the grain-size trend analysis suggest bedload 

divergence over the middle section of the Bank 
(Fig. 11 a), the evidence provided by the bedform 
asymmetry is inconclusive. Moreover, hydrody- 
namic data have been collected at only one 

location. Thus, although these data suggest sedi- 

ment transport towards the east, at this location 
(which is more or less compatible with the results 

of the trend analysis: a difference of about 45~ 
they cannot corroborate by themselves the 
results from the other methods, particularly 

as they do not represent wave conditions 
(Velegrakis et al. 2000). Therefore, the sediment 
transport conceptual model proposed for the 

Dolphin Bank (Fig. 11 b) should be characterized 

as being of low~medium confidence, i.e. showing 
some disagreement between the various outputs. 

Discussion 

Following the review of the principles/limitations 
of the different methods/tools that can be used 
in sediment transport studies, together with the 
assignment of confidence levels on integrated/ 
synthetic approaches, there are still two impor- 
tant issues to be discussed: (1) how and at what 
cost the confidence levels can be improved; and 
(2) at which temporal scales can results from the 
inevitably short-term observations/simulations 
be relied upon. 

The answer to the first question posed is not 
straightforward, as it will be always dependent 
upon the research objectives, the funds available 
and the type of sedimentary environment being 
investigated. The experience gained from the 

southern UK inner continental shelf suggests 
that various sets of observations are essential 
to obtain a high level of confidence in the final 
models. However, marine research is subjected 
usually to time and financial restrictions; as 
such, it is only under ideal circumstances that a 
systematic and integrated approach can be 
completed in its entirety. Therefore, it must be 
decided beforehand which level of confidence 
within the final result is acceptable for each par- 
ticular application. This decision will define the 
kind and spatial temporal resolution of the field 
observations, as well as the type of numerical 
simulations to be used. 

Confidence levels improve on the basis of the 
spatial resolution of the field observations. Such 
spatial resolution should reflect the processes 
acting, not only at the scale of the sedimentary 
environment, but also at spatial scales repre- 
sentative of its different (hydrographical/ 
sedimentological) elements. For example, the 
hydrodynamic/sediment transport observations 
carried out in Area B (Fig. 7) show large diversity 
in their concluding outputs; this reflects their 
different physiographic/sedimentary elements 
(ebb-tidal deltas, offshore banks etc). Observa- 
tions of lower spatial resolution would have been 
inadequate for the purpose representing the 
processes acting and of the calibration/validation 
of any numerical simulations. At the same time, 
it should be kept in mind that very detailed 
information might reveal only minor trends of 
the system and obscure the larger picture. 

The length and temporal resolution of the 
field data sets are very significant parameters in 
the characterization of sedimentary environment 
processes that act at different time-scales. For 
example, in order to identify changes in bedform 
morphology, sequential bathymetric surveys are 
required; the period of these is dependent upon 
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the bedform scale. Thus, repeated surveys under- 
taken during an ebb-flood tidal cycle will reveal 
only the dynamics of small bedforms (e.g. Bastos 
et al. 2004), whereas the study of the dynamics 
of large bedforms requires surveys of longer 
period (Lanckneus & De Moor  1995). Moreover, 
as sediment mobility and transport on the inner 
continental shelf is forced by various unsteady 
flows, the length/resolution of hydrodynamic/ 
sediment transport field data should be sufficient 
to provide information on all the important  
forcings of the system (together with their vari- 
ability). It should be kept in mind that, although 
the 'background'  hydrodynamic energy of a 
sedimentary environment is very important,  it is 
often the extreme events that produce large 
sediment energy fluxes (Vincent et al. 1998); 
these, in turn, can induce large morphological 
and sedimentological changes (Duke et al. 1991; 
Dalrymple et al. 1992). 

Numerical simulations are powerful tools in 
sediment transport studies, as they can provide 
synoptic views at different time-scales. However, 
as the results are influenced by uncertainties, 
particularly in their sediment transport modules 
(see p. 16), their range increases with the time 
of simulation. Therefore, in the absence of data 
assimilation correction procedures, long-term 
predictions should be considered with caution. 
Moreover, the diagnostic/predictive ability of 
seabed mobility sediment transport models is 
highly dependent upon the quality of the data 
used for their set-up, calibration and validation. 
Thus, temptations to carry out simulations 
supported by the minimum amount  of field data 
should be resisted. 

Finally, it should be mentioned that the sedi- 
mentary processes of the inner continental shelf 
are controlled also by the sediment supply from 
the adjacent land drainage basins. Thus, natural 
precipitation/river discharge changes (Tsimplis 
et al. 2004) and/or anthropogenic changes in 
sediment supply (Poulos & Collins 2002) from 
the surrounding drainage basin areas might result 
in significant sedimentary and morphological 
changes on the inner continental shelf. 

Conclusions 

The planning and implementation of sediment 
dynamics investigations in shallow marine 
environments, present a substantial challenge. 
This contribution has reviewed the principles/ 
limitations of  different methods/tools that can be 
used to study sediment mobility and sediment 
transport; similarly, it has presented an approach 
based upon the integration of results from 
different methods/tools that can evaluate the 

individual results. Such integration can increase 
the level of confidence in the final conceptual 

model. 
Different investigations (case studies) carried 

out in the southern UK inner continental shelf 
have been used to exemplify the proposed app- 
roach. Conceptual models of sediment dynamics 
have been presented for some of these areas, 
related to different levels of confidence. These 

confidence levels have been established on the 
basis of a comparison of the results from differ- 

ent methods. High confidence sediment transport 
patterns represent agreement between the results 
from all the methods used. When the results of 
(at least) two of the methods used are in agree- 

ment, the final model can be characterised as 
a medium confidence model. Finally, low con- 
fidence implies the absence of any coherence 

between the results. 
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Abstract: The Proudman Oceanographic Laboratory Coastal Ocean Modelling System 
(POLCOMS) has been developed to tackle multidisciplinary studies in coastal/shelf environ- 
ments. The central core is a sophisticated three-dimensional hydrodynamic model that 
provides realistic flow fields to interact with, and transport environmental parameters. 
The model uses realistic forcing with ocean currents and hydrography at the boundary, 
atmospheric forcing and tides. 

Suspended particulate matter (SPM) is transported within the water, like any other scalar in 
the model; it is advected using a high-order scheme and mixed vertically using diffusion 
coefficients from a second moment turbulence closure. In addition, the SPM transport is 
influenced by a number of processes unique to this problem, such as: the transfer between the 
lowest level of the model and the bed layer in which the resuspension and deposition takes 
place is dependent on the erosion rate, the particle settling velocity and the critical stresses 
for erosion and deposition. The particular application described in this paper is an annual 
simulation for the NW European shelf for a single sediment class. 

The simulation shows the expected seasonal variation in spatial patterns and a clear tidal 
signal in the SPM resuspension. Also evident is a fortnightly/monthly variability due to the 
spring-neaps and the M2-N2 cycles. There are also quarter-diurnal and semi-diurnal cycles in 
SPM, due to tidal resuspension and advection respectively. The above tidal suspension 
behaviour, as well as, the net transport direction are in agreement with historical observations 
of SPM. 

The processes that redistribute suspended par- 
ticulate matter (SPM) on continental shelves 
are important for several relevant economical, 
political, societal and climatic problems. These 
include: primary production, upper and benthic 
layer ecology, biogeochemical cycling, carbon 
fluxes, optical property variability, pollutant 

resuspension and transport, and water quality 

in general (e.g. Eisma 1990; Tett et al. 1993). As a 

result attention has been focused over the last 

decade on developing models of SPM dynamics 
that can be integrated with ecological models 
(Huthnance et al. 1993). This is presently the 
main application of the SPM model within the 

Proudman Oceanographic Laboratory Coastal 
Ocean Modelling System (POLCOMS). 

The shelf seas are highly dynamic and com- 
plex, which results in variability on short as well 
as longer time and space scales. For example, 
water-column thermal structure and stratifica- 

tion are often controlled to first order by the 
competition of the stratifying influence of solar 
radiation and mixing caused by winds and 
tides (e.g. Simpson & Bowers 1981) which might 
drive jet-like currents. Near river outflows drive 
large-scale buoyancy-driven coastal currents 

that affect both the water column structure 
and transport. These structures are themselves 

influenced by the effect internal waves and 
tides and tidal straining. These same physical 

processes are important,  to varying degrees, for 
sediment resuspension and/or transport (e.g. 
Agrawal & Traykovski 2001; Chang et al. 2001; 
Hill et al. 2001). As a coarse generalization, the 
vertical flux of SPM can be considered to be 
dependent upon bed shear stress, vertical mixing 

(turbulent diffusion), and particle settling under 
gravity (e.g. Jones et al. 1996). However, there 
can also be complex interactions among several 
other physical, geological, and biological pro- 
cesses via organisms and particles (especially 
cohesive particles), which can modify the particu- 
lates and their particle size distributions and 
setting velocities (e.g. Lick et al. 1993; McNeil 
et al. 1996; Hill et al. 2001). 

Within the NW European shelf seas, the 

Nor th  Sea is the largest and probably the most 

studied, due to its political geography. For  some 
time now it has been known that the sediment 

supply in this area is dominated by the inputs 

from the east coast of England, predominantly 
the Holderness coast of Nor th  Yorkshire 
(McCave 1987; McManus & Prandle 1997; 

Balson et al. 1998).The large-scale long-term 
transport path for this material follows the 
cyclonic meteorologically-driven flow in the 

From: BALSON, P. S. & COLLINS, M. B. 2007. Coastal and Shelf Sediment Transport. Geological Society of 
London, Special Publications, 274, 147-158.0305-8719/07l$15.00 
�9 The Geological Society of London 2007. 
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Fig. 1. Model domain and bathymetry, showing the position of station CS from which the time series are shown. 

southern North Sea, such that the sediment 
is transported eastwards, across the Southern 
Bight then northeastwards through the German 
Bight, in what is been termed the 'English River', 
to finally deposit in the Skaggerak and the 
Norwegian Trench (Eisma & Kalf 1987). 

On shorter scales, depending on the availa- 
bility of bottom sediments, the resuspension dis- 
tribution is controlled by tidal processes, hence 
the clear spring-neap, semi-diurnal and quarter- 
diurnal frequencies observed in the distribution 
of SPM (Jones et al. 1996). 

The present work concerns with the imple- 
mentation of POLCOMS (Holt & James 2001) 
to the NW European shelf seas at a horizontal 
resolution of 1/9 ~ latitude by 1/6 ~ longitude 
(approximately 12 km, see Fig. 1). The model has 
been proven to be successful in reproducing the 
tides, currents (Holt et al. 2001), density structure 
(Holt & James 2001) for the same area. We will 
concentrate on the distribution and structure 

of SPM and to discern the importance of the 
different physical processes affecting it. 

The model 

The three-dimensional, non-linear, incompress- 
ible, hydrostatic, Boussinesq shallow water equa- 
tions of motion, together with the prognostic 
transport equations for temperature salinity and 
SPM are written in spherical polar coordinates 
in the horizontal and S coordinate (Song & 
Haidvogel 1994) in the vertical, which allows us 
to have terrain following depth coordinates while 
maintaining near surface and near bottom com- 
pressed resolution. The vertical eddy viscosity 
(Nz) and eddy diffusivity (Kz) are parameterized 

Fig. 2. Comparison of modelled sea surface SPM 
concentration in g m -3 and ocean colour (courtesy of 
NASA and NERC-RSDAS). 
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using a Mel lor-Yamada 2.5 turbulence closure 

scheme (Mellor & Yamada 1974). The model 

uses a finite difference scheme on an Arakawa 

B grid (Arakawa 1972) and a Piecewise Parabolic 

Method (PPM) of advection (James 1996). The 

advantage of this grid combination and advec- 

tion scheme is to maintain eddies and frontal 
structures, while avoiding numerical diffusion 

within the model. The model uses a forward- 

time, centred space, time splitting formulation, 

where the barotropic mode is solved at a time 

step limited by the Courant, Friedrichs, and 

Lewy (CFL) criteria, with the baroclinic time 

step between 10 and 100 times the barotropic 

time step. The advantage of this formulation is 

that it conserves mass, which is very important  

for SPM. The open boundary conditions are a 

relaxation to prescribed values for scalars and 

radiation (Flather & Heaps 1975) for the velocity 

and elevation. The computational grid has 

150 x 134 points in the horizontal and 20 in 
the vertical. The typical depth over most of the 

domain is between 20 and 200 m, but the western 

part of the domain includes part of the shelf edge 

with depth of about 2000 m. 

A full description of the model dynamics can 

be found in Holt  & James (2001) and Holt & 

Proctor (2003). 

The sediment transport formulation follows 

that of Holt  & James (1999): 

_ (~ / aC _ L (C)+ 1 a K: (1) 

at (H + n) 

u aC v OC a c  
L ( C I =  Rcos(~)  a• + ~ - - ~ - + ( w - w , ) ~ -  (2) 

where C is the concentration of SPM in gm-3; u, v, 

w are the east 00, north (~) and vertical (positive 
upwards in the S-coordinate) components of 

velocity; R is the radius of the Earth; L, the 

advection term, is handled exactly the same 

as any other scalar in the model. The erosion, 

deposition and settling of SPM in the bottom 

boundary follows Puls & Sfindermann (1990): 

- " C / ' O r  o - -  
"c > "c B > 0 ( 3 )  

a t  A z "  , . . . .  

a C _  w~t \ 
-~[1-zaep), z < Xaep, (4) 

at 

and B is the sediment bed mass in g m -2. The 

conservation of sediment mass is given by: 

aB aC 
- a z  ( 5 )  

at at 

allowing for deposition and erosion when B > 0 
and deposition only when B = 0. 

The coastal inputs of sediments are intro- 

duced by updating the concentration at each 
source point (Cj) around the boundary with the 
change in concentration. That is: 

3 C j _  Sj ~ ( t ) ,  (6) 

at NjV  

where Sj is the total mass input, Nj is number of 
input points for source j and V is the volume 
of the fractional grid box surrounding the input 
point. F / t )  is the normalized time variation of  
the source. 

Implementation to the NW European shell 

In this paper we will describe an implementation 
for the NW European shelf, using fine particles, 
in particular silts, as those coupled with ecosys- 
tem models (e.g. Allen et al. 2001; Proctor et al. 
2003). 

For  this simulation the settling velocity value 
used, is equivalent to that of fine silt (10 -4 m s -1) , 

which is a characteristic value in the North Sea as 
observed by Jones et al. (1998) and Jago & Jones 
(1998). The critical erosion stress %o=0.41 Pa 
and the critical deposition is Zdop = 0.10 Pa, while 
the erosion constant is e=0.04 g m -2 s. These 
values have been successfully used in the past 
by Puls & Sfindemann (1990) and Holt & James 
(1999) to model the movement of SPM in the 
North Sea. The model was initialised with an 
homogeneous distribution of 1.5 g m -3 through- 
out the water column and 200 g m -2 constant bed 
sediment concentration throughout the entire 

domain, we used four coastal sources represent- 
ing the Holderness area, which behaved as a step 
function with erosion only taking place between 
October and February based on values used by 
Holt & James (1999). The model was run for 
3 years. 

where Az =HAG, w~ is the settling velocity; z is 

the bottom stress, Zero and "~dep a r e  the critical 

stresses for erosion and deposition respectively 

Fig. 3. Modelled SPM and bed material distribution 
for the month of February. (a) sea surface SPM; (b) 
near bottom SPM, both in g m -3 and (e) bed material 
in g m -2. 



MODELLING SPM 151 



152 A.J .  SOUZA E T  A L  



MODELLING SPM 153 

Results 

We are confident that the model accurately pre- 
dicts the annual variation in density and current 
structure in the NW European shelf as discussed 
by Holt & James (2001) and Holt et al. (2001). 
So we will concentrate in explaining the SPM 

structure. 
To assess the model's capability to reproduce 

the main characteristics of sea surface SPM we 
can make comparisons of the model results with 
sea-viewing wide field-of-view sensor (SeaWiFS) 
images of ocean colour (courtesy the NERC 
Remote Sensing Data Analysis Service). These 
images show, in a qualitative form, the main 
paths and structure that the surface SPM follows 
and the relative maximums observed. Figure 2 
shows a model and SeaWiFS image for a typical 
winter-spring season demonstrating that the 
model reproduces the large-scale features of 
surface SPM in the North Sea. The typical SPM 
distribution of the winter-spring season is appar- 
ent with a plume with high SPM off eastern 
England, the result of the combined effect of the 
Holderness cliff erosion (coastal source) and the 
coastal plume of the River Humber. This mate- 
rial travels southwards, then it starts its path 
across the North Sea towards the German Bight 
in the so called 'English River'. It then follows the 
German / Danish coast before depositing in the 
Norwegian Trench as explained by Eisma & Kalf 
(1987). Another feature that can be observed is 
the plume of high SPM concentration from the 
Rhine/Meuse region of fresh water influence 
(ROFI) inputs. In the Irish Sea the model shows 
higher concentrations not only in the Bristol 

Channel where the tides are strong, but also 
around Liverpool Bay where there are also 
strong tides plus inputs from the rivers Dee, 
Mersey and Ribble, in agreement with historical 

observations. 
Figure 3 shows, as expected, that there is 

vertical variability in the distribution of SPM. 
In this winter picture, showing the distribution 
of sediments at the beginning of February, we 
observe that bottom and surface SPM patterns 
are very similar, almost everywhere, but with 
a difference in the concentration values, with 
higher values near the bottom. We can also 
observe high concentration values along some 
parts of the shelf edge and the Norwegian 
Trench; this is probably due to current inten- 
sification. Typical patterns of deposition are 
observed in Figure 3c with erosion around the 

Fig. 4. Same as Figure 3 but for the month of August. 

British Isles, and the Southern North Sea and 
deposition at the shelf edge and Norwegian 
Trench. This pattern of deposition is in agree- 
ment with Eisma (1990), which also shows that 

deposition of fine sediment in the North Sea 
occurs only in the Oyster Grounds and in the 
central North Sea. 

Similar pictures for the month of August 
(Fig. 4) show changes to the surface SPM, gener- 
ally a decrease in SPM, with a clear decrease 
of SPM in the 'English River'. This is because at 
this time of the year the coastal sources from the 
Holderness Cliffs are not present. There is also 
an obvious decrease in the riverine sources with 
the Meuse/Rhine sediment plume having disap- 
peared. Near the sea bed the SPM is greater 
than the surface values (as in the winter) due to 
tidal resuspension which is more obvious in the 
shallow region. An increase of deposition in shal- 
low areas appears to be to the result of the 
decreased summer wind stress. This seasonal 
cycle in resuspension has been observed from 
satellite imagery in the eastern Irish Sea, in 
particular in Cardigan Bay (Bowers et al. 1998). 

The seasonal variability in SPM can probably 
be shown better from a time series in a single 
point (Fig. 5), we have chosen a position, in 65 m 
of water, equivalent to that of station CS of the 
NERC North Sea project (Charnock et aL 1993), 
so that we can observe the effect that seasonal 
thermal stratification has on the SPM distribu- 
tion. From Figure 5 we can observe that during 
the first 100 days of the year (up to about mid- 
March), SPM is moderate with values of the 
order of 5 g m -3 and reaching the surface, then 
as the thermal stratification develops the SPM 
concentrates in the bottom 40 m of the water 
column, with high values of up to 15 g m -3, but 
decreasing to zero at the surface. This can be 
explained if we observe the TKE distribution 
as represented by q2 (the turbulence velocity 
square). From the distribution of q2 (Fig. 5c) we 
can observe that when the water column is mixed, 
both the bottom and surface boundary layers 
merge, so that there is enough turbulence in 
the system to keep the SPM in suspension 
throughout the water, but when the water col- 
umn stratifies, the reduction of eddy viscosity 
near the thermocline separates the two boundary 
layers. So that the TKE produced in the bottom 
boundary stays in the bottom boundary, some of 
this is TKE is then used for the resuspension 
of SPM which, because it cannot leave the 
bottom boundary due to the pycnocline, concen- 
trates producing higher values of SPM near the 
bottom. This contrasts with the situation when 
the pycnocline does not exist (i.e. winter) and the 

SPM covers the entire water column. 
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Fig. 5. Annual time series at station CS. (a) Temperature in ~ (b) SPM in gm-3; (e) q2 m s s-~ and (d) bed material 

in g m -z. 



MODELLING SPM 155 

Fig. 6. Same as Figure 5 but concentrating on a 40 day period in summer to observe the spring-neap and monthly 
cycles. 
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Fig. 7. SPM and q2 showing semi-diurnal and quarter-diurnal variability. (a) and (b) neap tide and (c) and (d) 
spring tide. 
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A characteristic that can be observed in 
Figure 5 in SPM concentration, q2 and bed mate- 

rial concentration is that there is a fortnightly 

pulse due to the spring-neap tidal cycle. If  we 

concentrate on a couple of fortnightly cycles 

(Fig. 6), we can clearly observe the spring-neap 

variation in all properties, but we can also 

observe a monthly variability, especially clear 

in the deposition of material (Fig. 6d), but pre- 

sent also in SPM and q2 and this is due to 

the interaction between the N2 and M2 tidal 

components. 

Examining the variation in more detail, Fig. 7 

shows two different periods during the simula- 

tion; one at neap tide when the bottom stresses 

and turbulence are relatively small and there is 

suspendable material on the seabed; and another 

period at spring tide when the bed stress-induced 

turbulence level is higher and the available 

bed material has been completely resuspended. 

During the neap tide period both the SPM and 

q2 have a quarter-diurnal variability (Fig. 7a,b). 

The quarter-diurnal variability is due to the fact 
that q2 is proportional to the speed of the current, 

i.e. it does not matter if it is positive or negative, 

so in the case of regions where M2 is the dominant  
tidal current, like in the Nor th  Sea, q2 will have 

an M4 frequency. In the case of SPM the M4 vari- 

ability is the direct result of the tidal resuspension 
(Jago et al. 1993; Jones et al. 1996). At the same 

time we see a semi-diurnal inequality, due partly 
to asymmetry of the flood and the ebb, but 

also due to tidal advection. This semidiurnal 

frequency is more clearly observed in Figure 6d 

and although the q2 has still got an M 4 frequency, 

SPM has M 2 variability. This is because the bed 

material has been depleted and the SPM has been 

advected passed this point (Jago et al. 1993). 

Summary and conclusions 

The model SPM distribution appears to follow 

the typical pattern depicted by satellite imagery, 

with the transport  direction being eastwards 

from the Holderness region (east coast of 

England) towards the German Bight. 

The model also shows a seasonal cycle of SPM 

concentration at the surface in the stratified area. 

When the thermocline starts to develop, there is 

a drop in SPM surface concentration and an 

increase on the bottom layer concentrations. 
The thermocline works as a 'lid' inhibiting the 

transport of turbulence or SPM to the surface 

layer. This is of ecological importance, as it 

will mean that nutrients do not reach the surface 

and will only reach the base of the thermocline 

maintaining a mid-water chlorophyll maxima. 

The model shows a strong fortnightly/ 

monthly variability in SPM and TKE, due to 

the spring-neaps cycle and the M2-N2  cycle 

respectively. 

The model is also able to reproduce the 

observed quarter-diurnal variability in SPM and 

TKE. In the case when the bed material has been 

totally depleted only a semidiurnal variability is 

observed for SPM due to tidal advection. 

Although the gross characteristics of SPM are 

reproduced, we must bear in mind that the low 

resolution of the model, 12 km, is not capable of 

properly resolving the river plumes and frontal 

systems and meso-scale eddies, and hence a lot of 

the observed patchiness is missing. Some of the 

caveats of the model are: it lacks wave-current 

interaction in its present form; it uses an over 

simplified formulation for the coastal sources 

and only one particle size class. Development 

of our SPM formulation has to be improved to 

include mixed particles as well as floculation/ 

defloculation and more realistic distribution of 

bed material, as well as increasing the resolution 

to better describe physical processes. All the 

above aspects are under development. 

We would like to thank NASA and the UK Natural 
Environmental Research Council (NERC) Remote 
Sensing Data Analysis Service (RSDAS) for supplying 
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grain-size see sediment, grain-size distribution 
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gravel waves 133 
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dune migration 60-63 

grain-size distribution 120 
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modelling 
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Morecambe Bay, SandTrack simulation 70-71 
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flux estimation, the Wash 25 34 
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sediment transport 147-148 
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sand tracking 77, 80-82 
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time integration method 83 
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analysis 81 82 
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injection 78 79 
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ribbons 

gravel, Malin Sea 111,112, 113-115 

sand 132, 133 

Rijks Strand Palen lijn (RPS) 95 

Rotterdam Waterway 94, 95 
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flux estimation, the Wash 25 34 

particle-tracking 77, 80-82 

SandTrack simulation 67-71 
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density 77 
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longshore transport 
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processes 38 
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flux estimation 27-34 

concentration errors 30-33 
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potential 137 
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tracing 17 

see also particle-tracking, tracer; tracers 

transport 93 
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dune migration 56-63 

hydrodynamics 135-137 
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modelling 65, 137, 143 
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dune migration 56-63 
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processes 38 
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particle-tracking 73 86 
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trend analysis see sediment, trend analysis 
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velocity, settling 77 
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flux estimation 25 34 

sediment concentration 27 

waves 
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gravel 133 
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Malin Sea bedforms 113 
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longshore sediment transport 38 
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