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Preface

This book arises from a two day international conference held at the Geological
Society of London in November 1998. The meeting was organized with the purpose
of bringing together sedimentologists, geomorphologists, archaeologists, environ-
mental scientists and environmental managers to discuss recent research and topical
issues relating to the interactions between natural processes, morphology and human
activities in coastal and estuarine environments. More than 200 delegates, from 16
countries, attended the meeting over the course of the two days, stimulating lively
discussion both about basic scientific issues and management implications. The
meeting was sponsored by the British Sedimentological Research Group, the British
Geomorphological Research Group, and English Heritage, and was also supported
by the Environmental Sedimentology Committee of the International Association of
Sedimentologists. The editors would like to thank these organizations, together with
staff at the Geological Society and numerous daily helpers, especially postgraduate
students and others from the University of Reading, for their generous assistance in
making the meeting a great success.
The principal themes of this title are:

(1) The nature of basic processes affecting coasts and estuaries and their relationship
to morphological and sedimentological changes on timescales ranging from
months to millenia, and at spatial scales ranging from tens of metres to tens of
kilometres;

(2) The effects of changes in the natural environmental forcing factors on coastal
and estuarine morphology and sedimentary characteristics, and the implica-
tions for human activities and their record;

(3) The impacts of human activities and their record on coastal and estuarine
processes and morphology;

(4) Issues relating to the future management and conservation of the natural and
archaeological heritage, including outstanding problems and future research
needs.

This publication contains 29 papers based on a selection of the 32 oral presenta-
tions and more than 30 poster presentations made at the conference, and draws on
examples from all over the world. The ordering of chapters has been arranged
broadly to follow the sequence of the four main themes, starting with the shorter
term, smaller scale and moving to the longer term, larger scale and management
issues. There is, naturally, considerable overlap between themes in many of the
contributions.

We hope that this book will serve not only as a record of scientific knowledge and
concerns at the end of the first millenium, but also as a stimulus for further research
endeavour and a significant influence on thinking about the ways in which natural
processes, historical changes and the record of human activities in coastal and
estuarine environments need to be taken into account in their future management.
The need for breadth of approach, and a willingness toward sympathetic
communication between different specialists, has never been greater.

Ken Pye & John R. L. Allen
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Past, present and future interactions, management challenges and
research needs in coastal and estuarine environments

KENNETH PYE! & JOHN R. L. ALLEN?

! Department of Geology, Royal Holloway, University of London, Egham,
Surrey TW20 OEX, UK
2 Postgraduate Research Institute for Sedimentology, University of Reading, Whiteknights,
Reading RG6 6AB, UK

Users, needs and research

There are many user interests on coasts and in
estuaries, including economic activities (ports,
harbours, navigation, fishing, mineral extrac-
tion), recreation (bathing, walking, sailing, fish-
ing, birdwatching), flood defence, water quality,
nature conservation, and conservation of the
historical and archaeological heritage. Often
these interests are conflicting, and managers fre-
quently have to attempt a compromise or make
hard decisions based on a prioritized course of
action which reflects economic, political and
legal constraints (see, for example, Barrett 1992;
Kay & Alder 1999; Flemming 2000). Often the
decisions are taken on the basis of inadequate
background information and a poor understand-
ing of the functioning of the invariably complex
coastal system under consideration. In a world
of increasingly rapid technological and eco-
nomic development, sea-level rise, and possible
global climate change, central tasks facing the
coastal and estuarine manager are to predict
and manage change, undertaken against a back-
ground of constantly moving goalposts. There is
an urgent need for a much better framework of
background environmental data and more effec-
tive and reliable management tools, founded on
sound scientific understanding, which can pro-
vide the necessary guidance and basis for policy
formulation. Although, these needs have been
recognized, and some progress has been made in
the past few years, an adequate suite of such
tools and frameworks for environmental mon-
itoring are still some way off.

Past and present interactions

Fundamental to a successful management strat-
egy is an adequate understanding of the basic

physical, chemical, biological and human prop-
erties and processes which affect coasts and
estuaries, including their interactions and varia-
bility on different time and spatial scales. Much
can be learned from the sedimentary and
archaeological record about the way in which
coasts and estuaries have varied in the past, the
way in which man has responded to or caused
such changes, and with what consequences, both
for himself and for the ‘natural’ environment.
Although the past may not always be the key to
the future, it is the key to understanding the
present, and an understanding of the causes and
effects of past changes allow predictions of the
impacts of possible future changes to be made
with greater confidence.

Traditionally, research in coastal and estuar-
ine environments has been undertaken by scien-
tists in several different disciplines who have had
a rather narrow focus and have often been quite
unaware of what colleagues in other disciplines
have been doing. Issues such as flood defence,
navigation and water quality have traditionally
been the preserve of engineers and mathemati-
cal modellers, concerned with (geologically) short
time scales of hours to at most 50 years. At the
other end of the spectrum, archaeologists,
Quaternary scientists and geologists have been
concerned with much longer timescales of cen-
turies to millenia. Geomorphologists and ecol-
ogists have occupied something of a middle
ground, concerned with a range of processes and
effects ranging from small scale to large scale and
short term to medium term, but often focusing
on issues and techniques quite different to those
concerning the engineer, geologist or archaeolo-
gist. There have, of course, always been excep-
tions to this generalization, but only in the past
ten years or so has cross-disciplinary research —
the holistic view — begun to emerge as a desirable

From: PYE, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 1-4. 0305-8719/00/315.00 © The

Geological Society of London 2000.
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norm. There is now wider awareness both of the
value of inter-disciplinary, integrated approaches
to many scientific and practical management
problems, including those relating to coasts and
estuaries, and of the need to adopt an integrated,
strategic approach to the sustainable manage-
ment of such environments, but there is still
much progress to be made.

As noted by Pollard (1999), of all the sciences
utilized in modern archaeological research, that
of geology has the longest association with
archaeology. However, many archaeologists,
trained largely or wholly on ‘dryland’ sites, are
still only dimly aware of the way in which geo-
morphological and sedimentary processes oper-
ate, and about how the properties of sedimentary
materials influence the preservation potential
and interpretation of archaeological remains in
the geologicaily dynamic lowland coastal zone.
Equally, geomorphologists and sedimentologists
have not made full use of the information which
archaeological records can provide about envir-
onmental conditions, ages of surfaces, rates of
change, and the influence of man on the present
coastal landscape. Many engineers, nature con-
servation bodies and coastal managers are still
largely unaware of historical and archaeological
heritage interests, and still think short term in
relation to the timescales on which geomorpho-
logical processes and morphological changes
operate. A report based on a survey commis-
sioned by English Heritage and the Royal Com-
mission on the Historical Monuments of England
(Fulford et al. 1997) concluded that ‘England’s
coastal zone contains an important legacy of his-
toric assets which include a complex array of
fragile and irreplacable archaeological remains’
(Fulford et al. 1997, p. 16). Yet the existence of
such assets, which range from prehistoric fishing
engines, habitations and wharfage to monuments
critical to landscape-transformation like redun-
dant seabanks and outfalls (Allen 1997), has
received scarcely a mention, let alone detailed
consideration, in recent MAFF and Environ-
ment Agency-led debates about future flood
defence and coast protection policy in England
and Wales. While it is now widely acknowledged
that a policy of managed realignment of sea
defences in selected areas potentially offers many
benefits in terms of maintenance costs and
recreation of threatened wildlife habitats, such
changes could inflict further damage and pose
major conflicts with archaeological interests,
which in general are likely to favour preservation
(Horrocks 1995). The fact that government has
traditionally separated archaeological and nat-
ural historical agencies concerned with conserva-
tion has perpetvated narrow outlooks and

created serious practical difficulties which have
yet to be resolved (Bell 1995).

Comprehensive scientific studies of the link-
ages between the hydrodynamic, geomorpho-
logical, sedimentological, chemical and biological
aspects of coasts and estuaries are also at a
relatively early stage, although a detailed under-
standing of such linkages lies at the heart of
sensible development, conservation and manage-
ment strategies (Roman & Nordstrom 1996).
In the UK, The Land-Ocean Interaction Study
(LOIS), a seven year Community Research
Project started in 1991 and funded by the Nat-
ural Environment Research Council (NERC),
ostensibly had a better understanding of such
interactions as part of its general scientific objec-
tive (LAND-OCEAN INTERACTION STUDY
(LOIS) 1992). This multi-disciplinary study con-
centrated on the east coast of England between
Berwick-upon-Tweed and Great Yarmouth, in-
cluding the various river catchments, estuaries
and adjoining area of the North Sea. Although
much was achieved by LOIS and its consituent
programmes, especially in terms of securing a
better understanding of the Holocene evolution
of the area and the contemporary fluxes of sedi-
ment, nutrients and contaminants (e.g. papers in
Shennan & Andrews 2000), the linkages between
meso-scale geomorphological processes, sedi-
ment properties morphological change and the
longer term effects on water quality and ecology
were largely ignored. Similarly, no significant
consideration was given to geoarchaeological
questions. The linkages between morphology,
hydrodynamic processes, water quality and ecol-
ogy are being addressed in Phase I of the UK
Estuaries Research Programme currently funded
by MAFF, The Environment Agency and
English Nature, but geoarchaological interests
are again not specifically included, and the time-
scales for the interactions under consideration
are essentially limited to about 50 years.

Future interactions and research needs

It is against this background that we organized
the conference on Coastal and Estuarine Envir-
onments: sedimentology, geomorphology and
geoarchaeology in November 1998. The princi-
pal aims were to provide a forum in which
sedimentologists, geomorphologists, archaeolo-
gists, engineers and others could present the
results of their recent research, inform each
other of their interests, methods and concerns,
and identify further areas where future joint
work might be fruitful.

The selection of papers included in this volume
reflects the wide range of research currently being
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undertaken in coastal and estuarine environ-
ments, but underlines the fact that there are still
significant gaps in understanding and major
needs for further research which crosses tradi-
tional disciplinary boundaries. At the present,
there remains a major gulf between those earth
scientists and hydraulic engineers who focus
primarily on short term hydrodynamics, sedi-
ment dynamics and small-scale bedform adjust-
ments, and those who adopt a broader approach
to large scale geomorphological relationships,
average sediment properties and historical evo-
lution. The one view affords a characterization
at a single instant of a non-linear dynamical
system which, in the other approach, is treated as
having been at that instant powerfully influenced
by its entire history up to that time. In simple
terms, these approaches can be characterized as
‘bottom-up’ and ‘top-down’ approaches. What
is needed in future is much more emphasis
on ‘hybrid’ approaches, which may be inter-
disciplinary in character, and which combine
conceptual elements of the top-down approach
with the quantitative, predictive elements of the
bottom up approach. As a first stage, forma-
lized hybrid approach needs to be developed
to provide an improved understanding of the
interactions between changes in environmental
forcing factors (sea-level, wind/wave climate,
sediment supply), hydrodynamic processes, sedi-
ment transport processes, morphological changes
and their feedbacks. At a later stage, the chal-
lenge is to broaden the interactions to include
whole-system ecology, water quality and human
activities.

A variety of options exist for the development
of ‘hybrid’ approaches to coastal and estuarine
investigation and prediction. Two of which we
wish to emphasize here, specifically in the con-
text of geomorphology, sedimentology and geo-
archaeology, are ‘historical trend analysis’ and
‘expert scientific assessment’.

Historical trend analysis (HTA) involves the
interrogation of all available data about relevant
changes affecting an area in the past, and may
range from the timescale of the entire Holocene
(10ka) to periods as short as a few years. Those
changes will not only include those of a wholly
natural origin, but also those brought about by
people, for example, changes in the land-use
of catchments, which alter the sediment supply,
or saltmarsh embanking, which reduce tidal
prisms. Time series of recorded data (e.g. tide
gauge, wind or wave records, topographic or
sediment survey data) can be analysed statisti-
cally to identify shorter term trends, appar-
ently random behaviour or cyclical fluctuations,
while the morphological, sedimentary and geo-

archaeological record can be investigated to
provide a longer term framework against which
the shorter term changes can be interpreted.
Extrapolations based on historical behaviour
can be made, subject to the accuracy of assump-
tions about the nature of boundary conditions.
Much of the data demanded by the HTA
approach has yet to be acquired, for example,
the behaviour of relative sea-level over the last
few millennia, that period which is not covered
by peat-based sea-level curves and during which
people have most influenced the coastal zone.

Expert scientific assessment (ESA) involves a
combination of historical trend analysis and an
evaluation of the present functional dynamics
of a system. The latter includes an assessment of
the geological framework and geomorphological
sensitivity of a system, based, for example, on an
evaluation of the rock and sediment propertics
surrounding an estuary, rates of sediment
supply, and the nature of the energy regime to
which it is subjected. A conceptual model of the
functioning of the system is developed, including
an assessment of the sediment budget and the
degree to which the system can be considered
to be in equilibrium with the processes acting
on it. Regime relationships can be determined,
and compared with results from field process
data collection and bottom-up type numer-
ical modelling. The essential features of the
ESA approach are data synthesis, integration,
and cross-testing of different model outputs and
hypotheses to arrive at semi-quantitative, best-
estimate prediction of the likely response of a
system or its components to an intrinsic or
extrinsic change, or combination of changes.
Consideration of a range of future change
scenarios, from ‘worst case’ to ‘best case’, can
provide the coastal manager with a means of
assessing the degree of uncertainty and risk,
from the perspective of various ‘user’ interests,
including conservation, associated with any par-
ticular change.

The development of these and other possible
approaches into practical management tools will
require at least a decade of sustained research
effort, with appropriate funding (the availability
of which is, at present, uncertain). The challenge
ahead lies as much with research funders and
managers as with individual scientists to recog-
nize and deliver what is needed.
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Sedimentation associated with estuarine frontal systems

JOHN McMANUS

School of Geography and Geosciences, University of St Andrews, Fife, KY16 9ST, Scotland

Abstract: Estvarine fronts may develop in several locations, across the water body as
transverse, halocline-related features, as overbank spills, or where tidal flats release waters
into principal tidal channels. In many estuaries longitudinal fronts originate at headlands or
are associated with major sandbanks (Bowman 1988). Commonly a front separates a near-
shore water mass from that of the main flow of tidal waters. In the marginal waters flows are
slower than in the main channels, and suspended sediments and pollutants released to these
marginal zones do not mix freely with the principal tidal waters entering and leaving the
estuary. These nearshore waters also often differ in temperature from the channel waters
(Anderson et al. 1992). It is suggested that the linear convergent frontal systems provide the
ideal sites for the accumulation of sediment, and exert some control on the distribution of
longitudinal estuarine sand banks. Some, but not all of these are associated with headlands.
The geomorphological evolution of the sand bank systems within the upper and middle
reaches of the Tay Estuary, Scotland, are discussed in relation to present and past locations
of longitudinal fronts. The Middle Bank, off Dundee, is seen to occur between the lines of
longitudinal fronts formed during the flood and ebb phases of the tide. The Naughton Bank,
off Balmerino is related to an ebb phase headland-induced flow separation. In the seaward
reaches longitudinal fronts locate the outer margins of the tidal flats and become axially

convergent in the Tayport-Broughty Ferry narrows.

The long-held perception that fluvial and marine
waters mix or form degrees of stratified systems
in estuaries (Pritchard 1967) is satisfactory to
explain overall estuarine circulation patterns in
general terms, but does not provide adequate
understanding of the patterns of water move-
ment within individual reaches or at specific sites.
In most estuaries foam bands on the water
surface are manifestations of ‘fronts’, mark-
ing boundaries between more and less saline
waters (Simpson & Nunes 1981; Simpson &
Turrell 1986). However, measuring water profiles
(McManus & Wakefield 1982; McManus 1984)
shows that although some fronts may be related
to sub-horizontal haloclines, many foam bands
mark the intersections of the water surface with
steeply inclined planes along which separate
bodies flow past each other. Only limited lateral
mixing occurs across such interfaces.

The classical approach to the analysis of water
circulation patterns in estuaries is strongly based
on the recognition of the presence or absence
of density-induced stratification in the water
column (McDowell & O’Connor 1977; Dyer
1986). Effectively this is controlled by the rela-
tive volumes of saline marine waters and fresh-
waters discharged by the river system. The
patterns recognized by Pritchard (1955, 1967)

are essentially derived from averaging salinity
data from sites within the principal channels
to detect the degree of stratification present
throughout the tide. Similarly, classifications
such as that of Hansen & Rattray (1966) refer
to the salinity variations within the main mass of
the waters.

Frontal patterns

Transverse fronts

Since axially convergent frontal systems were
first identified within the Seiont Estuary of
North Wales by Simpson & Nunes (1981) their
presence, marked at the surface by foam bands
stretching across the principal channel, has been
noted in many other narrow, channel-dominated
systems. The transverse foam band has been
interpreted as the surface manifestation of the
top of the wedge of saline water penetrating
up-estuary.

Lateral axially convergent fronts

Where rising tidal waters carry cool saline
waters across estuary mouth sand bars to enter

From: Pye, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 5-11. 0305-8719/00/$15.00 © The

Geological Society of London 2000.
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channels bearing warm waters from the side the
interfaces between the two water masses serve as
fronts, complete with foam bands at the surface.
As the tide advances such marginal V-shaped
axially convergent fronts shear into single long-
itudinal features parallel to the channel margin,
but separating water bodies which can be
distinguished on the basis of their thermal and
salinity characteristics (Anderson et al. 1992;
McManus et al. 1998). In the Ria do Barqueiro,
Galicia, NW Spain, where this form of frontal
system was first recognized hand-held thermal
radiometers were used to identify the different
water bodies during much of the rising tide.

Tailed axially convergent fronts

Within the 50 km long macrotidal Tay Estuary,
Scotland, the rising tide sweeps slowly across
the northern and southern marginal tidal flats
towards the topographic narrows between Tay-
port and Broughty Ferry (Fig. 2), at which sector
they converge on the main influent waters which
enter the estuary along the deep central channel.
Marking the outer limit of the tidal flats on either
shore a longitudinal front develops towards the
narrows, and the marginal waters converge,
over-riding the more saline channel waters and
carrying their fronts with them. The foam bands
are often observed to meet in the narrows, giving
rise to the stem of a Y-shaped, or tailed axially
convergent band, which migrates up estuary with
the rising tide (Ferrier & Anderson 1997). This
distinctive structure, which remains clear of the
estuary margins, may be carried for over 3km
westward in the early part of the flood tide.

Longitudinal fronts

Further observations of foam bands in the
Conwy Estuary of North Wales (Simpson &
Turrell 1986) revealed that not all of the fronts
are associated with such low angle halocline
surfaces, but that they are commonly related to
more steeply inclined surfaces aligned along the
length of the estuary, and traceable for several
kilometres. Measurement of salinity and tem-
perature variations on profiles associated with
such longitudinal surficial foam bands have
confirmed that there are sharp contrasts across
the steeply inclined surfaces (McManus & Wake-
field 1982). Commonly the two water masses
move at different speeds, so that across the front
there is a change of velocity in currents at all
depths (Fig. 1), as also illustrated by Bowman
(1988). Important longitudinal frontal systems
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Fig. 1. Diagrammatic representation of the salinity,
temperature, and current velocity variations on a line
normal to a linear longitudinal front, measured 300 m
west of the Tay railway bridge on the rising tide

1 June, 1978.

have been identified in the St Lawrence River of
Canada, using thermal characterization from
satellite imagery (Lavoie er al. 1985; El-Sabh
1988). In his review of the behaviour of estuarine
fronts Bowman (1988), who stressed the impor-
tance of lateral shear in maintaining these longi-
tudinal fronts, considered that they were best
developed during the falling tide. Longitudinal
frontal structures have been explored in some
detail in the Tay Estuary of Scotland (Fig. 2)
where, on the basis of airborne radiometric mea-
surements Ferrier & Anderson (1997) demon-
strated that they were also very well developed
during the flooding tide. The reason for their
formation is not always clear. Some form along
the boundary between the deep channel and
the marginal shallows, where fresher, warmer/
colder, suspension and pollutant rich waters
contrast sharply with those of the incoming
tidal waters. Others are located upstream of
shoals or islets. However, in many cases the
associated foam bands may be seen to be carried
along the margins of flow-parallel sandbanks.
In the upper parts of the Tay Estuary long-
itudinal fronts are observed to form during the

ey —

Broughty Fery =
S

- . - =T
/ = § S
5 g R sz
z Yo — 8 Tay Estuary e
Tay Brogey 7 Research |
AW Cenire |
- Baimenna o 2hm I

Fig. 2. Locations of commonly recognized fronts
(continuous fine lines) at mid flood tide in the Tay
Estuary, Scotland (after Ferrier & Anderson 1997).
Arrows indicate directions of currents at this stage of
the tide.
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¢bb below the mouths of influent creeks. The
creeks drain large areas of tidal flats and carry
the quite distinctive waters into the main tidal
flows. Along the margins of visible plumes longi-
tudinal fronts are formed as the adjacent water
masses maintain separate identities during sea-
ward motion.

Headland related fronts

According to Bowman (1988), when normal
advective tidal flows on either the flood or the
ebb phase of the tide encounter headlands,
water may pass the headlands as gently moving
streams. However, as current speeds increase in
the channel the strongly moving waters may
begin to behave as jet-like flows, to shoreward of
which relatively slowly circulating eddies are
formed. Thus, during the peak of current flows
on the rising tide, to landward of headlands
extending into the estuary, zones of sheltered
water become established, past which the rising
tidal flows travel up the estuary. The adjacent
waters bodies function as distinct entities which
shear past each other to create steeply dipping
frontal boundaries trending paraliel to the princi-
pal current direction and giving rise to a longi-
tudinal front arranged along the channel margin.
Beyond a certain distance from the headland, on
each side of the front separating them the waters,
which may have contrasting temperature, sali-
nity and suspended sediment concentrations,
flow in the same direction, albeit at different
speeds. There is a convergence of the waters
towards the top of the front and a foam band,
often bearing flotsam is formed. The dynamic
nature of these fronts is seen by eddies and
swirls resembling Kelvin—-Helmholtz instabilities
at the surface.

Sedimentation related to frontal systems

Fronts which develop as a result of the presence
of headlands may be followed for several kilo-
metres beyond the feature, where they are
frequently arranged along the margins of major
sandbanks, or at the sharp boundary between
muddy shoreward deposits and sandy channel-
floor sediments.

It is suggested that the coincidence of the loca-
tion of the fronts and the margins of the
sandbanks is not accidental, but that the posi-
tion of the sandbanks is partly controlled by the
development of a separating boundary layer in
the flow beyond the headland. The physical
identities of the separate water masses become

Balmerino

1972 "»'
- - - 1987 AP .|
Fig. 3. Location of areas of sedimentation induced on
one side of a headland at Balmerino on the Tay
Estuary, presently dominated by ebb fronts.
Continuous line-coast. Short light dashes — Low water
mark, 197273 survey, Long dashes — Low water mark
1987 survey, Heavy broken line position of headland
induced front line.

accentuated by the formation of a frontal system
along the interface which divides the sheltered or
entrapped body of water from the flows in the
main channel. On the shoreward side of the sep-
aration the waters move relatively slowly, often
generating an eddy with an upstream compo-
nent immediately behind the headland. In such a
location deposition of material from suspension
will occur away from the channel, and sands
moving with the bed load are deposited as they
are carried out of the main flow in the channels.
The sands may accrete to form tidally emergent
sandbanks, whereas cohesive sediments form
tidal flats.

Most commonly this phenomenon is seen
on one side of a headland, as at Ribadeo and
Castropol on the Ria de Ribadeo, NW Spain,
and at Balblair on the Cromarty Firth, Scotland
(Fig. 3), but at a suitable site it will develop
on either side of a headland, as at Balmerino on
the Tay Estuary, at Paimboeuf on the Loire,
France, and Clashmore Links on the Dornoch
Firth, Scotland (Fig. 4). Depending on the local

Clashmore

Fig. 4. Location of areas of frontally induced
sedimentation beside headlands at Cuthill Links on the
Dornoch Firth, Sutherland. Heavy broken lines mark
position of the headland-induced fronts, with arrows
indicating tidal sense. Flood tide flows to the west and
ebb tide travels eastward. Map based on Ordnance
Survey 1:50000 Sheet 22 of Dornoch.
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sediment supply patterns sandbanks may form
on both sides of such a headland or a sandbank
on one side and muddy tidal flat on the other, as
at Balmerino.

Longitudinal frontal foam bands are often
situated directly along the margins of major
sand banks. In the Tay Estuary some of these
may be traced for over 6 km. Formed along the
outer margin of tidally exposed platforms within
the estuary the fronts mark zones of convergence
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of the surface waters with components of the
currents directed downward. Near the bed there
is movement of the main flows towards the foot
of the front, and these flows may contribute to
deposition along the line of the front, for large
and very persistent sandbanks form on one side
of the fronts. One of the principal longitudinal
fronts of the Tay Estuary is associated with
Middle Bank, which has maintained its posi-
tion, with slight variations since charting began

——,_Kin ie
ol

Fig. 5. Location of former positions of longitudinal sandbanks with probable positions of associated frontal
systems in the upper Tay Estuary. (a) Low Water Marks of 1833 and 1896. Ebb tidal fronts, broken linc 1833,
solid line 1896. (b) Low Water Mark of 1945 survey, with e¢bb fronts marked by heavy broken line. (¢) Low Water
Mark of survey of 1986--87 with fronts marked in heavy broken line.
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in 1833 (Buller & McManus 1971). However,
there has been a pattern of steady change
of many sandbanks from further up estuary
(Fig. 5). Such longitudinal fronts may provide
deposition in areas inconvenient for navigation
and introduce a need for long term maintenance
dredging, e.g. Ria de Aveiro, Portugal (da Silva
et al. 1999).

In recent studies of the Middle Bank reach of
the Tay Estuary using side scan sonar techniques
Duck & Wewetzer (2000) have recognized the
presence of longitudinal fronts within the water
column and shown them to separate sectors
of the bed bearing dune bedforms of contrast-
ing scale. Bed sampling has shown distinct linear
patterns of sediment change along the northern
margin of Middle Bank (Buller & McManus
1975), and this is supported by the sonar records.

Although the headland-related and longitudi-
nal frontal systems are associated with sediment
deposits there is no evidence that the cross-
estuary fronts are directly linked to deposition.
The cross-estuary front associated with the mar-
gin of the advancing saline wedge is a feature
which has often been invoked as providing a
mechanism for the enhancement of flocculation
in the upper reaches of estuaries. In that the
wedge migrates many kilometers up and down
the estuary on each tide it is unlikely that it
spends sufficient time at any single location to
permit substantial sedimentation to occur, except
in the uppermost sectors, where it will be static
for an hour or so over high water.

The axially convergent front formed by over-
spilling waters entering the channel across
marginal sandbanks, although well defined for
short periods of the tide, is known to develop into
a channel-parallel, longitudinal front, and no
sediment deposition specifically related to the
V front per se is envisaged.

The tailed axially-convergent front is asso-
ciated with the formation of longitudinal fronts
in the Tay Estuary, but the author does not know
of its existence elsewhere. The tail of the front,
formed by the coming together of the tidal-
flat margin foam bands, forms where the water
bodies cease to function as separate entities. The
foam band degenerates with distance from the
confluence and is not thought to be associated
with sediment deposition.

Where a frontal system decays, perhaps due to
water shoaling or to current speeds waning, the
two adjacent water masses come into dynamic
equilibrium and tidal currents may sweep across
the line formerly taken by the front. At such
sites no deposition will occur, but sediment
transport may continue across the line as the
currents establish fresh patterns.

Discussion

The presence of frontal systems which serve to
subdivide the bodies of tidal marine and effluent
river waters is recognized in estuaries from many
parts of the world. The dynamics of essentially
longitudinal fronts leads to local accumulations
of sediment building up parallel to the steeply
inclined frontal interface. Although a range of
estuarine frontal types have been recognized on
the basis of their modes of formation, not all are
believed to be associated with active sediment
deposition and accumulation. However, there
are close correlations between the longitudinal
fronts and the margins of sandbanks (Figs 3-5).

When examining the interrelationship between
frontal systems and the deposition of sediments
to form major sandbanks the question arises
inevitably as to which came first, the frontal sys-
tem or the sandbank. In that sediments respond
to dynamic forces within the waters there can be
little doubt that the deposition of sediment is a
response to the presence of the fronts.

As tidal waters enter an estuary they follow the
contours of the bed, often passing along neigh-
bouring channels of differing depth and flow
resistance, so that when the waters rejoin beyond
the end of the split channel the adjacent water
masses may differ in salinity, temperature and
suspension concentration. Between the water
bodies a frontal system will become established
which migrates with the flow of the currents.
In that as the waters converge at the surface and
sink along the front, there is created a front-foot
zone with waters and sediment passing down
towards the bed. The overcharging of the bed in
this area with sediment enhances the opportunity
for sandy material to settle to the bed. Continued
settling of material in this way permits build up
of localized sandbanks along the front as it
progresses up the estuary. During the ebb phase
of the tide similar separations may occur within
the body of effluent waters, with similar resultant
deposits of material on the bed. The two sets of
sandbanks so formed do not necessarily coincide
in position and there will be reworking of one
set of deposits during the opposite phase of the
tide. On occasions the ground between two
longitudinal fronts may serve as a zone of net
accumulation.

The rise and fall of tide past a headland will
cause flow separation in many instances. The
flow separation enables the isolated water masses
within the ‘shelter zone’ beside the headland to
remain at least partly in place, so that the two
water masses develop differing characteristics.
Along the separated boundary layer which
marks the interface between the water bodies
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and also serves as a front between the differing
waters, sediment deposition is encouraged where
flow speeds are checked.

Sedimentation in nearshore marginal shallow
waters behind a frontally defined sandbank may
lead to the formation or growth of tidal flats
which extend from the shoreline towards the
channel-parallel structure. Through time accre-
tion of the tidal flat margin may reach forward to
link with the sandbank, which becomes incorpo-
rated into the outer margin of the tidal flats,
although totally different in structure and not
related dynamically to the tidal flat in growth
form or internal structure. Reference to maps of
the evolution of the upper Tay Estuary tidal flat
margins through time (McManus 1979, 1998)
reveals that the outer margin of the flats has
advanced discontinuously as a result of accretion
of channel margin sandbanks. Today, and at
least since the 1960s the sandbanks parallel to,
but separated from, the outer margin of the
upper estuarine tidal flats are closely associated
with the presence of longitudinal ebb tide fronts,
whose position is partly defined by the presence
of major creck systems draining the surface of
the tidal flats during the falling tide. When
sedimentation of the intervening channel is com-
pleted the bank is accreted onto the flats, the
outer margin of which then becomes effectively
defined by the presence of the longitudinal front.
Where this has happened in the Tay Estuary, as
tidal flat consolidation occurs on the northern
shore, so the channel migrates to the south, and
banks previously associated with headland sep-
aration west of Balmerino have been eroded
towards Flisk. A bank more than 2km in length
was lost between 1833 and 1896 (Fig. 5).

The condition in which we are able to observe
estuarine sedimentation today is usually at a
mature or, indeed, an advanced, stage of devel-
opment. It is not during the early stages of
evolution, so that the relationships between nat-
ural morphological features, frontal systems and
sandbanks are several stages removed from their
starting points. It is only where disturbances to
flow patterns are introduced anthropogenically
through harbour development, extended coastal
protection schemes or pipeline installations that
fresh impacts on flow and resultant sediment
deposition can be observed.

Conclusions

Frontal systems separating water bodies with
contrasting salinities, temperatures and suspen-
sion concentrations may form in several ways in

estuaries. Along longitudinal fronts sediment
deposition may occur to give rise to channel-
parallel sandbanks. Associated with headlands,
fronts form along separating boundary layers
and deposition may again create sandbanks.
However, the axially-convergent, cross-channel
fronts associated with the migrating saline
wedge are not believed to give rise to substantial
deposits, except, perhaps at the extreme land-
ward limit of the feature at high slack water,
where fine cohesive sediments may settle to the
bed and are not necessarily reentrained on sub-
sequent ebb phases of the tide.

The author wishes to thank Mr Graeme Sandeman,
Senior Cartographer, for drafting the diagrams for this
contribution.
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Processes controlling import of fine-grained sediment to tidal areas:

a simulation model

JESPER BARTHOLDY

Institute of Geography, University of Copenhagen, Oster Voldgade 10, DK-1350,

Copenhagen K., Denmark (e-mail: JB@geogr.ku.dk)

Abstract: Salt marsh and mud flat sedimentation in the Wadden Sea and in similar
depositional regions is usually dependent on the net import of fine-grained sediments from
adjacent marine environments. This net import takes place as a result of several processes
such as settling lag and scour lag. This paper utilizes a database comprising time series of
tidal velocity and turbidity in the Gradyb tidal area of western Denmark as the basis of a
simple conceptual model which describes the transport, deposition and resuspension of fine-
grained material in the area. The results demonstrate that: (a) grain sizes close to the sand/
silt boundary are most sensitive to lag effects; (b) scour lag is much more important than
settling lag; (c) raised temperatures enhance the net-lag effect for silt with increasing impor-
tance for finer grain sizes; (d) with increased suspended concentrations, the time it takes to
resuspended the material deposited at slack water (the resuspension lag) is of increasing

importance for the net-lag effect.

Understanding the import of fine-grained sedi-
ment to tidal areas has long been a key research
task for sedimentologists (e.g. Nielsen 1935; Gry
1942; Postma 1954; Van Straten & Kuenen 1958;
Jakobsen 1961; Groen 1967; Dronkers 1986;
Allen & Pye 1992; Amos & Tee 1989; Ke et al.
1996; Flemming & Bartholoma 1997; Bartholdy
& Anthony 1998). The fact that the majority of
estuarine areas generally keep pace with rising
sea level provokes a series of questions about the
origin and transport of the supplied material.
In some areas, it is possible to recognize local
sources and gravitational circulation caused by
fluvial fresh water input, but this is often not the
case and the amount of sediment needed for
the observed sedimentation rate is huge. In most
cases, the only available answer implies that the
sediment flux is able to work against a pro-
nounced concentration gradient between rela-
tively clean water in the adjacent sea to the tidal
area, where the suspended sediment concentra-
tion level can be orders of magnitude higher.
A qualitative description of transport phase lags
between water and sediments in the Dutch
Wadden Sea gave the first sound explanation
for this apparent contradiction. Postma (1954)
was the first to recognize the basic concept of the
settling lag effect. He stated that because silt
particles react slowly to velocity changes owing

to their settling velocity, they will be transported
further in the flood direction than would be the
case if settling was instantaneous, and that
the slow reaction of the silt to a decrease in
current velocity during inward transport causes
the silt to settle in places where the current is too
weak to carry it away after the turn of the tide.
Van Straten & Kuenen (1957, 1958) followed
by Postma (1961, 1967) further developed these
basic concepts, and identified formalized settling
lag and scour lag mechanisms. These concepts
were formulated in a mathematical way by Groen
(1967) and Dronkers (1986). The latter con-
cluded that only fine-grained material partici-
pates and that the magnitude and direction of
the residual sediment flux is mainly determined
by differences in the variation of current veloc-
ities around low water and high water. The
mechanisms have since then been discussed and
explained in detail, among others, by Dyer
(1986, 1994).

In this paper, time series of suspended
sediment concentrations and velocity variations
measured in Gradyb tidal area, situated on the
SW coast of Jutland (Denmark), form the basis
for the formulation of a simple model to des-
cribe the size of the different lag effects and their
relation to grain size, temperature and initial
sediment concentrations.

From: Pyg, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 13-29. 0305-8719/00/$15.00 © The

Geological Society of London 2000.
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Dynamics and fluxes of suspended sediment

Gradyb tidal inlet (Fig. 1) connects the North
Sea with the northernmost part of the Wad-
den Sea. It forms a T-shaped tidal area behind
the barrier spit of Skallingen and the barrier
island of Fang. The mean tidal range in the area
is approximately 1.5m producing a mean tidal
prism which is in the order of 150 x 10°m>. The

maximum tidal current in the 1000 m wide inlet
is between 1.5 and 2ms~! and the tidal excur-
sion is 12-15km (Bartholdy & Anthony 1998).
The outer part of the tidal channel is ebb
dominated. In the innermost part, there is a
weak flood dominance. The fresh water input
from the two_small rivers in the area, Varde A
and Sneum A is minor, usually less than 1%
of the tidal prism. Consequently, the water
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Fig. 1. Location map of Gradyb tidal arca, western Jutland. The numbers 1, 3 and 11 refer to measuring stations

in the main channel.
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flowing in the tidal channel can be regarded as
being extremely well mixed. The overall sedi-
ment budget shows that approximately 0.12 x
105ta~!, or 85% of the total deposited fine-
grained sediment, is imported from the North
Sea (Bartholdy & Madsen 1985). Analysing long
time series of turbidity and velocity recordings
from the central part of the tidal channel close to
the harbour of Esbjerg, Bartholdy & Anthony
(1998) concluded that, as a rule, the tidal area
loses fine-grained sediment to the North Sea
during storms, whereas the primary contribution
to the sediment import from the North Sea is
associated with windy events following long
periods of calm weather, primarily concentrated
in the summer period.

In Fig. 1 the numbers 1 3 and 11 refer to mea-
suring stations where turbidity and velocity were
recorded at 5 minute intervals over periods of
2-4 weeks, primarily in 1992 but also in 1993
and 1994. The stations were, as a rule, occupied
two at a time. Details of the measurement
procedures are given in Bartholdy & Anthony
(1998). The two primary stations for the present
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study (1 and 11) are located in the accumulation
area and in the tidal inlet respectively. There is
approximately one tidal excursion between the
two. Station 1 is located in the inner part of the
tidal area close to the turbidity maximum asso-
ciated with the watershed between Gradyb and
the tidal area ‘Knudedyb’ to the south. In this
area, the channel is wide and water depths
around high water are about 5m. Station 11 is
located in the central part of ebb delta. Here, the
navigation channel is dredged and the water
depth close to low water is approximately 10 m.

The time series data shown in Fig. 2 show
the dynamics during a typical calm summer
situation, at Station 1 just before a spring tidal
maximum. The prevailing wind speed was low,
close to 5ms~!, from the west. The typical tidal
current asymmetry, with a quick shift around
low water and a relatively slow shift around high
water, is easily recognized, as are the higher
flood current maxima, with more or less con-
stant values around 0.8 ms~! relative to the ebb
current maxima of about 0.6ms™!'. The varia-
tion in the suspended sediment concentration
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Fig. 2. Tidal dynamics at Station 1 (Fig. 1) in a typical calm summer situation from June 1992. The depth at the
station at high water is ¢. 5m. The current velocity (#) was measured 2m above the bed with a self recording
Niskin winged current meter. The concentration of suspended sediment (¢) was measured 3 m above the bed with
a self recording infrared light transmissiometer of the type GMI model TU-150IR. The water level (1) was
measured at Esbjerg Harbour. The time series is from 11/6--16/6 1992.
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showed the typical pattern of a station seaward
of, but close to, the turbidity maximum. The
concentrations are high, about 70-120mg1-! in
the later part of the ebb period. During the low
water slack, the suspended sediment settles out
and the concentration drops to 30-70mgl-!.
In the subsequent accelerating part of the flood
period, a resuspension peak forms as a result
of the relatively rapid shift from O0ms~! to 0.6—
0.8ms~! over less than one hour. Not ali
concentration peaks during the flood period
are natural; some of the prominent daytime
peaks of up to 150mgl~!, with intervals of
about 1-1.5 hours, are most likely due to
fine-grained material dumped from the har-
bour basins. Towards high water, the concentra-
tion drops. This is in the beginning a result of
the generally lower sediment concentrations
in the water which originates further out in the
tidal area closer to the North Sea. Later, during
high water slack, the decreasing concentration
is due to the settling of the suspended sedi-
ments and, the concentration drops from a level
of =30mgl~! to 15-20mg1~! In the subsequent
ebb period, the velocity rises so gently that, as
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a rule, resuspension of the settled sediment does
not generate a concentration peak, only a gentle
rise towards the next low water.

The time series chosen to illustrate the dy-
namics at Station 11 is shown in Fig. 3. The rapid
change from ebb to flood during low water slack
is very distinct, as is the low flood current
maximum of 0.4-0.5ms™! relative to the ebb
current maximum of 1.0-1.3ms™!. In this remote
position, where the variations in concentration
of suspended sediment are controlled almost
solely by the North Sea and by occasional
outflows of turbid water from the inner part of
the tidal area, the concentration variations are
usually small. During storms, where the wind
induced set up increases the high water level,
sediment concentrations are only moderately
raised in the water being pumped into the tidal
area by the set up (in the case of Fig. 3 up
to 40mgl!). After the storm, turbid water
(>100mgl1~!) from the inner part of the tidal
area is flowing out to the North Sea as the wind
loses its grip on the inclined water level. The
overall pattern from this time series, therefore,
illustrates very well how the tidal area exports
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Fig. 3. Tidal dynamics at Station 11 (Fig. 1), November 1992. The depth at the station at low water is ¢. 10 m.
The current velocity (1) was measured 4 m above the bed with a sclf recording Nisking winged current meter. The
concentration of suspended sediment (¢) was measured 5m above the bed with a self recording infrared light
transmissionmeter of the type GMT model TU-150IR. The water level (h) was measured at Esbjerg Harbour.
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fine-grained material during storms (Bartholdy
& Anthony 1998).

Simulation of the lag effects

In order to examine the transport of suspended
fine-grained sediment in the tidal prism, the
conditions around high water at Station 1 and
around low water at Station 11 are used as
empirical background for the development of a
simple conceptual model. It is assumed that
suspended fine- grained material, outside the
slack water periods, is transported in suspension

with no lag between the water and sediment
displacements, and that the velocity patterns in
the vicinity of the two stations can be regarded
as being represented by their records. Further-
more the simulations were restricted to calm
weather situations, as these, after windy periods
following long periods of calm weather, bear the
primary potential for fine-grained import to the
tidal area (Bartholdy & Anthony 1998). After
selecting calm weather situations from both
stations at the turn of the tide (Figs 4a & 4b),
the typical shifts from flood to ebb at Station 1
and from ebb to flood at Station 11, are
expressed by the simple mean of the current
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Fig. 4. Current velocities around slack water close to the mean velocity level at: (a) Station 1 (Fig. 1) around high
water 2m above the bed and (b) Station 11 (Fig. 1) around low water 4m above the bed.
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measurements. In spite of some variations, the
main pattern of the mean current shift seems to
be confirmed. Measurements at Station 11 were
carried out during a period of mainly relatively
rough weather, which is the reason for the fewer
calm weather data sets from this location.
Differences in the length of the slack water
periods between the two stations are obvious.
At Station 11 there are 1.5 hours between
the current speeds ¥ = —0.5ms~! (ebb) and
V= +0.5ms~! (flood), whereas the correspond-
ing period from flood to ebb at Station 1 is
4.75 hours. In addition, there is a marked
asymmetry in the data from Station 1 which is
absent at Station 11. At the latter station, the
1.5 hour period is symmetrically spaced with
0.75 hours on both sides of the low water
slack, whereas the asymmetry of the velocity
curve at Station 1 causes the period between
V=+0.5ms~! and high water slack to be sig-
nificantly smaller (1.5 hours) than the corre-
sponding period between high water slack and
V= -0.5ms"! (3.25 hours).

The following attempt to describe the path of
sediment and water in the area includes theore-
tical assumptions that were deliberately made in
order to keep the theory as simple and trans-
parent as possible.

50
40
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Vuf

20 ol
Mean V uf1=20.9

-4.00E-5 -2.00E-5

Velocity

The logarithmic velocity distribution is assumed
to be valid and the bed roughness k, was found in
accordance with results from measurements car-
ried out at Station 3 (Fig. 1). At this station the
water surface slope was measured with pressure
transducers (accuracy £8 mm, 25 min. running
mean) placed 2800 m apart. Three Niskin current
meters were mounted on a moored steel wire
lifted by buoyancy balls. The meters were located
1, 3 and 5m above the bed. The level of the
current meters was corrected for the influence of
the shifting current on the wire by means of
built-in pressure transducers (accuracy +6cm).
The depth-average mean velocity was deter-
mined by integrating the measured velocity
profile. Disregarding the convective accelera-
tion term, which is assumed to be insignificant
(e.g. McDowell & O’Connor 1977), the part of
the slope related to the hydraulic friction (I;) was
found as:

L=1I,-=

251 (1)

where I, is the slope of the water, g is the
acceleration due to gravity and V is the mean

'Mean Vuf" = 21.1

0.00E+0 2.00E-5 4.00E-5

If

Fig. 5. The ratio between the mean velocity over depth (V) and the friction velocity (1) at Station 3 (Fig. 1), as
a function of the part of the slope which is related to the hydraulic friction (Z;). The measurements were carried

out in August 1994.
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velocity over depth. The friction velocity:

u = (Dlg)'"? (2)

as well as the mean current velocity, V" over the
depth, D is used to calculate the hydraulic
roughness determined as k; in:

V/up = 6+ 2.51n(D/ks) 3)

Neglecting small values of abs(¥V/uy) under 10,
the mean value of this term was found to be
21 for both the flood and the ebb currents.
With a water depth varying from 8 to 10m at
Station 3 this corresponds to a hydraulic rough-
ness of 0.02m.

The local friction velocity and the velocity
variation over depth was determined by the
equation:

us [y = 8.5+ 2.5In(z/ky) @)

The velocity (#,) was measured 2m and 4m
above the bed at Station 1 and Station 11 respec-
tively. For the smallest velocities <0.08ms™!,
the hydraulic conditions enter the transition
zone between rough and smooth currents. The
errors introduced by using the rough current
equations (eqs. 3 and 4) for all velocities,
however, are marginal and can be neglected.

Sediment deposition and distribution

According to Yalin & Karahan (1979), the crit-
ical dimensionless erosional shear stress (Shields’
parameter) for low values of the Particle Rey-
nolds Number, R,. < [-2, under cohesionless
conditions follows the equation

0, =0.1R; >} (5)
In SI-units this can be rearranged to:
Toad = p[Ol(S _ l)gv043d0A7]]/1415 (6)

where 7., 1s the critical bed shear stress, p is
the density of water, s — | is the submerged rela-
tive density of the sediment, g is acceleration due
to gravity, v is the kinematic viscosity of water
and d is the grain size.

The critical value of Shields’ parameter under
cohesionless conditions equals the critical values
for deposition. Therefore, 7.4 is regarded as the
lower limit over which the material is still trans-
ported and under which sedimentation will take
place. Just before sedimentation starts, the sus-
pended sediment is regarded as being distributed
in the water column after the Rouse-equation:

D—z a
D—a

ws/0.4us
} a)

CZ:CH{

where C, and C, are the concentrations at level z
and a above the bed respectively, D is the water
depth and w; the settling velocity of the sedi-
ment. This procedure neglects the lag which is
induced, before sedimentation starts, by the
adjusting concentration profile under decelerat-
ing velocity. As discussed later this contribution
is regarded as being negligible.

The settling velocity of the sediment is found
by Stokes’ Law:

! (s — 1)gd?
W T TRy @
When sedimentation is initiated (7y < 7e9),
the decrease in concentration of the suspended
sediment is calculated after an exponential func-
tion suggested by Krone (1962), cited in Amos &
Mosher (1985):

—Pwgt
D—z

C, = Coexp &)

C, is the concentration at level z above the
bottom at time t after the initiation of sedimen-
tation. P is the probability of grain deposition,
calculated as:

P =1~ (r0/7a)] (10)

Where 7 is the bed shaear stress. In the
original version, Krone (1962) used 7.,4=
0.121 Nm~2. According to Equation 6 a critical
shear stress of 0.12 N'm 2 corresponds to a grain
size close to 0.06 mm under normal temperature
and salinity conditions. Thus, using the variable
T.q¢ instead of the constant value, the procedure
takes into account a logical decrease in 1.4 with
smaller grain sizes, but it does not change the
conditions in relation to the original suggested
procedure when calculating for grain sizes close
to the sand/silt boundary.

In order to keep the simulation as simple as
possible, it is assumed that the trajectory of a
particle settling together with half of the settled
material can be regarded as representing the
mean conditions for fine-grained sediment parti-
cipating in the deposition and resuspension
process over slack water. The drawbacks induced
by this approach will be discussed later. As a
consequence of Equation 9 the actual mean
settling velocity of a particle is calculated as

Wsa = Pw; (1)
Erosion

After the turn of the tide, the current picks
up speed and will eventually reach a value
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above which erosion can take place. The crit-
ical erosional bed-shear stress of newly depos-
ited material is very hard to define exactly.
In McDowell & O’Connor (1977), the values
from laboratory experiments are stated to be in
the range 0.3-0.6Nm~2, whereas the values
from ‘the real world’ (using American Geophy-
sical Union data) are cited to range from
0.1Nm™ to 1.3Nm™2. In this study, a value
of 7, =0.3Nm™? was chosen as the minimum
value from the laboratory studies. After the
followed particle is deposited together with half
of the material, it is then buried by the other
half during slack water. When the current gets
strong enough to resuspend the deposited
material, the material deposited over the particle
has to be removed before it can be resuspended.
Testing four algorithms of sea-bed erosion in
fine grained-material, Amos et al. (1996) found
the equation

E = M[(ro/7) — 1] (12)
with, M =4-103kgm 25! to yield the best
results. This equation was chosen to simulate the
erosion. When the material deposited on top of
the followed particle is resuspended, the particle
is released to further transport. As pointed out
by Nichols (1986), there is also a lag stemming
from the time it takes for the particle to reach
higher levels in the flow. With the relatively low
flow depths in this study, this delay is not
expected to contribute significantly to the net
sediment lag. In order to keep the calculations as
simple as possible, but still give some kind of
suggested particle trajectory after erosion, this
particle lift is simulated based on the growth rate
of turbulent eddies in the flow direction, as
suggested by Yalin (1992):

D, = (1/6)x (13)
where D, is the diameter of an eddy formed at
x =0, x being the distance in the current
direction. A particle with no settling velocity
would, according to the mixing caused by such a
turbulent eddy, have a probable mean elevation
above the bed defined by the eddy centre. The
level of this centre will grow in the x direction
with half of the eddy diameter growth, and the
lift should, therefore, be expected to be equiva-
lent to [(1/12)x]. A particle with the settling
velocity of w, will thus have a most probable lift
in the x direction controlled by the vertical
velocity:

Wyp = (Uz/12) — wy (14)

Example of the calculation of lag effects

Based on the equations presented here, the
sediment lags were calculated for different
grain sizes, water temperatures and initial
sediment concentrations by means of a Fortran
computer program. With time steps of 100s the
program rearranges the concentration profile
and follows the particle with calculated vertical
positions expressed to the nearest Smm. The
level above the bed where the particle starts (in
order to settle with half of the deposited
material) was found by trail and error.

The following example is given, with reference
to Fig. 6a & 6b, where the resulits are visualized
for a 50 um particle in water with a temperature
of 20°C and a salinity of 28%.. The initial mean
sediment concentration in the water column is
30mgl!.

At Station 1 (Sm water depth), the tracked
particle starts to settlie 1.80m above the bed at
a distance of +26m on the x-axis. It reaches
the bottom with half of the settled material at
+188 m 162 m after sedimentation starts. By that
time, the water mass from which the particle
started to settle (tracked by the depth-average
velocity) is only 18 m further inland. This sup-
ports the assumption that the lag introduced by
the adjusting concentration profile under decel-
erating velocity is small. The water mass
continues until 4219 m before the current direc-
tion is reversed by the ebb tide. The sedi-
mentation proceeds until the ebb current
gets strong enough to prevent it. This happens
when the limit for that particular grain size
(Tea > 0.102Nm~?) is reached, at a distance of
—36 m on the x-axis. The mean particle is depos-
ited at +188m whereas the centroid of the
deposition has a slightly smaller displacement of
+157m. It is interesting that continued sedi-
mentation after slack water in this way can
decrease the mean settling lag. The decrease,
however, is small and do not justify a deviation
from the most simple definition of the lag, as
that related to the displacement of the particle
depositing with half of the deposited material.

It could be argued that the settling lag should
include the lag introduced by the asymmetric
slower start of the ebb current. However, since
this displacement is in no way related to the
settling conditions, it is more logical to include it
in the displacement caused by the erosional
delay, i.e. the scour lag. When the bed shear
stress in the ebb current reaches 0.3Nm 2,
(Vsm = 0.34ms™!) the erosion of the deposited
material starts. This happens when the water
is at —1124m relative to the deposition start.
Half of the deposited material is removed when
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Fig. 6. Visualization of the predicted water and suspended sediment movement around slack water.

(a) at Station 1 (high water slack); (b) at Station 11 (low water slack). The example is based on a 50 p particle in a
typical summer situation with water temperature of 20°C , salinity of 28%. and an initial suspended sediment
concentration of 30 mgl~!. The water displacement, based on the mean velocity over depth, is indicated above.
The suspended sediment particle path, based on the velocity at the respective level of the depositing and
resuspending particle, is shown beneath. All positions correspond to time increments of 100s. The followed
suspended particle is released at a level which allows it to settle with half of the suspended sediment depositing in
the slack water period. The first data set is the first before sedimentation starts. Here the followed water mass and
suspended particle are both at X = 0m. The water mass continues its movement after the particle has settled.
The last indication of the water mass position corresponds to the last indication of the suspended sediment
particle, resuspended with half of the scttled sediment over the slack water period.
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Fig. 7. The gross lag distance and the net lag as a function of grain-size. The simulation is carried out for a
typical summer situation with water temperature of 20°C, salinity of 28%. and an initial suspended sediment
concentration of 30 mg1~1. The lag is divided into sertling lag (Se), Scour lag (Sc) and Resuspension lag (Re).
In (a) the gross lag distance is displayed for Station 1 (positive values) and for Station 11 (negative values)
together with an indication of the proportion (0-1) of the suspended sediment taking part in the deposition cycle
(the part which reaches the bottom during slack water). The gray curve above indicates this proportion for

Station 1 and the white curve beneath, the proportion for Station 11. Tn (b) the net lag is displayed after the
correction for these proportions.
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the water mass is at —1208m relative to the
deposition start. Thus, the total lag should
be added a lag originating from resuspension
of the deposited material on top of the particle,
a resuspension lag of 84m. Because of the
small initial concentration, this contribution is
also small but with higher concentrations the
lag introduced in this way quickly exceeds
the settling lag. After erosion, the lag introduced
by the delayed uplift before the particle reaches
the mean velocity level is about +28 m.

The corresponding process turning from ebb
to flood at Station 11 (Fig. 6b; 10 m water depth)
includes a settling lag of —112m a scour lag of
—299m and a resuspension lag of —S0m. The
lag caused by the delayed particle lift is here
—35m. Thus, the combined lag from the delayed
particle lift at the two stations (—7 m) is directed
outward, and so small that it can be neglected.

The combined lags according to the above
stated figures, are: settling lag (162m — 112m)
S0m scour lag (1124m—299m) 825m and
resuspension lag (84m—50m) 34m. As only
84% and 28% of the initial suspended material
are deposited during the respective slack water
periods, the effective net lag is found by a cor-
rection based on these shares. The final results
are: settling lag (136m —31m) 105m scour
lag (944 m — 84m) 860 m and resuspension lag
(70m — 14 m) S6m.

Variations in the size of the lag effects

If the mean hydrographic conditions are accep-
ted as being representative, the other significant
parameters which influence the lag effects are:
grain size, temperature and initial suspended
sediment concentration.

The effect of grain-size variations is demon-
strated in Fig. 7. Water temperature (20°C),
salinity (28%0) and initial suspended sediment
concentration (30 mg1™!) were selected as typical
summer values, based on the time series shown in
Fig. 2. The modelled grain sizes varied between
10 pm and 110 um. The gross results (Fig. 7a)
clearly demonstrate two basic properties:

(a) because coarser particles settle earlier in the
depositional period than finer particles, a
consequence of the constant critical condi-
tion for erosion (7, = 0.3 Nm™2) is that the
distance between the point where deposi-
tion starts and the point where erosion
takes place again is smaller for coarser than
for finer particles. Thus, the coarser the
particle, the smaller the scour lag.

(b) there is a grain-size optimum for the settling
lag which is controlled by the settling par-
ticles horizontal and vertical velocities.

For coarser particles in a waning flow,
deposition takes place at higher velocities
than those which allow finer particles to
settle. This, other things being equal, brings
a settling coarse particle forward with a
higher speed than a settling fine particle.
However, since coarse particles settle faster
than finer particles, this reduces the time
over which a coarse particle is transported
before settling. For both stations, the resul-
ting settling lag optimum is close to a
grain size of 100um. Finer as well as
coarser particles experience a smaller set-
tling lag. Therefore, for particles finer than
100 ym, the coarser the particle, the larger
the settling lag.

The different water depths and hydrographic
conditions result in a smaller portion of the
suspended sediment which participates in the
deposition/resuspension process at Station 11
than at Station 1. For the coarsest particles,
this proportion approaches 1 and, for the finest
particles it becomes close to 0. It drops more
rapidly with grain size at the outer station and
the largest difference occurs in the central grain
sizes close to 50 pum. In combination with the
other two mentioned grain-size related proper-
ties, a combined net-lag optimum for grain sizes
of 60—70 ym is produced, as shown in Fig. 7b,
where the scour lag is also seen to be the domin-
ating lag mechanism. For the central grain sizes,
the settling lag is approximately 10% scour lag
85% and resuspension lag 5% of the total net
lag which is of the order of 1000m for this
typical summer situation.

If particles between 60 um and 110 yum were
treated as particles that deposited in a matrix of
similar grain sizes (coarser than the upper limit
for cohesive behaviour), 7. would be equal to
Teq- Under these conditions, the net lag distance
for that particular grain-size range would be of
the order of 500 m. Thus, if sand-sized particles
were assumed to settle with other particles of the
same size, and not as particles incorporated in a
fine-grained matrix with cohesive behaviour, the
combined lag effect would be only about half of
that predicted, and probably be small compared
to other relevant mechanisms related to sand
transport in the estuarine environment.

Variations caused by differences in the initial
sediment concentration are demonstrated in
Fig. 8. Here 60 um particles are subject to the
same temperature and salinity conditions as
before. The resuspension lag is seen to exhibit a
sharp rise with the initial concentration. From
the referenced lag of 5% with an initial con-
centration of 30mgl~!, the resuspension lag is
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Fig. 8. The net. lag as a function of the initial concentration. The lag is divided into settling lag (Se), Scour lag
(Sc) and Resuspension lag (Rs). The simulation is carried out for 60 ym particles in a typical summer situation

with water temperature of 20°C and salinity of 28%o.

raised to 11% (136 m) at 100mg1~!, whereas the
settling lag is only 9%. With an initial concentra-
tion of 1000 mg1~!, the resuspension lag is 637 m
or 38% of the total net lag. Very high concentra-
tions of suspended sediment alter the hydraulic
characteristics of the water which affect the
validity of the equations used in the simulations.
The greater significance of the resuspension lag
with increased concentration, however, seems
clear and it is evident that this type of lag plays an
important role, especially in import situations,
with raised initial concentrations in the water
coming in from the North Sea (Bartholdy &
Anthony 1998).

The effect of temperature on the net lag is
demonstrated in Fig. 9 for 60 um and 20 ym par-
ticles. The increased settling velocity with tem-
perature, changes the net lag primarily as a
result of a change in the settling velocity and
thus is similar to the change induced by a change
in grain-sizes. The larger net lag sensitivity in the
finer grain-size ranges (Fig.7A), therefore, gives
the 20 pm particles a larger net lag increase with
temperature than the 60 um particles. A change
from 0°C to 10°C, 20°C and 30°C increases the
net lag by 16%, 32%, and 45% respectively,
whereas the same changes only lift the net lag
for a 60 um particle with 6%, 10% and 13%

respectively. Although these latter percentages
are relatively small, it is interesting that 60 pum
particles experience a larger net-lag lift than is
possible with grain-size change alone (Fig. 7b).
This is because warmer water has a lower
viscosity and consequently, according to Equa-
tion 6, a lower 7.4. A change from 0°C to 30°C
causes 7. for a 60 um particle to decrease from
0.132N'm~2 to 0.107 N m~2. Consequently, even
if the settling velocity in warm water is higher
than in cold water, the sediment is carried fur-
ther by the flood current before settling starts.
This produces a larger scour lag because of
the greater distance from the water mass at the
sedimentation point to the water mass belonging
to the point, where the outflowing water picks
up the particle again. Hence, even if the settling
proceeds more quickly in warm water (which
produces slightly smaller settling lags) the raised
scour lag, causes the overall lag to increase with
temperature even for the coarse particles.

Model results compared with observations

Examples from the time series shown in Figs. 2
& 3 are illustrated in Fig. 10 in the form of a
recalculation of the Eulerian observations, which
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suspended sediment concentration is 100mg1~! and the salinity is 28%o.

allows the data to be examined in a pseudo
Lagrangian framework. The results from Station
1 (Figs. 10a & 10b) were plotted relative to the
position of the water at the station at high water,
as estimated by an integration of the measured
Eulerian velocity over time. During the flood,
the water passes the station before high water
(the earlier, the more negative values) and vice-
versa during the ebb. The results from Station 11
(Figs. 10c & 10d) were plotted in a similar way,
relative to the water mass located at the station
at low water.

The diagrams enable an examination of the
local changes in the concentration of the water
body close to slack water. Because of the limited
distance, the changes induced by the horizontal
concentration gradient are supposed to be of
minor importance, and the diagrams can be used
for an examination of lag distances produced by
the displacements of ‘the same concentration’
before deposition starts and after resuspension
has taken place.

Using the latter approach for all high water ob-
servations from Station 1 (Fig. 2), the mean dis-
placement of the concentration levels 20 mgl~’
and 30mgl~!, are 1595 m and 1787 m with stan-
dard deviations of 330 m and 387 m respectively.
This agrees relatively well, despite being a bit on
the high side, with the model results shown in
Fig. 7a. Attempts to do the same with data from
Station 11 suffered from the fact that measure-
ments from this station were carried out during
relatively rough weather, and in the few situa-
tions when the weather was calm, the raised
turbidity from inside the tidal area did not regu-
larly reach the station at low water. Furthermore
the directions of the tidal current in this exposed
area were not always constant, especially around
slack water. After the tide has turned, the
character of the water being brought back can
therefore change, compared to the water passing
the station during the ebb. An example from the
start of the time series shown in Fig. 3 (Fig. 10¢)
illustrates the small concentration variations and
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thus the uncertainties of using this approach.
The final example (Fig. 10d) is from a low-water
situation after a storm (Fig. 3). Part of the fine-
grained material that was removed from the
tidal area by the storm was transported back,
which raised the general concentration level at
the station. The displacement of the lowest con-
centrations in the beginning of the flood period
(53-57mg1~!) was between 400m and 800 m.
The higher concentrations later on in the flood
period are interpreted as being the result of a

secondary turbidity maximum situated off-shore,
formed by fine-grained sediment eroded from the
Wadden Sea during the storm. The measured
displacement agrees fairly well, although again
rather on the high side, with the model.
Another way to compare measured data with
the model is to use the model to calculate the
concentration changes that take place over slack
water, and to compare these results with the
measurements. The primary drawback of using
this approach with the present data is that even
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if the gross-lag distance is relatively insensitive to
grain-size variations (Fig. 7a), the absolute
values of concentration versus travelled distances
are not, and the data contains no independent
information about grain sizes. According to the
results of Jago et al. (1994), typical seston in
the North Sea (measured 1 m above the bed) con-
sists of two modes with dsp-values of ~0.075 mm
and ~0.015 mm respectively. In Fig. 11, a fifty-
fifty mix of these two grain sizes (dso = 0.045 mm)
was used (based on the data shown in Fig. 10a)
with the measured concentration 3m above the
bed at x = —1200 m taken as being the starting
point (Cs,, = 28.7mgl™! and uy,, = 0.43ms™1).
The modelled concentrations coincide relatively
well with the observed concentrations. During
the part of the flood period when no sedi-
mentation took place (until x = ~343m) the
adjustments were based solely on the changed
distribution caused by the velocity drop, and
the corresponding adjustment of the concen-
tration profile based on the Rouse Equation
(Equation 7). The suspended material was subse-
quently deposited over slack water (Equation 9),
until the returning water reached velocities high
enough to prevent sedimentation but too low to
cause erosion. Erosion started at x = —1431'm
(uzm = 0.34ms 1) and half of the deposited
material was resuspended (Equation 12) at
x=—1540m (uz, = 0.35ms™!). In this phase,
the concentration at the measuring level was
once again calculated by means of the Rouse
Equation. It was this time adjusted so an inte-
gration over depth, gave the corresponding total
suspended material in the water.

It is essential to stress that the relatively good
agreement between the model and the observed
data in Fig. 11 is totally dependent on the (not
reported) grain-size distribution of the fine-
grained sediment. The results of Fig. 11, there-
fore, can only be regarded as being an example of
a possible good fit and not as a complete valida-
tion of the model. However, given the data
available, no other tests of the model are possible.

Conclusions

The following main results were achieved by
running the model with variations in the in-
put values of grain size (10 pm—110 gm), initial
concentration (30-1000 mg1~!) and temperature
(0°C-30°C).

(1) Considering the different lag effects that
contribute to the import of fine-grained
sediment, scour lag is by far the most
important. For grain sizes in the range of
50 yum~80 ym and initial suspended sedi-
ment concentrations of ~30mgl~!, settling
lag constitutes approximately 10% scour
lag 85% and resuspension lag 5% of the
total lag effect.

There is a reverse proportionality between
grain size and gross scour lag.

There is a grain-size optimum, which is
close to 100 um, for the gross settling lag.
Therefore, for particles finer than 100 ym,
the coarser the particle the larger the gross
settling lag.

Because of the different water depths and
hydrographical conditions, the share of the

@
3
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suspended sediment which participates in
the deposition/resuspension processes is
smaller outside than inside in the tidal
area. The largest difference occurs for grain-
sizes close to 50 pm.

(5) Primarily as a result of a combination of
points (2), (3) and (4), the net lag maximum
(~1050m) occurs for grain sizes close to the
sand/silt boundary (60-70 ym). For finer
particles, the net lag quickly drops to a few
hundred metres (10 pm—20 pm), whereas for
coarser particles the drop is more gentle.
This is a result of the assumption that sand
settles together with cohesive material, with
a constant 7, of 0.3Nm 2. If fine sand is
considered to settle in a matrix of a similar
grain size, the net lag is considerable
smaller, in the order of 500 m.

(6) With raised initial sediment concentrations,
the time it takes to resuspend deposited
material becoms of increasing importance.
The resuspension lag introduced in this way
is more important than the sertling lag for
initial concentrations as low as 100 mgl~!.
From initial concentrations of 30mgl~!,
over 100mgl~' to 1000 mg1~", it increases
from 5% over 11% to 38% of the total net-
lag effect.

(7) The net-lag effect increases with tempera-
ture for all grain sizes, mainly because of
the raised settling velocity but also because
the critical bed shear-stress for deposition
increases with viscosity and thus decreases
with temperature.

The field data precented in this paper were collected as
part of an investigation carried out for the Harbour
authorities in Esbjerg. I am thankful for the help and
assistance I have achieved from Henning Nergaard
and Erik Brenneche at the administration and from
Peter Kempf and his crew in the boat house. The field
work and part of the data processing were carried out
in corporation with Dennis Anthony and several other
students at the Institute of Geography, University of
Copenhagen and with Kirsten Simonsen & Heini
Larsen at the Skalling Laboratory. I hereby wish to
express my gratitude to all participants for good
humour and labourious hours in boats and labs. The
manuscript benefited from valuable comments and
suggestions by J.R.L. Allen and K. Pye. The work was
supported by The Danish Natural Science Foundation
(#9701836).
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Relationship between current measurements and sonographs of subtidal

bedforms in the macrotidal Tay Estuary, Scotland
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Abstract: Near bottom current measurements have been compared with sonographs
revealing a variety of subtidal dune geometries at eight stations in the middle reaches of
the macrotidal Tay Estuary, Scotland. At six stations, dune asymmetries did not support the
tidal dominance expressed in terms of maximum or average current speeds. Determination
of bottom tidal current dominance according to the length of time during which a speed of
0.5ms™! was exceeded, as a proxy for the inequality of the total ebb and flood tide bedload
sediment transports, provides a better, but not perfect, correlation with sonographs. Other
controls on dune asymmetry and reversal are height, sediment discharge rate and bottom
current velocity fluctuations. The study has shown that bedload transport processes and
pathways in this relatively small (c.8km?), dynamic part of the estuary are far more
complex than previously inferred and near bed flows do not simply correspond with the
surface water circulation pattern. Neither sonographs nor current data alone are adequate

to gain an understanding of subtidal bedforms in such an environment.

Estuaries are important, complex and highly
variable geomorphological systems located at the
interface between river-derived freshwaters and
saline coastal waters. Such water bodies are
therefore characterized by significant gradients in
both physico-chemical and biological factors, in
particular salinity and suspended sediment con-
centration. There have been countless investiga-
tions world-wide focusing on the understanding
of suspended sediment circulation, transport,
erosion/resuspension and deposition within estu-
arine systems (e.g. Allen et al. 1980; Dyer 1986,
1995; Hughes et al. 1998; Kirby & Parker 1983),
together with many studies of emergent intertidal
bedforms (e.g. Allen et al. 1994; Boersma & Ter-
windt 1981). However, there are considerable
gaps in our knowledge of the sources, movement
and transport pathways of coarser sediment at
or near the bed, under the influence of the
varying velocities of ebb and flood tidal currents
and storm-related effects. This is particularly so
in subtidal channels where direct observation
of bedforms even at low water is either difficult
or impossible. The study described in this paper
was prompted by the discovery, using side-scan
sonar, of a wide variety of subtidal bedform
geometries, within a relatively small (¢. 8 km?),
geographically well defined reach of the Tay
Estuary, Scotland, and forms an attempt to
elucidate their relationship with water currents.

The study area

The Tay Estuary is a large embayment on the
east coast of Scotland (Fig. 1) forming a link-
age between the Tay drainage basin and the
North Sea. It is of geomorphologically com-
plex origin (Davidson et al. 1991; Paterson et al.
1981), arising from a number of geological con-
straints, Pleistocene glaciation, river erosion and
sea-level fluctuation. One of the cleanest major
estuaries in Europe (McManus 1986), this macro-
tidal (3.5/4-5.5/6 m) water body receives the
drainage from a catchment area of ¢, 6500 km?2.
The principal influent is the River Tay, the fore-
most British river in terms of freshwater dis-
charge, which, together with the subordinate
River Earn, provides a long term mean inflow
of ¢.180m?s~!. The estuary has a tidal reach of
50km, is, in general terms, partially mixed
(McManus 1998), is up to 5km in breadth and
attains a maximum depth of ¢.30m. Previous
studies have shown that the bedrock channel in
which the estuary is located is, to a large extent,
infilled with a varied sequence of Late Glacial-
Holocene deposits, into which estuarine chan-
nels are cut (Buller & McManus 1971), capped
by a veneer of contemporary sediments (Buller
& McManus 1975).

Delimited by two multi-pier bridges, the Tay
Railway Bridge and the Tay Road Bridge, the

From: Pyg, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 31-41. 0305-8719/00/$15.00 © The

Geological Society of London 2000.
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St.Andrews Bay
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Fig. 1. Location of the Tay Estuary, eastern Scotland showing the study area between the Tay Railway Bridge

and Tay Road Bridge.

area specifically chosen for this study (Fig. 1)
forms part of the so-called middle reaches
(Buller et al. 1971) of the Tay Estuary. Within
this zone the estuary is highly dynamic, the bed
being dominated by sand, migrating sand banks
and shifting channels. Diver observations of
bedform asymmetry indicative of flood tide
orientation, reported by Buller & McManus
(1975), supported by studies of heavy mineral
populations in the modern sediments (Mishra
1969), suggest that some of the deposits of this
region are of marine (North Sea) origin.

Within the study area, Middle Bank (Fig. 2) is
the largest intertidal sand bank (over 1km in
length and 200 m in breadth). This feature creates
a natural divide between Queen’s Road Chan-
nel to the north and the main estuarine Naviga-
tion Channel to the south. The eastern end
of Naughton—-Wormit Bank, protruding beneath
the Railway Bridge, separates the Southern
Channel as it bifurcates from the Navigation
Channel in the southwestern part of the study
area (Fig. 2). At periods of low water on spring
tides, water depths in the channels of this sector
are of the order of Sm (Fig. 2).

The dominant bottom sediment type between
the Tay Bridges is slightly gravelly sand (nomen-
clature of Folk 1974) which veneers most of the
central portion of the study area (Fig. 3) in-
cluding Middle Bank (Buller & McManus 1975;
Wewetzer 1997). Deeper waters of the Southern
and Navigation Channels are characterized by a

bed of coarser deposits of gravelly sand incor-
porating pebbles and living colonies of mussels
(mainly Mytilus edulis).

Side-scan sonar survey and observations

Side-scan sonar has been widely used to map the
spatial distribution of coastal and estuarine sedi-
ment types (e.g. Hobbs 1986) and bedforms (e.g.
Berné ef al. 1993; Goedheer & Misdorp 1985;
Milkert & Hithnerbach 1997). The first systema-
tic side-scan sonar mapping of the study area
defined in Fig. I was undertaken between August
1993 and March 1995. It achieved full spatial
coverage, focusing on the morphology of sub-
tidal bedforms during both ebb and flood tidal
states (Wewetzer 1997). This survey was carried
out principally using a Waverley Sonar 3000
system (operating frequency 100kHz), deployed
from RV Mya of the Tay Estuary Research
Centre (University of Dundee), with sonographs
recorded on a thermal linescan printer. Addi-
tional bathymetric data were acquired by vertical
beam echo-sounding and sonographs were inter-
preted by the aid of correlation with 53 bottom
sediment samples (Fig. 3) collected by a van Veen
grab. A Magellan® NAV 1000 PLUS GPS
receiver was used for position fixing (accuracy
+25 m or better). Sediment grain size analysis was
carried out by a combination of dry sieving and
Coulter Counter LS-100 (<63 um size fractions).
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Fig. 2. Bathymetry of the study area (after Admiralty 1994) showing positions of current metering stations.

An important finding from the side-scan sonar
observations in the Tay Estuary was the recog-
nition of a wide range of bedform geometries,
characteristically lacking bathymetric control
(Wewetzer et al. 1999). In terms of the mor-
phological classification of bedforms of Ashley
(1990), as revised by Dalrymple and Rhodes
(1995), those most abundant in the channels
of the study area are small to medium dunes
(wavelength 2-10 m; height up to 0.5m). How-
ever, these were observed to display a variety
of dune parameters, wavelength, height, forms of
sinuosity and superposition, with often abrupt
boundaries between dune types (Wewetzer et al.
1999). Although dune asymmetries indicative of
the dominance of flood currents, thus sup-
porting the marine provenance of sands, were
frequently observed, they were by no means
ubiquitous.

In order to gain a better understanding of
the interactions between water movements

and the variety of subtidal bedform types re-
corded by side-scan sonar, a series of eight sites
were chosen for the measurement of current
velocities. The locations of these (Fig. 2) were
determined on the basis of sonograph records
and bottom sediment types, thereby affording
current measurements coincident with the range
of observed subtidal dune parameters (summar-
ized in Table 1) characterizing the varying water
depths of the study area.

As illustrative examples, sonographs are pre-
sented from three stations: (A) in Queen’s Road
Channel, T2-T, at the eastern end of the Navi-
gation Channel and (D) in the centre of the
study area, close to the southern edge of Middle
Bank (Figs 4-6). The dunes imaged at Station A
(Fig. 4) were observed to change in asymmetry
according to tidal state (Wewetzer 1997). They
were of small wavelength and small to medium
height. Although sinuosity varied between
straight during flood tidal conditions and sinuous
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Fig. 3. Distribution of bottom sediments in the study area based on sediment samples in correlation with side-

scan sonographs (textural classification after Folk 1974).

out of phase during ebb tidal conditions, dunes
remained of compound superposition (super-
imposed dunes were of very small dimensions;
wavelength <0.6m, height < ¢.0.05m) during
both tidal states. At Station T2-T, typical of
many channel sectors in the south of the study
area, sonographs revealed the presence of dunes
characterized by a sinuosity described as ‘patchy
discontinuous’ (Fig. 5) during both states of the
tide. This acoustic signature has been attributed,
with the aid of direct sampling, to the patchy
colonization of mussels on the gentle stoss slopes
of dunes, with resultant sediment stabilization,
whilst uncolonized sediments are exposed on
the stecper lee slopes (Wewetzer et al. 1999).
At Station D (Fig. 6) sonographs revealed that

dune wavelengths were small and dune super-
position was compound during both tidal states
but dune height, sinuosity and asymmetry varied
with the tidal condition. Ebb dominant dunes
were recorded during the flood tide and dunes of
mixed asymmetries during the ebb tide (Table 1).
At each of the remaining five stations (B, C, E,
QRC and NOM; Fig. 2) sonographs revealed
dune asymmetry to be flood dominant, irrespec-
tive of the tidal state during which the side-
scan sonar observations were made (Table 1).

Current measurements

Surface and bottom (1 m below the water surface
and 1 m above the bed) currents were recorded



Table 1. Variations of dune parameters (after Ashley 1990) as observed on sonographs recorded during ebb and flood tidal conditions at current meter stations shown in Fig. 2.

Sediment textural classification after Folk (1974)

Dune Tidal Station
parameter state
A B C D E QRC T2-T NOM
Wavelength Ebb Small Medium Medium Small Small Small Small Small
Flood Small Medium Small Small Small Medium Small Small
Height Ebb Medium Medium Medium Medium Small Medium Medium Medium
Flood  Small Medium Medium Small Medium Medium Medium Medium
Sinuosity Ebb Sinuous out Sinuous out Sinuous out Sinuous out Sinuous in Sinuous out  Patchy, Patchy,
of phase of phase of phase of phase phase of phase discontinuous discontinuous
Flood Straight Sinuous out Sinuous out Catenary Straight Sinuous out  Patchy, Patchy,
of phase of phase of phase discontinuous discontinuous
Superposition  Ebb Compound Compound Compound Compound Compound Compound  Simple Simple
Flood  Compound Simple Simple Compound Simple Simple Simple Simple
Asymmetry Ebb Ebb dominant Flood Flood Mixed Flood Flood Flood Flood
dominant dominant dominant dominant dominant dominant
Flood Flood Flood Flood Ebb dominant  Flood Flood Flood Flood
dominant dominant dominant dominant dominant dominant dominant
Sediment type Gravelly sand  Gravel, pebbles, Gravelly sand  Gravelly sand  Gravelly sand  Silty sand, Gravel, pebbles,  Silty sand, sandy
mussels sandy silt mussels silt
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Fig. 4. Sonograph of the bed at Station A showing ebb dominant dunes of small wavelength and small to medium
height (classification after Dalrymple & Rhodes 1995) recorded during ebb tidal conditions.

Fig. 5. Sonograph of the bed at Station T2-T showing ‘patchy discontinuous’ dunes (Wewetzer ef al. 1999) which
typify many channel areas. Note that the dark, parallel streaks towards the lower part of the sonograph are
interference patterns.

Fig. 6. Sonograph of the bed at Station D showing small and medium dunes of mixed asymmetries recorded
during cbb tidal conditions.
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simultaneously using two Braystoke MK 3 five
inch diameter, impeller type current meters at
each of the eight measuring stations (Fig. 2).
Velocities were recorded for periods of 1005 at
20 minute intervals on complete tidal cycles (one
at each station) with the days of current meter-
ing being selected, for optimum comparative
purposes, to coincide with similar predicted tidal
heights to those on which the side-scan sono-
graphs had been previously recorded. These
were on the falling tidal range, i.e. from spring
to neap.

Results

In general, at each of the eight stations, maxi-
mum current speeds were recorded at approxi-
mately the mid-points of the ebb and flood tides
with surface currents showing a higher speed,
during both tidal states (e.g. Fig. 7a), than near
bottom currents (e.g. Fig. 7b). For the purposes
of this paper, only the latter will be considered
further in the context of bedform generation and
migration. Ebb bottom currents generally flow
towards the NE quadrant (e.g. 050°-070°, aver-
age 057°, at Station A; Fig. 7b) whilst flood
bottom currents flow towards the south west
quadrant (e.g. 220°-270°, average 247°, at Sta-
tion A; Fig. 7b). The durations of the flood and
ebb components of the tidal cycle are approxi-
mately equal (e.g. Fig. 7a).

A summary of the maximum and average
ebb and flood tidal bottom current speeds and
directions, for each measuring station, is given in
Table 2. These data reveal that ebb tidal flows
dominate at six of the eight measuring stations
(B, D, E, QRC, T2-T and NOM; Fig. 2), when
analyzed in terms of both maximum and aver-
age bottom current speeds (cf. sonograph data
of Table I). By contrast, at the remaining two
stations (A and C) flood tidal bottom cur-
rents dominate.
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Comparison of current and sonograph data

Dunes with asymmetries indicative of the domi-
nance of flood tidal bottom currents were
recorded on both ebb and flood tides by side-
scan sonar at five of the six current metering
stations shown by the data of Table 2 to be
ebb dominant (B, E and QRC in the north of
the study area; T2-T and NOM in the south).
At only two stations, one dominated by flood
tidal bottom currents (C, in Queen’s Road
Channel, Fig. 2) and the other by ebb currents
(D, in the centre of the study area, Fig. 2), were
the current speed observations coincident with
the sense of dune asymmetries recorded on sono-
graphs. At the remaining station (A, centre
north of the area in Queen’s Road Channel,
Fig. 2), flood dominant in terms of bottom
current speeds, dune asymmetry, as referred to
above, was observed to change according to the
tidal state.

Broadly dunes may form in any sediment
coarser than about the lower limit of fine sand
(approximately 2.90; Dalrymple & Rhodes
1995). The minimum current speed at which
dunes form is dependent on both sediment grain
size and water depth (Southard & Boguchwal
1990), but is, according to Dalrymple & Rhodes
(1995, p. 363), ‘typically of the order of 0.5ms™!,
rising as the depth and grain size increase’. If it
is therefore assumed that a current speed of
0.5ms™' may be considered as a threshold for
dune formation and migration, the current data,
when analyzed in terms of the time during which
this speed is exceeded (Table 3), reveal a change
in tidal dominance of bottom currents at two
stations. At QRC and T2-T (Fig. 2), the lengths
of time by which the 0.5ms™! threshold were
exceeded suggest that these stations are both, in
fact, flood dominant. This indication of the
marine derivation of bottom sediments at QRC
and T2-T is thus in agreement with the side-scan
sonar information (Table 1). Hence, using this
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Fig. 7. (a) Time series plot of surface and bottom current speeds at Station A. (b) Speed and direction of near
bottom currents at Station A. Radial velocity scale inms™'.
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Table 2. Average and maximum current speeds and directions recorded at current meter

stations shown in Fig. 2

Ave rage current

Maximum current

Speed (ms~ ') Direction

Station Tidal state
A Ebb 0.40
Flood 0.47
B Ebb 0.60
Flood 0.48
C Ebb 0.31
Flood 0.41
D Ebb 0.61
Flood 0.50
E Ebb 0.63
Flood 0.59
QRC Ebb 0.50
Flood 0.31
T2-T Ebb 0.60
Flood 0.45
NOM Ebb 0.38
Flood 0.28

Speed (ms~') Direction

057° 0.58 070"
247 0.65 260
058 0.93 060
241 0.62 240
070 0.47 060
252 0.62 240
072 0.95 070
246 0.61 250
043 0.86 040
226 0.78 230
058 0.70 040
222 0.60 240
045 0.98 046
238 0.60 227
036 0.45 030
269 0.45 260

form of data analysis, the bottom current and
sonograph data are coincident at a total of four
of the eight stations (C, D, QRC, T2-T).

At Station A, still flood dominant by this
method of analysis (Table 3), sonographs reveal
changing dune asymmetry according to tidal
state, as referred to above. At Station NOM the
0.5ms™! threshold was never exceeded on either
the ebb or flood tide yet dunes are recorded
there. This suggests that the current speed
required for dune occurrence is, in this shallow
part of the area, less than 0.5ms™! or the
currents can be >0.5ms™! on occasion. The
‘patchy discontinuous’ dunes in the region of
Station NOM show flood dominant asymme-
tries according to sonographs (Table 1). That

Table 3. Times for which the current speed exceeded the
threshold for dune occurrence (0.5ms™', Dalrymple &
Rhodes 1995 ) at current meter stations shown in Fig. 2

Station Ebb tide Flood tide
(hours:minutes)  (hours: minutes)
A 1:30 4:20
B 5:00 2:40
C 0:00 1:40
D 4:00 4:00
E 4:40 4:00
QRC 2:30 3:00
T2-T 3:30 4:00
NOM 0:00 0:00

the data of Table 2 are indicative of the ebb
dominance of bottom currents may not be
significant since these bedforms are believed to
be at least partially stabilized, and therefore
immobilized, by the colonization of mussels
(Wewetzer et al. 1999). As such, Station NOM
will be excluded from further discussion. There
still remain two stations (B and E, Fig. 2) at
which the bottom current data, when analyzed
in terms of the length of time a speed of 0.5ms™!
is exceeded, do not coincide with the side-scan
sonar observations. At these two stations, the
sonographs of bedforms show asymmetries indi-
cative of flood tidal dominance at both states of
the tide (Table 1) whereas the bottom current
data indicate ebb dominance in the forms
of data analysis employed (Tables 2 and 3).

Discussion and conclusions

It is almost inevitable that a study such as this
should close with a statement that more data are
required. However, this is indeed the case; more
spatially coincident side-scan sonar and preci-
sion bottom current measurements are needed
from both within and outside the study area.
Nevertheless, some meaningful conclusions, both
site-specific and generic, can be drawn from
the investigation.

This study has shown that dune asymmetries
revealed by sonographs were not, in the majority
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(six out of eight stations) of cases, supported
by the measurements of maximum and average
current speeds as an indicator of tidal dom-
inance. It is to be anticipated that bedform asym-
metry is best related of the inequality of the total
sediment transports on the flood and ebb tides.
This is, however, almost impossible to measure.
As a proxy, albeit imperfect, determination
of bottom tidal current dominance according to
the length of time by which a bottom current
speed of 0.5ms™! is exceeded, as suggested by
Dalrymple & Rhodes (1995) as the threshold for
dune occurrence, was utilized. This provides a
better correlation with sonograph observations
than tidal dominance expressed in terms of
either maximum or average current speed. The
observations thus suggest that the length of time
during which the above bottom current speed is
exceeded has a greater effect on the asymmetry
of dunes than the maximum and average bottom
current velocities recorded during tidal cycles.
However, this is not the sole control on bed-
form asymmetry.

The observed reversal of dune asymmetry at
Station A according to tidal state is believed to
be related to dune height. The dunes imaged
at this station are among the smallest in height in
the study area. The time required to reverse the
asymmetry of a dune is a function of dune height
and sediment discharge rate (Bokuniewicz et al.
1977). Thus, it is suggested that dune reversal at
Station A is favoured as less sediment is required

20 1—
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to be moved from the surficial caps of the dunes
(Bokuniewicz et al. 1977) to effect reversal than
for the generally higher bedforms characterizing
the other stations. Berné ef al. (1993) suggested
that, in the macrotidal Gironde Estuary, France,
it should take 19 tidal cycles for spring tide
currents to reverse flood dominated large dunes
and 185 cycles for neap tide currents to reverse
ebb dominated large dunes. However, fort-
nightly oscillation or even semi-diurnal reversal
of the tidal current during spring tides could
cause reversal of small dunes.

Salsman et al. (1966), on the basis of diver
observations in St Andrew Bay, Florida,
reported that:

Cx V> 8}

where, C=bedform migration rate (quoted in
cmday™!) and V=mean flow velocity (quoted
in cms™1). Other researchers (see Dalrymple &
Rhodes 1995 for details) have suggested that, in
unidirectional flows:

Up « gs < Up, @

5pt >where, U =dune migration rate; gs = net
sediment discharge; Up =maximum or modal
speed of the dominant current. Thus, on the basis
of equation 2 and, to an even greater extent equa-
tion 1, dune migration rates, and therefore asym-
metries, are extremely sensitive to changes or
fluctuations in current speeds, depending on the
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Fig. 8. Time series plot of bottom current (0.5m above the bed) speeds recorded at Station A by means of an

Acoustic Doppler Current Profiler (ADCP).
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magnitude of the constant in equation 1 and
the gg relative to the bedform mass in equation 2.

In order to improve on the precision and sen-
sitivity of current velocities in the study area, the
acquisition of Acoustic Doppler Current Profiler
(ADCP) data from the cight stations of Fig. 2 is
in progress. ADCPs measure water currents
throughout the water column (e.g. Swift et al.
1996) by means of the Doppler shift of acoustic
pulses emitted from four directional transducers
and backscattered from suspended particles,
such as plankton, in the water column. Impor-
tantly, current velocity data may be obtained
at time intervals of less than or equal to the
time period typically required (100s) to record
a significant number of impeller revolutions
by a conventional current meter. For example,
the ADCP record of near bottom currents at 2.5
minute intervals at Station A (Fig. 8) demon-
strates a much greater complexity of fluctuation
in speed than shown in Fig. 7 with instantaneous
speeds being up to 1ms~! greater on both the
flood and ebb tides than those recorded by
impeller current metering. However, the flood
dominance of the station, in terms of the length
of time the bottom current speed of 0.5ms™! is
exceeded, remains the same.

Float tracking of surface currents (Charlton
et al. 1975) and measurements of salinity varia-
tions (McManus & Wakefield 1982) indicate
that the flood tide tends to be dominant in
Queen’s Road Channel. When the tide turns, the
waters flow southwards and then ebb along
the Navigation Channel, resulting in a counter-
clockwise circulation pattern in the study area.
The bottom current measurements of this study
do not fully conform to this pattern. Although
the data of Stations A C and QRC suggest a
flood dominance, Station B appears to be char-
acterized by ebb dominant currents (Table 3).
Data from three stations south of Middle Bank
(D, E and NOM) are, however, generally indic-
ative of ebb dominant bottom currents (Tables 2
and 3), and so support the counter-clockwise
circulation pattern observed for surface currents,
whilst T2-T, in the Navigation Channel, is flood
dominant. It is suggested that the flood domi-
nant dune asymmetries recorded by side-scan
sonar at Stations B and E during both tidal
states are relict asymmetries from a previous,
higher tidal current flow. The current measure-
ments at both of these stations were recorded
during a sequence of tides moving from springs
to neaps in which current specds would be
expected to decay. Such bedform lag effects, as
the tides shift from springs to neaps and back,
are common in estuaries (e.g. the Gironde
Estuary, Berné et al. 1993).

What is clear from this study, however, is that
the bedload transport processes and pathways
in this highly dynamic part of the Tay Estuary
are far more complex than previously inferred
(Buller & McManus 1975) and near bed flows do
not simply correspond with the surface water
circulation pattern described by Charlton et al.
(1975). Furthermore, it has been shown that
neither sonographs nor current data alone are
adequate to gain an understanding of subtidal
bedforms in such an environment. There is a
need for more data from the Tay and similar
estuaries world-wide to gain a better understand-
ing of subtidal bedforms and bedload transport
processes. The findings of this study suggest that
ideally an integrated programme of acoustic
remote sensing coupled with precision current
velocity data, (e.g. acquired by ADCP) are
required to investigate the complexities of sub-
tidal bedform occurrence, migration and asym-
metry in sandy-gravelly estuaries.
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The financial support of the Commission of the
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Abstract: A field study was conducted on a section of Allen Creek marsh in the Bay of
Fundy to examine changes in suspended sediment circulation and deposition over single
tidal cycles. Net flow velocity, suspended sediment concentration and sediment deposition
were measured over 13 individual tidal cycles during the summer of 1998. A vertical array
was deployed in the low marsh region, consisting of three pairs of electromagnetic current
meters, OBS™ probes and one pressure transducer. Sediment deposition was measured
using fuli-cycle sediment traps. The temporal distribution of sediment deposition was
monitored using sequential sediment traps exposed at different tidal stages. The data suggest
that sediment deposition on the marsh surface is primarily controlled by the interaction of
water flow, marsh morphology and vegetation. The highest amounts of sediment are depos-
ited during conditions of high suspended sediment concentration and low wave activity,
particularly when the relative roughness of the vegetation is the highest. Loss of suspended
sediment from the water column was shown to be correlated with the sediment trap data;
however, predictions of sediment deposition based on the variation in suspended sediment
concentration were found to be valid only for conditions with less than 0.15m high waves.
For higher wave conditions, the use of suspended sediment loss calculations should be
used primarily for estimating the relative rather than absolute values of deposition on the

marsh surface.

Over the past decade, there have been a number
of studies of short-term saltmarsh sediment
dynamics and their incorporation into models
of saltmarsh morphodynamics (Allen 1990;
French 1993; French er al. 1995; Woolnough
et al. 1995; Callaway et al. 1996; Allen 1997).
A number of biophysical variables affecting sedi-
mentation have been postulated such as wind-
wave stress, water depth, vegetation, biological
activity, proximity to sediment source and
micro-topography (Stevenson et al. 1985; Allen
& Pye 1992; French & Stoddart 1992; Cahoon &
Reed 1995; French et al. 1995; Leonard et al.
1995; Luternauer et al. 1995; Shi et al. 1995;
Woolnough et al. 1995; Leonard 1997; Yang
1998). In addition, the relationship between
these biophysical variables and flow character-
istics in tidal creek channels and over the marsh
surface, particularly as they relate to tidal stage,
have been explored (Pethick 1981; Reed 1989;

French & Stoddart 1992; French & Spencer
1993; Leonard et al. 1995).

A general hypothesis derived from these
studies is that net deposition on marsh surfaces
is a function of the availability of sediment and
the opportunity for deposition. Despite these
studies, however, the spatial and temporal rela-
tionships between wave activity, water depth,
vegetation and suspended sediment supply with-
in the time span of a single tidal cycle remain
unclear. Hence the purpose of this study was to
examine the controls on sediment deposition on
a marsh surface over single tidal cycles. Four
objectives were identified:

(1) To measure the temporal and vertical
change in suspended sediment concentra-
tion under varying conditions of wave activ-
ity, suspended sediment concentration and
tidal height.

From: Pyg, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 43--57. 0305-8719/00/$15.00 © The

Geological Society of London 2000.
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(2) To measure the temporal variation in the
amount of sediment deposited on the
marsh surface over a tidal cycle.

(3) To measure the total amount of sediment
deposited on the marsh surface.

(4) To determine the relationship between mea-
sured suspended sediment inputs and fac-
tors controlling deposition and measured
deposition from sediment trap data.

Study site

The research was conducted within a 200 m x
300m section of Allen Creek marsh, situated on
the NW shore of the Cumberland Basin in the
Bay of Fundy. The Bay of Fundy is a large,
macrotidal embayment on the east coast of
Canada; it is the NE extension of the Gulf
of Maine, between the provinces of New Bruns-
wick and Nova Scotia (Fig. 1). The Bay is

characterized by high suspended sediment con-
centrations (~0.3gl™!) which vary seasonally
and are derived from ecrosion of the bordering
Paleozoic sandstone, siltstone and shale cliffs
(Amos 1987; Amos et al. 1991). The Cumberland
Basin is an 118 km? turbid estuary at the head of
the Bay of Fundy with a tidal range of approxi-
mately 14m. A shallow subtidal zone occupies
approximately one third of the basin (Amos et al.
1991) while the remainder consists of mud and
sandflats with saltmarshes occupying the upper
intertidal zone (Fig. 1). Allen Creek marsh is one
of the few remaining tracts of saltmarsh, which
have not been dyked.

Saltmarshes in the Bay of Fundy are char-
acterized by exposure to a high suspended sedi-
ment concentration, a tidal range in excess of
12 m and the influence of ice and snow for at least
3 months of the year. During this period, much
of the marsh vegetation is either sheared off,
exposing base sediment or buried under snow
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Fig. 1. (a) Map of the Bay of Fundy and regional sctting; (b) Map of the Cumberland Basin showing the location

of major marshes and mudflats.
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Fig. 2. Oblique aerial photograph of Allen Creek marsh taken July 1996. Vertical instrument array moved
between sampling locations A to D. Two towers and a boardwalk were built to facilitate data collection over the

marsh surface.
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Fig. 3. Topographic map of Allen Creek marsh constructed from differential GPS data. Note the gently sloping

marsh surface towards the creeks and margin cliffs.

and ice. Sediment in suspension is composed of
95% silt, with lesser amount of clay (2.5%) and
sand (1.5%) and has a mean grain size of 4.8 phi
(36 um) {(van Proosdij et al. 1999). The study site
itself occupies a section of shoreline which is

narrow (0.2-0.3km) and consists of a gently
sloping vegetated surface which grades abruptly
into cliffs 1-2m in height at the marsh/mudflat
transition (Figs 2 & 3). The landward end of the
marsh grades abruptly into woodland behind a
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steep, 1.5 m slope cliffed by wave activity during
high spring tides. Allen Creck occupies the
western boundary of the site. The marsh surface
is dissected by 3 tidal creek networks in the mid
to low marsh region which exhibit a simple
dendritic pattern and drain into a main channel
oriented parallel to the shoreline (Fig. 2). The
SW (offshore) side of this main channel consists
of a narrow strip of marsh surface which is lower
in elevation than the main marsh surface and
is eroding at a rate of approximately 1.2myr™!
(van Proosdij et al. 1999). High marsh vegeta-
tion, dominated by Spartina patens, occupies the
upper 40 m of the marsh surface with low marsh
species, dominated by Spartina alterniflora, cov-
ering the remainder.

Research design and methodology

The study was conducted as a component of a
larger research project on saltmarsh sediment
dynamics. 1t was carried out during a five week
period between June 22 and July 23, 1998.
In order to measure variations in flow velocity
and suspended sediment concentration over a

tidal cycle, a vertical array, consisting of three
pairs of Marsh McBirney model 512 bi-direc-
tional electromagnetic current meters (EMCM)
and OBS™ probes, was deployed in the low/mid
marsh region. The current meter probes were
oriented in the horizontal plane and instrument
pairs located at 0.15, 0.35 and 0.5m above the
bed (Fig. 4). The X axis of the EMCM was
oriented perpendicular to the marsh margin
which also coincided with the direction of dom-
inant wave advance. A pressure transducer and
an additional OBS"™ probe were located at 0.3 m
and 1m above the bed respectively. Through-
out the study period, the array was moved
between the four topographic locations (A to D)
illustrated in Figs 2 and 3.

Instruments were hardwired to an instrument
platform located in the mid marsh region.
A smaller tower was built in the low marsh region
for suction sampling and operating sequential
sediment traps (Fig. 2). Time series data were
recorded at 4 Hz for 8.5 minutes every 20 minutes
over thirteen individual tidal cycles. The OBS™
probes and electromagnetic flow meters were
calibrated at laboratory facilities at the Univer-
sity of Toronto and the University of Guelph.

Fig. 4. Typical vertical instrument array. EMCM and OBS probes are at 0.15, 0.35 and 0.5m above the bed.
An additional OBS probe is located at 1 m above the bed. A pressure transducer is located at 0.03 m above

the bed.
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Flow velocities were derived from the resultant
vector velocities of both X and Y nodes. A mea-
sure of the relative wave activity for each day was
derived from the root-mean-square of the wave-
induced velocity measured at a water depth of
0.8 m on the rising tide. The root-mean-square
of wave-induced velocity is equal to (o2 + o2)'/2,
where o, and o, are the standard deviations of X
and Y node velocities respectively.

Sediment deposition was measured as the
amount of sediment, which settled out of the
water column after one tidal cycle, onto surface
mounted sediment traps. Traps were designed to
operate on the same principle as Reed’s (1989)
petri dish traps but were modified for use in a
macro-tidal environment. The weight of material
directly deposited on filter papers was recorded
then converted to a gm~2 estimate. These full-
cycle sediment traps consisted of three glass fiber
9cm diameter filter papers, placed on a 0.5cm
thick woven mesh for drainage and then sand-
wiched between two 15 x 30 cm aluminum plates
with 8§ cm diameter holes cut into them. These
were secured approximately 1 cm above the bed
by four brass rods. A total of 8 traps was laid out
in a grid format around the vertical array. Traps
and filters were removed after each tide, oven
dried at 60°C and sediment deposited weighed to
the nearest 1 x 107* g.

In order to examine the timing of sediment
deposition over a tidal cycle, a series of
6 sequential sediment traps was deployed. Each
sequential trap consisted of a fuil-cycle sediment
trap with an aluminum plate covering the filter
paper section and sealed along the edges with
petroleum jelly. A thin wire was attached to each
lid and connected to the small tower platform.
Traps were labeled T, through to Te. The lid
of T; was removed when the water depth was
0.2m T, at 0.6m, T; at the beginning of high
tide, T4 as the tide was observed to begin to
fall, Ts at 0.6 m and T at 0.2m. Removal times
were recorded. Two additional full-cycle sedi-
ment traps were deployed to provide a measure
of the total amount of sediment deposited over
the tidal cycle. The amount of sediment depos-
ited (dp;) during each depth interval (P,) was
calculated by the equation:

dpi:M ifi#1 (D
y
dpi:(_TT_;Lf) ifi=1 @)

Where: dp;=amount of sediment deposition
during depth interval Pi (gm~2)
T;=mean mass of sediment deposited
on trap i (gm~?)

Tr=mean mass of sediment deposited
over entire tidal cycle on full-cycle
traps

A =area of filter paper (63.62cm?)

A rate of sediment deposition during each stage
interval can then be determined by:

qpi = b 3
4
gp; = rate of sediment deposition during depth
interval Pi (gm~2 min~1)
t; =length of time exposed between intervals
(minutes)

Results

Temporal and vertical variations in flow
velocity and suspended sediment
concentration

Three representative days were chosen to illus-
trate the variability over a tidal cycle in flow
velocity, suspended sediment concentration and
wave activity, with height above the bed and dif-
fering wave conditions: calm on July 23, mod-
erate on July 15 (waves 0.1-0.15m) and high
on June 24 (waves 0.2-0.3m). Unfortunately,
EMCM data 0.35m will not be included due to a
potential electrical malfunction. In all cases,
mean flow velocity was low, less than 0.2ms™!,
and remained fairly constant throughout the
tidal cycle with slight increases during the initial
and latter portions of the tide (Fig. Sa). In the
vertical plane, however, a definite difference
between near-bed and surface flow magnitude
and wave activity was observed during calm
and moderate wave conditions. The lowest flows
(0.06 m s~1) were observed, as expected, at 0.15m
above the bed in the canopy. The highest flows
(0.18ms~!) were observed 0.5m above the bed
during all conditions including periods of calm
(Fig. 5a). This suggests that the increased
velocities may be attributed to conditions external
to the marsh system such as tidal currents and
wave conditions in the Cumberland Basin.
Variations in suspended sediment concentra-
tion were measured at 0.15, 0.35, 0.5 and I m
above the bed over a tidal cycle. In general there
was a decreasing trend in the suspended sediment
concentration over the tidal cycle as illustrated
in Fig. 5b. Under all conditions, the highest
rate of decrease in suspended sediment concen-
tration occurred during the initial 40 minutes
of the flood tide (Fig. 5b). The OBS™ records
for both calm and moderate wave conditions
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moderate (July 15) and wavy (June 24) conditions.

demonstrated an approximate 100mgl~" loss
of suspended sediment from the water column,
whereas during periods of high wave activity,
such as on June 24, much of the sediment
remained in suspension. The June 24 data did
demonstrate an initial decrease in suspended
sediment concentration during the initial stages
of the flood tide; however this was followed by
a subsequent increase during the latter stages
of the ebb (Fig. 5b). Overall, there was an
increase in the mean amount of sediment in

suspension with increasing wave activity. The
highest values of suspended sediment concen-
tration (280mgl~!) were found on June 24.
coincident with the highest fluctuations in wave-
induced velocity (Fig. 5c). The lowest suspended
sediment concentrations (38mgl~') were ob-
served to be at the end of the tidal cycle during
calm conditions, when the root-mean-square of
wave-induced velocity was below 0.025ms '
During all conditions, variation in suspended
sediment concentration with height was generally
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less than 30mgl~'. This minimal change in
suspended sediment concentration with height
suggests that the water column is well mixed. The
highest suspended sediment concentrations were
recorded at 0.35m above the bed.

In order to explore the hypothesis that the
interaction between wave activity, topography
and vegetation height exerts an important
control on variations in velocity and suspended
sediment concentrations over a tidal cycle, the
vertical variation in the root-mean-square of
wave-induced velocity was examined (Fig. 5c).
The root-mean-square values of wave-induced
velocity exhibited some variation in both tem-
poral and vertical fields (Fig. 5c). As expected,
the root-mean-square values were lowest at
0.15m above the bed, due to the location of
this instrument within the vegetated canopy.
However, sharp increases in velocity fluctua-
tions were observed during the initial and final
stages of the tidal cycle when water depths
were less than 0.4 m during moderate and high
wave conditions. Conversely, root-mean-square
values were less than 0.025ms™! at all elevations
during calm conditions. The highest velocity
fluctuations were observed at 0.5m above the
bed, which is not surprising, given that most of
the wave activity is near the water surface.

Temporal variations in sediment deposition
over a tidal cycle

A series of sequential sediment traps were
deployed to measure the distribution of sediment
deposition over a tidal cycle for 8 of the 13 tides.
Figure 6a illustrates the change in rate of sedi-
ment deposition over a tidal cycle. The amount
of sediment deposited during each water depth
interval was determined using equations 1 & 2
and normalized for the amount of time each trap
was uncovered (equation 3). Data are shown for
calm (July 23) and moderate (July 15) wave con-
ditions as well as for the mean of all 8 sequential
trap experiments. The data collected for high
wave conditions (June 24) could not be used since
all of the filter papers were ripped off the sequen-
tial traps due to wave action.

The mean data demonstrated that, in general,
the highest rates of sediment deposition (1.8 gm—2
min~! and 3.8gm?min~! respectively) were
experienced during the initial (P;) and latter
(P,) 0.2m of the tide (Fig. 6a). Suspended mate-
rial did settle out of the water column at a rate
between 0.1 and 0.4 gm~2min~! over the entire
tidal cycle; however this was not restricted to the
‘slack water’ period (P,) (Fig. 6a). For all

conditions, the highest rates of sediment deposi-
tion (>3.0gm~?min"!) took place during the
latter 0.2m (P;) of the ebb tide. Surprisingly
however, during calm conditions, a peak in the
suspended sediment deposition rate was not
observed during P; as was seen during higher
wave conditions (Fig. 6a). Rather, the second
highest rates observed during calm conditions
(0.6 gm~? min~!) arose during interval P3 and P5
when water depths were between 0.6 m and high
tide. This may be attributed to the fact that a
larger volume of water, and hence suspended
sediment was influenced by the vegetation can-
opy (Fig. 6a). Given that for a 36 um particle of
quartz, the settling velocity, based on Stokes
Law and not including the effects of flocculation,
would be approximately 9.19 x 10~*ms~!, it is
anticipated that most of the suspended material
in the upper portion of the water column would
never reach the bed. The inset of water depth in
Fig. 6a illustrates that the marsh surface was
covered with higher depths of water during mod-
erate wave conditions for a longer period of time
than during calm conditions. In conjunction with
the higher wave activity, this restricted depo-
sition to the initial 0-0.6 m (P—P,) of the flood
tide and latter 0.2m (P;) of the ebb. Minimal
amounts were deposited (0.05gm=2min~!) be-
tween P3 and P6 (Fig. 6a).

The use of sedimentation rate, however, may
not be an adequate indicator of the distribution
of sediment being deposited over a tidal cycle
since it does not account for differences in the
initial or input suspended sediment concentra-
tion. As a result, Fig. 6b was derived to show the
percent distribution of total sediment deposited
over a tidal cycle. In general, in terms of the
percent of total sediment deposited, there was a
relatively even distribution (between 8 and 18%)
over the entire tidal cycle, apart from during
the P, period. Approximately 50% of the total
amount of sediment was deposited during this
period (Fig. 6b). During calm conditions a
similar pattern to Fig. 6a was evident. However,
the percentage of material deposited during P3
(35%) was equal to the percentage of material
deposited in P;. The contributions during P1,
P2, P4 and P6 were all less than 10%. For
moderate waves (between 0.1-0.15m), Fig. 6b
illustrates that a larger contribution of sedi-
ment was deposited during the last 0.2m (P;)
of the tide rather than the initial 0.2m (P,).
The percentage of sediment deposited appeared
to decrease from 32% to 2% on the flood tide
as the water depth increased (Fig. 6b). More-
over, minimal amounts of material were depos-
ited during the ebb tide, except during the
final 0.2 m.
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Factors affecting sediment deposition

Sediment deposition is hypothesized to be a
complex function of the availability of sediment
and the opportunity for this sediment to be
deposited. As a result, three main factors which
influence these conditions were measured: the
depth of water over the marsh surface, the length
of time that the marsh surface is inundated
and the amount of wave activity on a given
sampling date. These are summarized in Fig. 7.
The influence of topography and vegetation are
examined indirectly through water depth and
wave activity data.
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Fig. 7. The influence of the following variables on the
amount of sediment deposited on the marsh surface
over a tidal cycle: (a) water depth (not significant at
90% C.L., F=0.18); (b) length of time depth of water
is greater than 15cm (not significant at 90% C.L.,
F=0.32) ; and (e) the root-mean-square of wave-
induced velocity (significant at 90% C.L., F=0.07).

Depth of inundation

There was no significant relationship at the 90%
confidence level, between the amount of sedi-
ment deposited on the marsh surface and water
depth (Fig. 7a). The mean amount of sediment
trapped over a tidal cycle was 38 4+ 14gm~2. The
highest amount recorded was 64.8 4 12.3gm™?
on June 26 when the maximum water depth
was 0.94m and the lowest was 13 +£8.2gm™>
recorded on June 24 in 1.29 m of water.

Inundation time

There was no significant relationship, at the
90% confidence level, between inundation time
and the amount of sediment deposited on the
marsh surface (Fig. 7b).

Wave activity

A significant negative relationship at the 95%
confidence level was observed between sedi-
ment deposited and the root-mean-square of
wave-induced velocity (Fig. 7c). Sediment depo-
sition decreased from approximately 60 gm =2 to
20 gm~2 with increasing wave activity.

Estimated versus actual deposition

Since sediment deposition on the marsh surface
requires a source of suspended sediment, one
would expect that a rough prediction of the
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Fig. 8. Correlation between the mean amount of
sediment deposited on full cycle sediment traps and the
difference between initial flood and final suspended
sediment concentrations from the OBS record of all
instruments submerged (Prob > F =0.07).
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amount of material deposited should be able
to be determined based on variations in the
suspended sediment concentration. In addition,
since sampling techniques of different temporal
scales were being employed, it was important to
decide if the amount of sediment deposited on
the marsh surface on sediment traps correlated
with the amount of suspended material lost from
the water column. Each method can provide
important information regarding controls on
sediment deposition. First, data were plotted in
order to determine if the decrease in the amount
of suspended sediment in the water column over
the period of time that the marsh surface was
inundated was reflected in the amount of mate-
rial collected on sediment traps on the marsh
surface (Fig. 8). The decrease in the amount of
suspended sediment was measured as the differ-
ence between the mean of the initial (early flood)
two OBS records and the final (late ebb) two
OBS records for all instruments covered during
that time. The mean of all instruments covered,
rather than solely the lowermost OBS probe was

employed, since it was felt to better reflect the
amount of sediment in the entire water column.
Particularly since the lowest instrument often
displayed very high suspended sediment concen-
tration values when water depths were less than
0.2m. Correlation between sediment deposition
and the mean decrease in suspended sediment
was significant at the 95% confidence level,
indicating that the trap data were representative
of the amount of suspended sediment which was
apparently lost from the water column as reflec-
ted in the OBS"™ data. Figure 8 also suggests
that use of the decrease in suspended sediment
concentration alone to predict sediment deposi-
tion may result in an overestimation.

Figure 9 illustrates the variation in input and
output suspended sediment concentrations for all
sampling dates, arranged in order of increasing
wave activity. In general, input (early flood)
suspended sediment concentrations exceeded
150mgl~" and output (late ebb) suspended sedi-
ment concentrations were less than 125mgl~!.
Both input and output concentrations increased
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for all the OBS instruments submerged.
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Table 1. Environmental conditions during the sampling periods. Spring and neap tides are identified
based on two days pre and post fulllnew and half moons respectively. All other tides are termed
‘transitional’. For locations of the vertical instrument array ( A-D) refer to Fig. 2

Sampling Maximum Tide Sea Location Mean

date water depth conditions on marsh vegetation
at array (m) height (m)

June 22 1.09 spring waves 2-5¢cm A 0.15

June 23 1.52 spring waves 15-25¢cm A 0.15

June 24 1.29 spring waves 20-30cm A 0.17

June 25 1.35 spring waves 15-20cm A 0.18

June 26 0.94 transitional calm and fog A 0.18

July 12 112 transitional waves 2-5cm B 0.23

July 13 1.37 transitional waves 10-12cm B 0.24

July 14 1.35 neap waves 10-15¢cm B 0.25

July 15 1.30 neap waves 10-15¢cm B 0.26

July 16 1.03 neap waves 20-30cm B 0.28

July 21 0.85 spring calm C 0.33

July 22 0.58 spring waves 5-10cm D 0.49

July 23 0.79 spring calm D 0.49

with increasing wave activity and this relation-
ship did not appear to be related to spring
or neap cycles (Table 1). Figure 9 also illus-
trates the variation in the amount of sediment
deposited on the marsh surface based on full-
cycle sediment trap data, over the range of
experimental conditions. In general, sediment
deposition ranged between 15 to 60gm=2. The
highest recorded amounts of sediment collected
on the traps were found during periods of low
wave activity. The least amount of sediment was
deposited during periods of high wave activity
(wave height >0.2 m).

To pursue this further, OBS'™ data were used
to derive estimates of sediment deposition using
two methods to be discussed in relation to
Fig. 10. The first (I) estimate was derived entirely
from the difference in mean input (early flood)
and output (late ebb) suspended sediment con-
centrations along with the mean water depth of
the entire tidal cycie. The second (II), incorpo-
rated the change in suspended sediment con-
centration with the mean depth of the water
column for each sampling interval. Full-cycle
sediment trap data were plotted for comparison.

In general, the highest estimates of sediment
deposition occurred while using data based on
the loss of suspended sediment; the lowest while
employing the full-cycle sediment traps alone.
Figure 10a illustrates that there was little or
no difference between predictions of sediment
deposition derived from method 1 or II. The dif-
ference in estimated deposition between meth-
ods I and II rarely exceeded 30 gm—2. However,
the difference between estimated and measured

deposition at times exceeded 60 gm~2. It appears
that for waves greater than 0.15m predictions of
sediment deposition based on variations in sus-
pended sediment concentration lead to an over-
estimation of sediment deposited on the marsh
surface. In order to examine this more closely,
correlations between predicted and actual depo-
sition were derived for all experiments and
then data for wave conditions less than 0.15m
(Fig. 10b & c). No significant correlation was
found between predicted and actual values if all
data were used. However, for data for periods of
waves less than 0.15m the relationship became
significant at the 95% confidence level for both
methods I and II.

Discussion

On the order of a tidal cycle, the rate and amount
of sediment deposited on the marsh surface may
be viewed as a function of both the availability of
sediment in suspension and the opportunity for
this material to be deposited. The availability
of sediment in suspension is dictated primarily by
conditions within the Cumberland Basin, exter-
nal to the Allen Creek marsh system. The mean
suspended sediment concentration of tidal waters
entering the system during the study period
was approximately 150 mgl~'. However, Fig. 5
illustrates that during periods of high wave
activity when the root-mean-square of wave-
induced velocity is greater than 0.2ms~!, mean
suspended sediment concentrations may exceed
250mgl~!. These higher waves and suspended
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sediment concentrations affect sediment deposi-
tion during the tidal cycle in which they occur as
well as the situation over the next few days. For
example, the suspended sediment concentration
on June 26 (Fig. 9) was higher than would be
expected given the calm conditions. However,
the period between June 23 and 25 saw consider-
able wave activity and subsequent high sus-

pended sediment concentrations (>200mgl~!;
Fig. 9). Figure 5 illustrates that during higher
wave conditions, sediment may be re-suspended
from the marsh or tidal creek system due to
increased wave activity during the initial and final
stages of the tide. During these portions of the
tide, water depths are low and considerable wave
breaking takes place, particularly at the marsh
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margin. The data suggest that within the Allen
Creek marsh system, there is always enough
sediment available in suspension for deposition
on the marsh surface. However, the percentage of
this available sediment that actually gets depos-
ited is a function of the opportunity for this
sediment to settle out of the water column.

The ability of the suspended sediment to settle
out of the water column is a function of condi-
tions both external and internal to the marsh
system. External controls include tidal stage and
wave activity while internal controls include
topography and vegetation. The tidal stage of
the spring/neap tidal cycle dictates the depth
of the water column and hence the impacts of
the incoming wave energy. The amount of wave
energy that can penetrate into the marsh system
is dependent on the interaction between the ex-
ternal tidal waters and internal controls such
as marsh morphology and vegetation. Together,
these conditions determine the proportion of
material available in suspension that will be
deposited on the marsh surface. In a macro-tidal
environment such as the Allen Creek marsh
system, the majority of incoming tidal waters
enter the marsh across the marsh edge rather
than being confined within the creek system for
the duration of the tide. As a result, the surface of
Allen Creek marsh is directly exposed to condi-
tions operating within the Cumberland Basin.
Therefore, flow vectors may be quite complex
since these are dictated by wind direction and the
tidal circulation patterns of the Basin itself
during high tide, rather than local topography.

Previous studies (Fonesca & Fisher 1986;
Stevenson et al. 1988; Pethick et al. 1990;
French 1993; Woolnough et al. 1995; Shi et al.
1995) have suggested that important controls on
sediment deposition within a saltmarsh are the
inundation time and the height of the vegetation
relative to the water depth. Inundation time is
directly related to the tidal stage and marsh
topography. During all conditions, the marsh
surface is inundated for a period of time between
80 and 140 minutes (Fig. 7b). In this study,
however, no significant correlation was found
between the mean amount of sediment deposited
on full-cycle sediment traps and inundation time
(Fig. 7b) indicating that inundation time is
not an important control on deposition at this
study site. The data presented in Fig. 7a sug-
gest that water depth is probably an impor-
tant control only as it affects wave penetration.
When waves over the marsh surface are higher,
so are the shear stresses at the bed, there-
by restricting deposition on the marsh surface.
Figure 7¢ demonstrates this significant nega-
tive correlation between sediment deposition and

root-mean-square of wave-induced velocity. The
opportunity for deposition is further explored by
examining the temporal distribution over the
tidal cycle.

Data in Fig. 5 suggest that given the high
suspended sediment concentrations and flow
velocities less than 0.2ms™! over the marsh sur-
face, sediment may be deposited over the entire
tidal cycle and is not restricted to the slack water
period. Figure 6b supports this observation by
illustrating that, on average, the percent of the
total amount of sediment available for deposi-
tion was spread over the tidal cycle. However, in
terms of the rate of sediment deposition (Fig. 6a),
the majority of sediment deposition during these
conditions occurred between the initial 0.2m
water depth on the flood and the latter 0.2 m of
the ebb tide, particularly during moderate wave
conditions (Fig. 6a). During these conditions, the
relative roughness of the marsh vegetation was at
its maximum and may potentially account for
increased deposition during this time. Examina-
tion of the vertical variation in suspended sedi-
ment and flow properties in Fig. 5 reveal that
within the canopy, even during periods of mod-
erate wave heights between 0.15 to 0.2m flow
velocities and root-mean-square wave-induced
velocity values were less than 0.06ms~! and
0.04ms™! respectively. These observations sup-
port previous studies which indicate that marsh
vegetation can dampen flow velocity and dis-
sipate wave energy (Shi et al. 1995; Nepf et al.
1997, Yang 1998). A relative roughness index,
ratio of vegetation height to water depth, has
been employed to describe the influence of
vegetation as a roughness element to a flow
(Fonesca & Fisher 1986; Shi et al. 1995). In order
to illustrate this, two sampling dates were
chosen: July 13 and July 22 (Table 2). Both had
input suspended sediment concentration of
approximately 150mgl~! and measured deposi-
tion of 40.5gm™2? and 39.0gm™2 respectively.
On July 13, the height of the vegetation was
0.24m relative to a maximum water depth of
1.37m producing a relative roughness index of
0.17. By July 22, the vegetation had grown and
with a lower maximum water level, the relative
roughness index was 0.84, over four times greater
than on July 13. Since the marsh surface had
been inundated for almost twice as long on
July 13 (128 min) than on July 22 (87 min) and
there were similar amounts of deposition, this
suggests that a high relative roughness index may
increase the efficiency of sedimentation during a
particular tide. This has important implications
for the sediment dynamics within a macrotidal
system where vegetation may only occupy a very
small proportion of the water column.
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Table 2. Example of the influence of vegetation on sediment deposition using July13 and July 22 as

representative conditions

Maximum water depth at array (m)
Vegetation height (m)
Relative roughness

15¢cm
Average flow velocity (ms™') 50 cm
Duration (min) marsh surface inundated

July 13 July 22

1.37 0.58

0.24 0.49

0.17 0.84

0.118 £0.024 0.042 +0.019
0.118 +0.031 0.1124+0.025
128 min 87 min

Lastly, the significant correlation between
sediment trap data and the decrease in sus-
pended sediment concentration suggests that the
decrease in the amount of suspended sediment in
the water column over the time that the marsh
surface is inundated is reflected in the amount
of material collected on sediment traps on the
marsh surface. This has important implications
for the use of sediment traps in the estimation
of the sediment budget of marsh systems. Based
on this relationship, Fig. 10 explores two pre-
liminary methods for predicting sediment depo-
sition using variations in the OBS™ record. For
wave conditions less than 0.15m in height, the
proposed predictions of deposition appear to be
valid (Fig. 10c). However, there appears to
be some threshold in the predictive capabil-
ities which develops as wave height increases
(Fig. 10a & b). Rough predictions of sediment
deposition based solely on the loss of suspended
sediment and water depth appear to overestimate
the amount of deposition on the marsh surface
when waves exceed 0.15 m (Fig. 10a), suggesting
that other variables are important under those
conditions. As a result, these data suggest that
estimating the amount of sediment which will
be deposited on the marsh surface over a par-
ticular time period from the suspended sediment
record may only provide a measure of the rela-
tive amount of sediment deposited on the marsh
surface and not an absolute value.

Conclusions

This study suggests that in order for the highest
amount of sediment to be deposited on a marsh
surface, both high suspended sediment concen-
tration and low wave activity are required.
A high suspended sediment concentration in
itself does not guarantee high deposition rates.
Low wave energy and a high relative roughness
index enhance the depositional process. Both the

sequential trap data and the OBS record support
this conclusion.

In this macrotidal environment, it appears
that the dominant control on sediment deposi-
tion is wave activity, both in terms of increased
suspended sediment concentrations within the
water column and interaction with the marsh
surface. Sediment deposition has been shown to
be a complex interaction between marsh mor-
phology, vegetation and tidal stage. Water depth
is an important control only as it relates to wave
penetration onto the marsh surface. Further-
more, since some sediment is still being depos-
ited during periods of high wave activity and
minimal vegetation cover, such as during the
early spring, other factors such as flocculation
need to be examined.
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Patterns of flow and suspended sediment concentration in a
macrotidal saltmarsh creek, Bay of Fundy, Canada.
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Abstract: Measurements of velocity and suspended sediment concentration were carried out
in a saltmarsh tidal creek network in the Cumberland Basin, Bay of Fundy, Canada. The
study area was located on the NW shore of the basin in part of an undyked marsh that is
about 200m wide with a simple reticulate creek network. The area is macrotidal with spring
tides greater than 12 m and suspended sediment concentrations in the basin characteristically
range from 150-300mgl1~'. The purpose of the study was to determine vertical and along
channel variations in these two parameters over individual tidal cycles and to use these data
to assess the role of the tidal creeks in the import and export of water and sediment from the
marsh surface.

Measurements using a vertical array of co-located electromagnetic current meters and
OBS probes for measuring suspended sediment concentration were carried out over four
spring tides at a cross section in the lower part of Middle Creek. Six sets of measurments
were carried out at four locations along the length of the creek, a distance of about 200 m
over six tides ranging from spring to neap. Maximum mean velocities measured over
sampling times of eight minutes did not exceed 0.1 msec™! in Middle Creek and 0.15m sec™!
in Main Creek. Transient high velocities associated with the overbank flows were weakly
developed as a result of the absence of significant levees or embankments on the marsh
surface. Suspended sediment concentrations in the creek generally decreased steadily over
the period of inundation. Flow across the marsh margin occurred simultaneously with the
achievement of bankful conditions and the creeks themselves appear to play a relatively
minor role in the movement of water and sediment onto and out of the marsh. Despite the
fact that the marsh surface is still low in the tidal frame and active sedimentation is still
occurring, the low flow velocities and observations in the field suggest that the tidal creek

network is unable to flush itself and that it is contracting.

Tidal saltmarshes in temperate regions are
characterized by the presence of a branching
network of tidal creeks which are similar in form
to those of terrestrial river systems (Myrick &
Leopold 1963; Pestrong 1965; Shi et al. 1995;
Steel & Pye 1997). Saltmarsh creeks are often
extensions of systems that occur on the intertidal
mud and sand flats that exist seaward of the
marsh and, while most terminate on the marsh,
some may extend beyond the landward margin.
The creek networks have been characterized
as providing a significant pathway for the flow
of water, sediment and nutrients into and out of
the saltmarsh (Boon 1974, 1975; Settlemeyr &
Gardner 1977; Nixon 1980; Ward 1981; French
& Stoddart 1992; Gordon & Cranford 1994;

Hemminga et al. 1996). The hydrodynamics of
flows in tidal creeks are complex (Boon 1975;
Bayliss-Smith er al. 1979; French & Stoddart
1992), as is the transport of sediment (Pestrong
1965; Ashley & Zeff 1988; Leonard et al. 19955).
Nevertheless, an understanding of the behaviour
of flows and sediment transport in tidal creeks is
an important component of studies of the
morphodynamics and sediment budgets of salt-
marshes (Reed et al. 1985; Stevenson et al. 1988;
Leonard et al. 1995q).

Among the factors controlling marsh and tidal
creek morphodynamics is tidal range. There have
been a number of studies of hydrodynamics
and sediment transport processes on micro-
tidal and mesotidal marshes but relatively few

From: Pyg, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 59-73. 0305-8719/00/$15.00 © The

Geological Society of London 2000.
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have been carried out on macrotidal coasts, and
most of those have been on low macrotidal
saltmarshes (Bayliss-Smith er al. 1979; Green
et al. 1986; Stoddart et al. 1989; French & Stod-
dart 1992). The work reported here was carried
out in a tidal creek network of Allen Creek
marsh, a high macrotidal (spring tidal range
>12m) saltmarsh in the Cumberland Basin, Bay
of Fundy (Fig. 1). The purpose of the study was
to determine vertical and along channel varia-
tions in flow and suspended sediment concentra-
tion over individual tidal cycles and to use these
data to assess the role of the tidal creeks in the
import and export of water and sediment from
the marsh surface. The work is part of a larger
study of the morphodynamics of Allen Creek
marsh (Van Proosdij et al. 1999; van Proosdij
et al. this volume).

Study area

The Bay of Fundy is located on the east coast of
Canada between New Brunswick and Nova
Scotia and forms the NE extension of the Gulf
of Maine (Fig. 1a). The Cumberland Basin is the
eastern extremity of Chignecto Bay, which in
turn forms the northwestern extension of the
upper Bay of Fundy (Fig. la & b). The basin
is a 45km long estuary with a maximum width
at the entrance of about 3 km and a total area of
118km? (Amos & Tee 1989). Amplification
of the tidal oscillation of about 4m near the
entrance to the Bay of Fundy results in some of
the largest tides in the world within the Cumber-
land Basin, with tidal range generally greater
than 12m and exceeding 16 m in places during
spring high tides. The basin has a tidal prism of
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about 1km® and about two-thirds of it is
exposed during spring low tide (Gordon er al.
1985). The tides are semi-diurnal with only rela-
tively small differences between the two tides,
though the absolute difference can be nearly 1 m
at spring tide. While the lower portions of the
Bay of Fundy are characterized by the presence
of sandy material (Amos 1987, Amos et al
1991), considerable accumulations of fine sedi-
ment occur in the Cumberland Basin and
extensive marshes have formed (Fig. 1b). Sedi-
ment concentrations in the waters of the main
basin are generally in the range of 0.05-0.2g1~!
(Gordon & Cranford 1994), with measurements
of up to 6-7gl™!' during fall storms (Amos &
Tee 1989). Saltmarshes are found in the upper
part of the intertidal zone around the level of
mean high water and do not extend appreciably
below the high water level of neap tides (Gordon
et al. 1985), thus occurring over a range in
elevation of 4-5m.

Saltmarshes in the basin vary considerably in
their width and exposure (Gordon et al. 1985).
They are bordered offshore by extensive mud-
flats, and ultimately grade into sand and gravels
near the low water level. Over the past four
centuries much of the marsh has been dyked
and drained, leaving about 65km? of natural,

tidally flooded marsh today (Gordon & Cran-
ford 1994). Estuarine studies (Amos & Tee 1989)
suggest that reclamation for development and
cultivation has reduced the marsh area available
for deposition by approximately 70%.

The NW shore of the Cumberland Basin is a
fairly steeply sloping rocky shoreline with a
number of relatively narrow (<300m wide)
marshes which have developed at the upper
end of extensive tidal mudflats, particularly in
areas which are sheltered from exposure to
waves coming into the basin from the larger
Chignecto Bay (Fig. 1b). Allen Creek marsh is
about 3km long stretching SW from a bedrock
outcrop at Wood Point and it is undyked except
for a small section at the NE end (van Proosdij
et al. 1999, Fig. 1b). The marsh itself is about
200 m wide and is dissected by small tidal creek
networks. The majority of the marsh surface
consists of gently sloping low marsh with a
cliffed margin 1-2m in height at the marsh—
mudflat transition in the central area. The cliff is
absent at the eastern and western ends of the
marsh and there is no evidence of erosion in
these locations.

The study was carried out in the central
portion of the Allen Creek marsh along a 200 m
long stretch bounded on the west by Allen
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Creek, a small river which is tidal for about | km
upstream (Figs 1b & 2). The river provides very
little in the way of fresh water and sediment
inputs. The marsh can be divided into the
traditional low and high marsh zones identified
in New England marshes on the basis of
vegetation characteristics (Redfield 1972). The
low marsh zone is flooded frequently and is
composed almost entirely of Spartina alterni-
fora, with Salicornia sp. in the sub-canopy. The
high marsh zone is only about 30m wide and
is flooded less frequently. It is dominated by
Spartina patens, although it has a much higher
species diversity than the low marsh. Landward,
there is an abrupt transition from marsh to
woodland along a steep slope.

Within the primary study area the tidal creek
network consists of three channel systems (infor-
mally termed East, Middle and West creeks)
which are oriented roughly perpendicular to the
shoreline and join to form a single channel (Main
Creek) which is oriented nearly parallel to the
shoreline and empties into Allen Creek just at
the point where it leaves the saltmarsh (Fig. 2).
At their lower ends, the creek channels are
entrenched 2.5-3 m below the marsh surface and
have steep V-shaped banks which are muddy
and bare of vegetation. In the mid-marsh arcas
the channels are <0.3m deep and have gently
sloping sides that are covered by vegetation. The
channel network itself extends only about two-
thirds of the width of the marsh (Fig. 2). The SW
(offshore) side of Main Creek consists of a
narrow strip of marsh surface that is lower in
elevation than the main marsh surface and
consequently is overtopped during the rising
tide before the rest of the low marsh.

Tidal range at spring high tide is 12-13m.
There is, however, considerable variation in the
depth and durdtion of flooding over the neap-—
spring cycle because of both astronomical varia-
tions over the year, and meteorological events.
At neap high tides, water may flood only the tidal
creek channels and the margins of the low marsh
surface. At normal spring high tides, water depth
over the low marsh surface may exceed 2 m. The
landward edge of the high marsh zone may be
inundated only once or twice a month during
spring high tides and/or conditions of strong
onshore winds. In the summer months the night
spring tides are typically 0.4-0.5m higher than
thosc during the day.

Methodology

A boardwalk made of planks 0.25m wide and
raised 0.5m above the surface of the marsh was

used to provide access to various parts of the
marsh surface, tidal creek channels and the sea-
ward edge of the marsh (Fig. 2). A 9m bridge
was used to span Middle Creek to provide a
site for observations and sampling (Figs 2 & 4).
A platform roughly 3.5 x 3.5m and raised 3.5m
above the marsh surface was constructed be-
tween Middle and West creeks (Fig. 2). A small
instrumentation hut, occupying about one half
of the platform surface, was used to house the
electronics.

A local triangulation network of control
points was established on the marsh surface in
1996 using a theodolite and EDM (electronic
distance measurement) unit, and elevation tied
to a NB Department of Highways benchmark
(#9648). Surveys of the marsh surface, tidal
creek thalwegs and cross-profiles were made
using these instruments or an automatic level.
A detailed survey of the marsh surface and
marsh margin was carried out at the beginning
of December, 1997 using a Geotracer 2000
differential GPS system with the base station
established over the benchmark. Operating in
this mode the system has a positional accuracy
of 0.0l m and an elevation accuracy of 0.02m.
All control points from the triangulation net-
work were tied to the GPS survey and the
combined elevation and location data were used
to construct a topographic map (Fig. 2).

Flows were measured using four model 512
and one model 555 bi-directional Marsh-McBir-
ney electromagnetic current meters. The model
512 meters were paired at the same elevation
with optical backscatter (OBS) probes used for
measuring suspended sediment concentration.
The current meters were calibrated following
the field experiment in a small towing tank at the
University of Guelph, and the OBS probes were
calibrated at the University of Toronto using
sediment from the study site. Tidal stage was
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Fig. 3. Cross sections on Middle (study) Creek and
Main Creek. Location of the cross sections is shown
on Fig. 2.
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monitored at two locations using Shaevitz pre-
ssure transducers.

One instrument array consisting of the 555
current meter, one OBS probe and one pressure
transducer, mounted 0.3m above the bed, was
deployed in Main Creek at C5 (Figs 2 & 3). The
array remained at this location throughout the
experiment and served as a reference station.
Two instrument configurations were used within
Middle Creek. In one set of experiments, four
512 current meters, four OBS probes and the
pressure transducer were mounted on a vertical
array at C2 in the lower portion of Middle Creek
(Figs 2 & 3). Current meters were paired with
OBS probes at elevations of 0.15m, 0.75m,
1.5m and 2.63m above the bed and the instru-
ments in each pair were separated horizontally
by 0.4 m. The pressure transducer was mounted
0.15m above the bed. In the second set of experi-
ments, pairs of current meters and OBS probes
were mounted 0.15m above the bed at locations
C1 through C4 along the length of Middle Creek
from the upper tributaries on the marsh surface
to the confluence with Main Creek (Figs 2 & 4).
The pressure transducer remained at C2.
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Fig. 4. Long profiles of Fast, West and Middle
Creeks, and Main Creek below the confluence with
Middle Creek.

All the instruments were hard wired to a com-
puter data logger located in the instrumentation
hut on the platform. Power for the instrumenta-
tion was supplied by a generator on the plat-
form. Sampling runs were made over individual
tidal cycles during the period when the tidal
crecks and marsh surface were inundated. The
instruments were sampled at 2 Hz for 8.5 minutes
during each run. Sampling runs were separated
by about ten minutes resulting in about 10 to
12 runs over the period during which the marsh
and creeks were flooded.

Point measurements of flow speed were made in
Middle and West creeks at bridge locations with
a hand-held, single-axis Marsh McBirney Model
2000 electromagnetic current meter mounted
on a 4m wading rod. Data were recorded as
30second averages of 0.2Hz readings. Water
samples were obtained at point locations during
most rans using 0.5 ] plastic bottles fixed to the
end of a 3m pole. Suspended sediment concen-
trations were determined by filtration using a
8 um Magna nylon 47 mm filter. These samples
served as indicators of average suspended sedi-
ment concentration in the water column and
were also used as a check of the calibration of the
OBS probes. An anemometer and wind vane
were mounted on the platform approximately
5m above the marsh surface with data recorded
once a minute on separate StowAway™ data
loggers. These instruments operated continu-
ously over the whole field season.

A variety of small problems resulted in
malfunctioning of some instruments for indivi-
dual runs and the OBS probe at the reference
station (C5) could not be properly calibrated at
the end of the season. One axis on a 512 probe
did not function and data for this instrument are
reported for the X axis only.

Results

Tidal creek geometry and morphology

The cross-sections where instrumentation arrays
were located and creek long profiles are shown in
Figs 3 & 4 and morphological data for the creek
network are summarized in Table 1. Creek chan-
nel patterns on the marsh generally arc rcticulate
in the lower portions and dendritic on the upper
marsh (Fig. 2). Three basic channel cross-
sectional forms can be recognized corresponding
roughly to the lower, middle and upper sections
of the creeks (Figs 3, 52 & b). In the lower
sections of the three tributary creeks and all
of Main Creek, the channel bottom is incised
more than 2m below the marsh surface and the
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Table 1. Morphometric properties of the tidal creek system

Creek Length Confluence  Upper Lower
(m) Width Slope Slope
West 160 36 0.008 0.047
Middle (Study) 225 15 0.021 0.016
East 125 13 0.008 0.007
Main 140 30 0.024

Fig. 5. Photographs of the tidal creek system and marsh: (a) view of the lower section of Middle Creek looking
up-channel from the confluence with Main Creek. Note mud covered banks and bottom of channel. Cross section
1 is located in the mid foreground. The platform and instrumentation hut, part of the boardwalk network and

the bridge over the creek at cross section 2 are visible in the background; (b) View looking landward of the
middle and upper sections of Middle Creek taken in early spring. Note deposition of mud on banks and
leaves of vegetation and the blocking of the channel evident in the lower left and middle right of the photograph.
(¢) View of the bridge at C2 from the platform during a spring tide showing measurements with hand-held
current meter and collection of suspended sediment samples. The arrow points to the H frame used for the
vertical array at C2. The tidal stage is about 1 m below high tide; (d) View offshore during rising spring tide
showing complete inundation of the tidal creek network. At this stage water floods the marsh surface across the
entire length of the marsh front and advances across the marsh as a sheet.

channel is greater than 10m wide at the level
of the marsh surface (Fig. 5a). The banks are
steep and linear with slopes of 10-20° and
are bare of vegetation. There is often a small
cliffed section near the top that appears to
coincide with the root base of the Spartina
alterniflora. Soft mud overlies the substrate of
consolidated marsh sediments or sandstone
bedrock and covers the bottom and lower
portions of the slopes to a depth of 0.5m
or more. A small notch at the bottom of the
channel serves to carry a very small amount of

drainage from the marsh surface and ground-
water table during low tide (Fig. 5a).

The middle section of the channel is transi-
tional from lower to upper sections (Fig. Sb).
The channel is <1 m wide, and may be as much
as 1 m deep. The bottom of the channel is flat
and cut in marsh sediments, and the sides are
nearly vertical and grass covered. Portions of the
channel are often blocked by mud which has
slumped into the channel (Fig. 4 East Creek &
Fig. 5b). Water may flow beneath the slumped
material for sometime but over a few months it
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becomes consolidated, thus raising the channel
elevation at this point.

The upper section of the channels are shallow,
vegetated indentations on the upper marsh
surface with gently sloping sides (Fig. 5b). The
channel slope here is not much greater than that
of the marsh surface itself.

Both the middle and upper sections of the
channels appear to be aggrading as a result of
deposition of mud on the vegetation on the sides
and bottom of the channels. In the case of the
middle section, aggradation takes place mainly
through deposition on the grass along the
channel edge and sides which is then bent over
to obstruct the channel. On the upper section
where the bottom of the channels are grassed,
sediment is deposited directly on the surface
around the stems of the grass.

Vertical variations in flow and suspended
sediment concentration

Measurements of flow and suspended sediment
concentration were carried out over four spring
tides on June 5 and 6 1997 using a vertical array
located at C2 in Middle Creek. The objectives of
this set of experiments were to:

e determine the nature of the vertical velocity
profile;

e to estimate variations in bed shear stress over
the tidal cycle;

e to estimates net sediment flux through the
cross section over the tidal cycle from simul-
taneous measurements of velocity and sus-
pended sediment concentration.

Problems were experienced with the lowermost
current meter at V1 and the instruments at the
top of the array were only submerged briefly
during the higher night tides so that data are not
reported for them.

Variations in tidal stage, mean suspended
sediment concentration and mean flow velocity
recorded over one tidal cycle on June 6 night
are shown in Fig. 6. Data for mean flow and
suspended sediment concentration for ali four
experiments are summarized in Fig. 7. The data
in both figures have been plotted relative to high
tide as determined from pressure transducer
records. Velocities are for the resolved vector
magnitude, with positive flows being onshore.
The data show that flows generally coincide
closely with the channel axis when water eleva-
tions are below bankfull. Once the whole marsh
surface is inundated the flow is usually eastward
(i.e. at right angles to the channel axis at this
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Fig. 6. Measurements of flow magnitude and
suspended sediment concentration on the night of
June 6 1997 at cross section C2 using a vertical array:
(a) tidal stage; (b) mean velocity magnitude; (¢) mean
suspended sediment concentration; and (d) location of
the instruments in the vertical array.

location) towards the entrance of the Cumber-
land basin, reflecting the general pattern of circu-
lation within the basin. However, this pattern
can be altered by the effects of strong winds.

Flow magnitude and variation over the tidal
cycle on the night of June 6th at V2 and V3 are
similar (Fig. 6). Flow velocities are low, reaching
a maximum on the flood of about 0.05msec™!
about half an hour before high tide, and a
maximum of about 0.08 ms~! on the ebb about
45minutes after high tide. Current velocities
during the rising tide were generally higher closer
to the bed at V2 than at V3, while the flow was
confined to the channel. However, around high
tide higher velocities were recorded at V3, prob-
ably because water near the bottom of the tidal
creek channel becomes sheltered from the gen-
eral flow over the whole marsh.
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Fig. 7. Mean velocity (a) and mean suspended
sediment concentration (b) recorded over four
experiments carried out on June 5 and 6 1997 at the
vertical array at C2.

The pattern of suspended sediment concentra-
tion is also similar at all three locations above the
bed, with highest concentrations at the begin-
ning of the flood as water enters the channel,
and then decreasing throughout the tidal cycle.
The magnitude of suspended sediment concen-
tration at V1 and V3 is similar, but is lower at
V2. This pattern held during all four runs and
probably reflects a problem with calibration of
this instrument rather than a real difference in
vertical concentration.

Data for mean flow and suspended sediment
concentration for all four experiments are sum-
marized in Fig. 7. Flow velocities for the other

three experiments generally show the same pat-
terns as those for the night of June 6 (Fig. 7a).
Mean flows are low and do not exceed 0.1 ms~!.
Maximum velocities usually occur within 30 min-
utes of high tide and there is often a marked
asymmetry, with maximum ebb velocity being
higher than the maximum flood velocity. How-
ever, flows at V3 are nearly as high at high tide as
they are later, reflecting the general easterly flow
over the marsh at this stage that was noted above.

Suspended sediment concentrations over all
four experiments are highest at the start of the
flood and concentrations decrease to a minimum
near the end of the ebb (Fig. 7b). The rate of
decrease in suspended sediment concentration
slows somewhat around high tide and this is
evident in the difference in the pattern between
the sensor at V3 (1.5m above the bed) compared
to the two lower locations. At V3 the period
during which the sensor is covered is shorter and
the decreasing trend is not as apparent. Sus-
pended sediment concentration measured at V1
range from a maximum of about 450 mgl~! to
a minimum of about 100 mg1~". The highest sus-
pended sediment concentrations were recorded
on the night of June 5th after a day with
moderate winds and considerable wave action
in the basin, while the lowest concentrations
occurred on the night of June 6th under relatively
calm conditions. The pattern of variations in
suspended sediment concentration recorded at
all three elevations was similar over the four
experiments and the absolute magnitudes were
similar at V1 and V3. As noted earlier, the
magnitudes recorded at V2 were about 50 mg [~!
lower than those recorded at the other two
probes because of a calibration problem. How-
ever, this difference was essentially constant
during all four experiments, thus supporting the
proposition that there is little vertical variation in
suspended sediment concentration within the
tidal creek.

Spatial variations in flow and suspended
sediment concentration

Variation in flow and suspended sediment con-
centration along the length of Middie Creek were
measured over six tidal cycles covering the full
neap to spring range. At spring tides the water
depth over the low marsh was about 1 m while
at neap tide the water level did not exceed
bankfull in the channel and the upper marsh was
not inundated. Attention is focused on the four
stations located on Middle Creek because no
suspended sediment data are available for the
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reference station at C5 and because the current
meter at this location is fixed at 0.3 m above the
bed compared to 0.15m for the other stations.
However, flow dynamics at C5 are described at
the end of the section.

Tidal stage, velocity magnitude and sus-
pended sediment concentration recorded for a
spring tide and a neap tide are shown in Fig. 8.
On the spring tide (Fig. 8a) the whole marsh
surface is covered for a period of about 0.5 hours
either side of high water. The highest velocities
occurred at C4 on the mid-marsh surface and at
C1 near the confluence with Main Creek. Flow
velocity at the mouth of the creek is highest at
the beginning of the flood when the water
advances up the lower portion of the channel
which has a relatively gentle gradient and large
channel width. Velocities are lower over the
middle part of the flood, when the tide is still
confined to the channel, and the decreasing
channel width and increased slope in the middle
portion of the channel of the channel mean that
the area flooded by the rising tide decreases in
each time increment. There is a small velocity
pulse evident near the end of the rise when flow
expands rapidly over the mid and high marsh
and a similar pulse on the ebb as water drains
from the upper marsh. Flow speeds measured
parallel to the channel at C3 remain very low
throughout the inundation period. This reflects
in part the effect of the very narrow channel and
small area flooded during the first part of the
flood. When flow expands rapidly across the up-
per marsh observations and measurements with
the hand held current meter show flow velocities
in the surface flow at C3 to be similar to those
recorded at other stations, but within the chan-
nel itself flow is obviously greatly retarded by
the small channel width and the roughness effect
of dense vegetation. Measured velocities on the
neap tide (Fig. 8b) are considerably lower than
for the spring tide. Velocity at Cl is again
highest during the initial period of flooding but
there is little evidence of a velocity pulse around
high tide because overbank flooding is confined
to a small area near the marsh margin.

Mean suspended sediment concentrations
measured at Cl, C2 and C4 have similar pat-
terns and magnitudes on both days (Fig. 8a, b).
As was the case for the vertical array, concen-
trations tend to decrease over the tidal cycle but
the decrease is more pronounced on June 13th
than on June 8th.

Variations in velocity magnitude and sus-
pended sediment concentration at each station
are summarized for all six experiments in Fig. 9.
Flow magnitude (Fig. 9a) tends to increase from
neap to spring tides associated with the increase

in area of marsh flooded, though the velocities
are still generally <0.1 ms~!, the highest velo-
cities are recorded at Cl near the mouth of the
creek and at station C4 on the marsh surface.
Flows at C4 on the marsh surface are lowest
around high tide, but at C1 and C2 flows show a
pulse around the time that overbank flow occurs
over much of the low marsh and relatively high
velocities are experienced over high tide reflect-
ing general circulation in the bay over the
flooded marsh. The significance of control by
flow over the marsh surface is brought out by
the early flow reversal and high speed recorded
at C2 on June 9 (Fig. 9a). The actual velocity
vector at this time is directed primarily along-
shore and slightly offshore under the influence of
the general tidal circulation in the basin and
strong northerly winds blowing over the marsh.

The pattern for suspended sediment concen-
tration is similar to that noted earlier for the
vertical array. Concentrations tend to decrease
over the tidal cycle as sediment is deposited on
the marsh surface, but the extent of this depends
on wind and wave conditions (van Proosdij et al.
this volume). At station C1 several runs show an
increase at the end of the ebb and observations
show that this results from re-suspension of
sediment by small amounts of water draining
down the sides of the channel in the lower
portion of the creek.

The flow pattern at station C5 in Main Creek
is more complex than those recorded at the sta-
tions in Middle Creek and the velocity magni-
tude is higher (Fig. 9a). Observations and an
analysis of the vector directions showed that
water on the flood tide enters the channel from
Allen Creek and flows into the lower channels of
the three tributary creeks so that the flow is
parallel to the thalweg. As the tide rises, the arm
which forms the seaward bank of the channel
(Fig. 2) is overtopped and this is followed shortly
by overtopping of the landward bank onto the
main marsh about 60-80minutes before high
tide. At this point, water reaching the tributary
creeks and the marsh surface switches direc-
tion from the thalwegs of the creek channels
to directly onshore across the marsh margin.
At station C5 the shift in direction of flow was
recorded as offshore flows because of the orien-
tation of the channel at C5 relative to the marsh
surface (Fig. 9a). Maximum velocities were
recorded around the time of high tide as the
flow here reflects the onset of strong flows out
of the Cumberland Basin along the NW shore.
As water depth over the marsh decreases the
flow magnitudes also decrease and there is a
period of low velocities as the water level drops
below bankfull. Finally, flow velocities increase
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Fig. 9. (continued)

again as drainage is re-established down the
creek system.

Discussion

Given the very high tidal range in the study area
and the cross sectional dimensions of the tidal
creeks (Figs 3 & 5a), an interesting feature of
this study was the very low mean flow velocities
measured in the tidal creeks. Maximum velo-
cities recorded in Middle Creek never exceeded
0.1ms! and were <0.2ms™' in Main Creek.
These values are thus below the threshold for
transport of sand and for erosion of mud, except
immediately after deposition. They are also
much lower than those recorded in a number
of other field studies of micro-tidal, meso-tidal
and macro-tidal marshes (e.g. Green et al.
1986; Reed 1988; French & Stoddart 1992; Wang
et al. 1993; Leonard et al. 1995qa, b). These low

velocities occur because, despite the large tidal
range, the tidal prism of the creek is small. This is
a reflection of the short total channel length,
steep gradient and simple pattern of the creek
network. The low velocities also reflect the lack
of levee development along the creek channels
and of an embankment or elevated ridge
separating the low and high marsh areas. There
are few areas on the marsh surface with eleva-
tions below that of the creek banks which could
increase the area flooded by waters originating
directly from the creek, and much of the gently
sloping mid- and upper marsh surface lies
beyond the limits of the creek network (Fig. 5d)
so that it is flooded by water coming directly over
the marsh margin. These characteristics also
explain the lack of well-defined transient high
velocities associated with overtopping of the
channel banks which have been described in a
number of other marshes (e.g. Pestrong 1965;
Bayliss-Smith et al. 1979; French & Stoddart
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1992). Slightly higher velocities do occur within
the Main Creek channel and can be expected
near the mouths of the larger creek systems on
the marsh, but in general tidal flows sufficiently
strong to entrain sand and erode muds are
confined to channels such as Allen Creek which
extend well beyond the marsh, and which have
gentler gradients and more extensive flats. How-
ever, it should be noted that residual drainage
from the marsh surface after the tide has fallen
does produce flows in the bottom of the channel
which are sufficiently strong to erode a small
notch (Fig. 5a).

During transitional and spring tides, when the
marsh surface is inundated, flow over the marsh
margin occurs essentially simultaneously with
bankfull in the creeks. From this point in the
tidal cycle, inundation of the marsh surface
occurs more or less uniformly along the margin
and the tidal creeks cease to play a distinct role
in water and sediment transport to the marsh
surface. Subsequent flow over the marsh is
controlled by tidal stage and the tidal circula-
tion within the Cumberland Basin as a whole, as
well as by wind and wave action. A number of
studies have shown that wind and wave action
are important controls on the amount of sus-
pended sediment in water reaching the marsh
and on flow speeds and shear stresses exerted
on the marsh surface (Ward 1979; Wang et al.
1993; Leonard et al. 1995a), and this has been
demonstrated for flows on the marsh surface at
Allen Creek (van Proosdij et al. 2000). At tidal
stages above bankfull when the whole marsh
surface becomes inundated waves generated with-
in Chignecto Bay and the Cumberland Basin can
reach the marsh surface directly and have an
effect on the bed of the channels on the upper
marsh and the upper sides of the lower channels
which are unvegetated. However, because of the
short period and relatively low wave heights,
their effect on the bed of the lower reaches of the
channel is small because water depth at this time
exceeds 2.5m.

Processes within the tidal creek channels
themselves do not appear to have much influ-
ence on suspended sediment concentrations.
As would be expected in a system which is dom-
inated by such a large background suspended
sediment load, there is little correlation between
flow velocity at station cross sections and total
suspended sediment concentrations (e.g. French
& Stoddart 1992; French et al. 1993). Variations
in the input concentrations appear to be con-
trolled primarily by wind and wave action in the
Cumberland Basin and upper Bay of Fundy,
and there is little contribution from erosion or
re-suspension within the creeks in contrast to

some other studies where much of the sediment
in suspension is derived from the tidal creek
channels themselves (Wang et al. 1993; Leonard
et al. 1995b).

There is a tendency for measured suspended
sediment concentrations to decrease through the
tidal cycle. However, unlike the marsh surface
where highest values are found during the initial
flooding of the surface (van Proosdij et al. 2000),
most stations in the creek show higher readings
occurring a bit later in the flood. This may
reflect the deposition of some sediment as the
flood initially advances up the channel and
subsequent influx of suspended sediment from
the basin waters. The high initial values on the
marsh can be attributed to re-suspension of
sediment from the surface and from vegetation
resulting from wind and wave action in shallow
flows over the surface of the marsh while
shallow flows in the channel tend to be protected
from wind and wave action. Much of the later
decrease through time probably results from
deposition on the marsh surface (van Proosdij
et al. 2000) and, to a lesser extent, in the creeks.

No attempt has been made here to compute
discharges of flow and sediment through the
tidal channel cross sections or to calculate a
sediment budget based on these. During neap
tide conditions, where flow is confined to the
channel system, flows are so low that velocity
variations are small compared to the precision
of the current meter and particularly to current
meter calibration. During tides where the marsh
surface is flooded, it is evident that the dominant
transfer of water and sediment occurs across the
marsh margin rather than through the creek
network (e.g. French & Stoddart 1992). In addi-
tion, the presence of a strong alongshore move-
ment of water across the marsh surface on many
days means that there is considerable movement
of water and sediment across the tidal creek
topographic watersheds, so that water leaving
the tidal creek may have entered the marsh
system hundreds of metres away.

The low measured velocities in the tidal creeks
suggest that shear stresses are generally too low
to result in vertical incision or headward
extension of the creek network as is often the
case during the early stages of marsh develop-
ment (Pestrong 1965; Collins ef al. 1987; Steel &
Pye 1997). Indeed, the velocities are generally so
low that net deposition should occur in the
channels under most conditions and the network
should be contracting. There is evidence of this
from clogging of the upper channels by vegeta-
tion and by slumping of silt deposited along
the banks (Fig. 5b), and the lower portions of
the channels are characterized by mud deposits
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0.5m or more in thickness. Steel & Pye (1997)
found that contraction of the drainage network
occurred once the marsh surface had grown to
the point where the annual frequency of flood-
ing, which produces strong flows in the creeks,
fell below 280. At Allen Creek annual frequency
of flooding of the marsh surface is >400, but the
key determinant of the ability to generate flows
strong enough to erode the channels here may be
the narrow marsh width, rather than the effect of
increasing elevation of the surface on flooding
frequency. The tendency towards siltation of
the creek channels may also be increased by the
ongoing reduction in drainage area due to
recession of the marsh margin which is occurring
at >Imyr!

In the middle and upper portions of the creek
network it may continue to function because, as
a result of the high frequency of inundation,
accretion of the marsh surface is nearly as great
as in the creek channels. In the lower reaches,
where the channel sides are unvegetated, deposi-
tion may be inhibited by wave action during
storms. In addition, Schostak (1998) found that
all episodes of erosion of the banks of the lower
channel sections were associated with rainfall.
It is also possible that processes associated with
ice movement during winter months, coupled
with reduced vegetation cover can lead to some
flushing of sediment from the channels.

Finally, the apparent inactivity of the tidal
creek network suggests that it may be inherited
from the system developed initially on the mud-
flats. On other marshes along the coast which
are in an earlier stage of development, the creek
network extends to the spring high tide limit
(Dawson et al. 1999). The drainage density is
greater and the creek networks are more com-
plex than those on the Allen Creek marsh,
suggesting that contraction of the network may
begin very early in marsh growth. The system
may be maintained for some time because depo-
sition rates in the channels are only a bit higher
than those on the developing marsh surface.

Conclusions

Velocities measured in the tidal creek network
on Allen Creek marsh are much lower than
those reported in many other marsh systems,
despite the extremely high tidal range. The small
marsh width, limited network development and
the steep channel gradients all act to limit the
tidal prism and produce low flow velocities.
The absence of significant levee development
along the creek channels and the relatively simple
topography of the marsh surface also inhibit high

transient currents associated with overbank
flows. Instead, flooding of the marsh surface
across the marsh margin occurs simultaneously
with the achievement of bankfull conditions in
the creeks. As a result, the tidal creek network
plays a limited role in the transfer of water and
sediment into and out of the marsh, and the bulk
of these transfers take place across the marsh
margin. Flows in the creeks appear to be too low
to flush the system, leading to contraction of the
drainage network while the marsh surface is still
relatively low in the tidal frame.
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A diagnostic tool to study long-term changes in estuary morphology
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Abstract: One method of studying the functional morphology of estuaries and the potential
implications of developments is presented. The approach makes use of a hybrid modelling
approach to predict the state of the estuary relative to its present day target steady state. The
technique has now been applied to a number of UK estuaries, which allows the variability
between systems to be illustrated. For one of the estuaries a range of modifications has been
examined to try and identify how the functional behaviour of the system might be affected
(e.g. remove flood banks) and these are discussed. Experience to-date has shown that this
approach helps to develop an understanding of gross system behaviour and how this might
change in the future. It does not provide detailed predictions for specific locations within the
estuary, although the role of particular components in the system is highlighted.

Estuaries are important economically and
socially as prominent locations for ports, indus-
try, agriculture, recreation and urban develop-
ment. Their natural resources also make them
important ecologically and hence they tend to
have a high nature conservation value. The
many and varied activities that take place with-
in an estuary can often give rise to conflicting
interests, which in some cases may constrain
the dynamic response of the estuary system
(HR Wallingford et al. 1996).

Estuaries are complex interfaces between the
fluvial upland systems and the wave and tidally
dominated regimes of the open coast. This gives
rise to energy and sediment inputs, predomi-
nantly, at landward and seaward ends of the
system. An estuary is subject to a wide range of
natural variability, including changing climate
(storminess, rainfall, waves, surges, etc), fluctua-
tions in relative sea level and variations in sedi-
ment supply and demand. In addition, an estuary
may be subject to a variety of constraints that
limit the way in which the form can adjust to
change. Typically these include the catchment
characteristics, the underlying geology, the surfi-
cial sediments, the historical response time of the
estuary (notably over the Holocene) and human
developments (such as sea walls, urban and
industrial conurbations, navigation channels
and aggregate extraction).

Previous approaches to the study of long-
term morphological change in estuaries have
been categorized into two groups; top-down
and bottom-up models (HR Wallingford et al.
1996). The former seeks to characterize the
system as a whole in some way. Typically such
models assume a steady state and parameterize
the discharge-form relationships, referred to as
regime models, or seek to determine a steady
state, based on assumptions about the relation-
ship between inputs (O’Brien 1931), outputs
and energy distribution (Leopold & Langbein
1962; Pethick 1994). In contrast, bottom-up
models seek to represent the detailed processes
of hydraulics, sediment transport, erosion and
deposition to compute the changes to the sea-
bed over time. To allow for the variability in
input parameters, a probabilistic approach can
be adopted. This approach remains particularly
sensitive to the errors in predicting sediment
transport. As a consequence, medium or long-
term predictions (greater than about one year)
are not, as yet, feasible.

To illustrate the recently developed approach,
and role it can play in developing a better
understanding of the controls which influence
the long-term response of an estuary, case studies
from three estuaries are presented; namely the
Humber, Southampton Water and the Bristol
Channel (Fig. 1).

From: PYE, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 75-86. 0305-8719/00/815.00 © The

Geological Society of London 2000.
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Fig. 1. Location map for the Humber, Southampton Water and the Bristol Channel.

Tools to investigate long-term morphological
evolution of estuaries

The late nineteen fifties and early nineteen
sixties saw a substantial advance in the general-
ization and application of the Second Law of
Thermodynamics, particularly in the context of
irreversible processes (Prigogine 1955). Leopold
& Langbein (1962) applied this to the problem
of river hydraulics and morphology. A subse-
quent paper by Langbein (1963) considered the
application of the same approach to shallow
estuaries. This however deals with an ‘ideal’
estuary (Pillsbury 1956) and therefore is con-
strained by the assumption that the amplitude
of the tidal elevation and velocity are constant
throughout the system. The influence of the
frictional terms (Lamb 1932; Dronkers 1986)
and the interaction of M, and My tidal con-
stituents, referred to as the overtide (Friedrichs
& Aubrey 1988), further limit the validity of
Langbein’s application of this approach to the
case of an estuary.

In order to develop a more rigorous approach,
the derivation of minimum entropy production
in a river system was re-examined. This was
found to be a special instance of the more general
case of a reach with bi-directional and variable

discharge. The generalized formulation applies
to the estuary case and can be used to investigate
the relationship between morphology and tidal
energy distribution.

For the evolution to a probable state in a
system near to equilibrium, it has been suggested
that the entropy production per unit volume will
tend to evolve to a minimum compatible with
the conditions imposed on the system (Prigogine
1955). Relating this to an estuary suggests that,
in the long term, a natural system will tend to
evolve in an attempt to achieve the most prob-
able distribution of tidal energy. However, the
time taken to evolve to this state will be depen-
dent on constraints imposed upon the system
(such as geological constraints and supply of
sediments). Such constraints may be significant
enough to prevent the evolution to the most
probable state in which entropy is maximized, or
may induce a switch to some other steady state.
Another complication is that the energy available
to the system varies temporally over the evolu-
tionary timescale, due to climatic changes, sea
level rise, etc.

The concept of minimum entropy produc-
tion per unit discharge has been derived for the
more general case of a bi-directional variable
discharge along a channel reach. This suggests
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that the longitudinal energy distribution along
an estuary may be represented as:

ngHth:exp(Cx+D) ()

where C and D are constants, and pg [ HQ dt
is the sum of the energy passing through a
section at a distance x from the mouth of
the estuary over a complete tide, with p being
density of water, g the acceleration due to
gravity, H is the specific energy head and Q is
the discharge.

Equation 1 represents the most probable
distribution of tidal energy within an estuary
and states that this will occur when there is
an exponential decay of tidal energy upstream.
This theory suggests that the estuary morphol-
ogy will evolve in an attempt to achieve this
steady minimal production of entropy. This may
be achieved via mutual co-adjustment of chan-
nel morphology and tidal characteristics. How-
ever, this distribution may not be a single
exponential for the system as a whole, due to
internal natural or anthropogenic constraints.

The equation of minimum entropy produc-
tion is solved with the aid of a hydrodynamic
numerical model of the estuary. Discharges and
elevations from the model are used to compute
the longitudinal tidal energy distribution for the
estuary and to generate boundary conditions for
the solution of Equation 1.

Case study — The Humber Estuary

Characterization of the estuary

The Humber Estuary (Fig. 1) is located on the
NE coast of England and drains a catchment
area of some 23 690 km? (Law et al. 1997). Fresh
water enters the estuary through many rivers
and tributaries, the largest of which are the
Ouse, Don, Aire and Trent. Although the fresh
water flows do not significantly influence water
levels in the estuary, they are sufficient to give
rise to density currents, which are particularly
important in the outer region of the estuary.
At the seaward end there is a tidal range of
about 6 metres, due to the position of the mouth
within the North Sea basin. This tide is further
amplified as it propagates up the estuary and the
overtide causes significant asymmetry, particu-
larly upstream of Trent Falls. Substantial recla-
mation and dredging has taken place in the past
(Dun & Townend 1997). One of the benefits
of this activity is that there is a good historic
record of bathymetry. Changes since about 1850

have been studied in some detail and suggest
that, overall, the estuary has been accreting,
although there has been a switch to a more
erosional phase in the period 1950 to the present
(Dun & Townend 1997; Wilkinson er al. 1973).

Long-term morphological evolution of
the estuary

The existing tidal energy distribution along the
longitudinal axis of the Humber Estuary and the
combined major tributaries, for the mean of a
spring-neap tidal cycle, is illustrated in Fig. 2.
The solution to Equation 1 for the energy sup-
plied during a tide, is also illustrated in Fig. 2 as
the ‘Theoretical’ distribution. It is apparent that
the actual distribution of tidal energy along the
Humber system generally decays exponentially
in the upstream direction. This result is in
general agreement with the model of minimum
entropy production; however, some areas devi-
ate from the most probable state. For instance,
the major tributary channels and the area close
to Trent Falls (at a chainage of 80km on the
figures) have a lower fraction of tidal energy
transmission than is predicted from the most
probable state model. Such areas would be
expected to attempt to achieve an increase in
channel capacity. This would have been the situ-
ation prior to the historical programme of land
reclamation along the tributaries, and to a lesser
degree prior to the training wall construction,
when these channels would have had a far greater
capacity. Further downstream the model sug-
gests that much of the middle Humber (Imming-
ham to Reed’s Island) would tend to accrete.

The historical trend for deposition of sedi-
ments in the inter-tidal and the subsequent land
reclamation supports the inference that the
Humber Estuary has generally acted as a sink
for sediments during the recorded past. Further-
more, volumetric analysis of the estuary (from
Trent Falls to Spurn Head) for the period from
1851 to 1993 (Dun & Townend 1997) suggests
that the estuary as a whole has generally accreted
during this time.

In order to investigate the variation in the
energy distribution along the estuary during this
period, the 1851, 1920 and 1946 bathymetries
were generated and the 1D model re-run. For
this analysis, tidal range was assumed constant
over time but mean sea level was varied based on
a rate of 2mmy/year (derived from records taken
at 3 stations along the estuary). The energy
distribution for the 1851 bathymetry is shown
on Fig. 2 for comparison with the 1993 case.
Each year will have its own most probable curve
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Fig. 2. Energy distribution in the Humber for historic and present day bathymetry.

based on the boundary conditions. Differences
from the respective ‘most probable’ state for
each year are illustrated in Fig. 3. This suggests
that from the head to about chainage 90km
and from 130 km to the mouth, the energy trans-
mission has moved towards the most probable
state over time. For the interval from 90km
to 130km, a more complex variation has taken
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place, with the system initially moving towards
(1851-1920) and subsequently moving away
from the most probable state. However integrat-
ing the differences over the length of the system
reveals a progressive reduction in the total
difference. This implies that the system as a
whole has progressively moved towards a more
probable state.

2.0E+08 -

1.5E+08

1.LOE+08 -

5.0E+07

0.0E4+00 T

-5.0E+07

-1.0E+08 -

Difference from Most Probable (J)

-1.5E+08

-2.0E+08 L— —
0 20 40 60

80 100 120 140
Chainage from tidal limit of R Trent (km)

Fig. 3. Changes in energy distribution in the Humber, from most probable, over time.
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In the period 1851-1920 this was achieved by a
move towards the ‘most probable’ state through-
out. This corresponds to the period over which
the estuary underwent a significant reduction in
volume (6% in both the inter- and subtidal).
Between 1920 and 1946 the estuary lost subtidal
volume (7%) while the intertidal did not change.
The channel then enlarged from 1946 to 1993
(2% in both inter- and subtidal). The reversal in
trend within the middle section during the period
1920-1946 may be a consequence of a perturba-
tion to the system caused by the construction
of the training works at Trent Falis in 1936.
Whatever the cause, the move away from the
‘most probable’ in the middle Humber has served
to achieve a better balance with the inner and
riverine sections of the system and so move the
system as a whole towards a more probable state.

To examine the relative influence of fluvial and
tidal flows on the development of the system
morphology, the model was run for the ‘no river’
and ‘no tide’ cases (Fig. 4). For the case of a river
only (bottom left piot) the energy decays from
the head to an approximately constant level at a
chainage of about 60km from the tidal limit.
As can be seen, the curve compares well with
the theoretical most probable state for the river
on its own. The small deviations are thought
to be a consequence of the way in which the
energy from the different tributaries has been
summed together. The case with a tide only
decays in the opposite direction and only devi-
ates from the river and tide case for the inner
reaches of the estuary (above the 60km chain-
age). Fitting the most probable curve to the
outer portion of the estuary (60 km+) suggests a
more marked gap between actual and most
probable states over the length from 80-130 km
(i.e. Trent Falls to Hawkins Point).

Considering the two cases together, there
would appear to be a transition from fluvial to
tidal dominance at about the 60km chainage.
This is supported by examination of the energy
head and discharge parameters, which also
indicate a transition at around this location.
Upstream the energy head dominates the energy
term, whereas downstream the discharge makes
the major contribution. This in turn is reflected in
the morphology. As one would expect, river bed
elevation governs energy for the fluvial section. In
contrast, in the tidal reach there is an almost
constant energy head and discharge decays expo-
nentially. Given velocities throughout are of
approximately the same magnitude (I-2ms™ '),
this can only be achieved by the cross sectional
area varying exponentially.

This only approximately translates into an
exponential decay in width. An examination of

width and hydraulic depth variations along the
length of the estuary reveals a strong negative
correlation, particularly in the vicinity of the
major bends in the system. This appears to reflect
a degree of redundancy in the system which
allows the width and depth to adjust to accom-
modate local asymmetries but maintain the longi-
tudinal variation in cross sectional area.

Human influence on the estuary system has
been briefly examined to assess the potential
sensitivity of the system. The estuary sections
within the 1D model were modified to remove the
flood banks and include a floodplain approxi-
mately out to the S m ODN contour. The resul-
ting energy transmission is also shown on Fig. 4
(bottom right plot). When compared with the
existing and theoretical cases, this appears to
indicate that the system would move closer to
the most probable state in the vicinity of Trent
Falls (80km) and further away downstream.
The implication of this result is that the removal
of flood defences to re-introduce or extend inter-
tidal wetland area, needs to be considered with
some care. It is also important to recognize that
the most probable state may be changing with
time (e.g. due to sea level rise).

Case Study — Southampton Water

Characterization of the estuary

Southampton Water (Fig. 1) is a mesotidal
estuary with a spring range of 3.9 metres. Fresh
water is supplied by the rivers Test, Itchen and
Hamble and at times gives rise to density driven
currents. These are not however accompanied
by significant sediment inputs (largely due to
the chalk stratigraphy, which forms most of
the catchment), and the marine supply is also
limited. The estuary has a unique tidal curve,
which exhibits both a double high water and a
stand on the flood tide. This is a consequence of
tidal interactions in the English Channel, with
the Solent amplifying the effect as the tide prop-
agates through and into Southampton Water
(Price & Townend 2000). The unique nature of
the tidal wave affects the sediment transport in a
complex way and provides a mechanism for the
landward transport and deposition of fine sus-
pended sediment into the estuary. The length of
the slack water period, which occurs prior to the
ebb phase of the tide, is longer than before the
flood phase because of the double high water.
This means that fine sediment which enters the
estuary has longer to settle out of suspension
before, potentially, being transported down river
on the ebb.
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Fig. 5. Energy distribution in Southampton Water as a whole.

Long-term morphological evolution of
the estuary

To establish any changes over time, a 1D
hydraulic model was established for the 1783,
1926 and 1996 bathymetry. Water elevations and
discharges were extracted from the model at
intervals along the length of the estuary and used
to derive the energy transmission over a tidal
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cycle. When compared with the most probable
state for the system as a whole (derived using the
1996 boundary conditions and Equation 1), it is
seen that the energy distribution varies almost
linearly rather than exponentially (Fig. 5.).
Furthermore it is notable that there is little
change over time. In order to move towards the
most probable state, the energy distribution
needs to either reduce over extensive lengths, or
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Fig. 6. Energy distribution in Southampton Water and the rivers Test, Itchen and Hamble.
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increase through the mouth. This might suggest
that the system could either accrete within, or
widen at the mouth, in order to move towards
a more probable state. The linear distribution is
indicative of a system doing uniform work rather
than minimum work and is characteristic of
canal or linear channel like systems.

An alternative to fitting Equation 1 using the
model boundary conditions is to fit an exponen-
tial curve to the model data using least squares
regression. The differences between the model
data and the resulting curve can be interpreted
as excess entropy production in the existing
system. This curve is also included on Fig. 5 and,
whilst still suggesting that the system as a whole
is a long way from the most probable state,
suggests that the inner portion is perhaps closer
than the outer. To examine this further a number
of internal constraints were introduced. These
exist at the mouth of the three rivers due largely
to structures such as sea walls and docks. The
energy curves for each individual river and the
associated boundary fitted most probable state
(dashed lines with similar symbols) are shown in
Fig. 6. In this figure Southampton Water is taken
to be the reach which connects the confluence of
the rivers Test and Itchen, at Dock Head, to the
Solent. It should be noted that, in order to
highlight the rivers, a log scale has been used
for the y-axis. Consequently, the most probable
state — an exponential — is a straight line. The
differences from the most probable curves sug-
gest that the component rivers are in fact much
closer to the most probable state than the system
as a whole. This highlights the importance of
incorporating the constraints, as stressed by
Prigogine (1955).

Looking again at the historical changes, we
can now see a clearer pattern of change. Figure 7
shows the differences from the most probable
state for each of the component rivers as it has
changed over time. In the River Test there
appears to have been little change between 1783
and 1926, followed by a substantial move
towards the most probable state in the period
to 1996. This is probably a consequence of the
reduction in tidal volume caused by the con-
struction of Western Docks in Southampton
during this time. The differences in the Itchen
are an order of magnitude smaller and suggest a
much earlier move towards the most probable
state, followed by a localized move away in the
reach 3 to Skm from the head. Differences in
the Hamble are again an order of magnitude
smaller and show a small move away from the
most probable state over time. This may be due
to dredging associated with leisure developments
in the river (the Hamble is a major yacht haven).

Finally, the connecting reach shows a marked
move away from the most probable state, most
likely due to the channel deepening that has
taken place in stages over the time interval
studied (although notably not at the mouth, such
that the boundary conditions used remain valid).

Case Study — Bristol Channel

Characterisation of the estuary

The Bristol Channel (Fig. 1) represents the
seaward extension of the macrotidal Severn
Estuary in SW Britain. As a result of reductions
in the channel width and depth, the tidal wave is
amplified in the up-channel direction. The mean
spring tidal range at Lundy is some 5.0m,
increasing to 8.6 m at Swansea and to 12.3m at
Avonmouth, within the Severn Estuary (Admir-
alty 1993). Generally, freshwater discharges into
the Bristol Channel are small when compared to
the tidal flows. They give rise to very localized
effects close to the river entrances, where salinity
gradients can influence sediment movements
(Heathershaw et al. 1981)

The Channel consists of a series of embay-
ments, separated by sections of cliffed coastline
enclosing a submarine valley, which links the
Outer Severn Estuary and the Irish Sea. The
locations of embayments along the northern
coastline of the Central Bristol Channel (such as
those at Swansea and Carmarthen) are related
to the onshore geology. In many cases, a hard,
erosion resistant, Carboniferous Iimestone head-
land on the most westward edge of the embay-
ment, provides protection from the prevailing
southwesterly wave climate. Sandy beaches
within these embayments are generally aligned
parallel to the oncoming south to southwesterly
wave fronts (King 1972). Large volumes of sand
are present within the Channel, although largely
confined to a series of sand bank systems. More
widely there is relatively little sediment on the
bed of the Channel and bare rock is exposed over
extensive areas.

Long-term morphological evolution of
the Bristol Channel

Tidal elevations and velocities from a 2D
numerical model were used to compute varia-
tions in energy at sections along the Bristol
Channel. In this case there was no historical
bathymetry available. The results presented are
for the contemporary case only and as a conse-
quence it is not possible to give any indication of
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the timescale of change. As with Southampton
Water, the most probable state has been
examined by both boundary fitting Equation 1
and by determining the excess entropy produc-
tion based on a ‘best fit’ exponential curve.

The broad exponential energy distribution,
predicted by the entropy model, is again present
within the Bristol Channel (Fig. 8). For the
‘boundary fitted’ case the model suggests that
large scale accretion is needed throughout the
system to achieve the most probable state. How-

ever, this is highly unlikely because of the limited
sediment supply in the system. In effect this
restriction on the supply of sediments is one of
many constraints on the system. The ‘best fit’ case
suggests that areas within the Severn Estuary will
tend to erode to accommodate increased volumes
of tidal energy, whilst other areas will accrete.
This may not be achievable because of con-
straints on the system. As before, sediment
supply is limited but in addition the opportunity
for the system to widen is restricted by cliffed and
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bedrock controlled sections, limiting the energy
that can be transmitted further upstream. In the
long term it may be that erosion of the cliffed
sections between Nash Point and Penarth will
gradually lead to increased upstream tidal energy
propagation and this, in turn, will lead to con-
tinued expansion of the Severn Estuary.

The hard sections between Nash Point and
Minehead thus constrain the tidal energy which
can enter the Severn Estuary. Assuming that in
the medium term this acts as a hard spot, the
entropy model may be re-evaluated incorporat-
ing this constraint. Introducing a constraint at
Nash Point results in a very good fit downstream
of Nash point for both methods (Fig. 9).
Upstream, the ‘best fit’ method provides a good
representation to Penarth Point and then over-
shoots. The ‘boundary fitted” method continues
to show lower energy transmission. Given that
the length between Nash Point and Penarth
Point is hard rock, it would be reasonable to
introduce either a continuous constraint between
the two points, or a further constraint at Penarth
Point. The latter option results in a good fit along
the whole length, using either fitting method, and
provides an appropriate starting constraint for
the Severn Estuary. It is interesting to note that
even along the hard rock length the variation in
energy transmission is exponential. Given the
range of sedimentary and lithological environ-
ments within the estuaries examined, it appears
that the concept may be widely applicable and
not unduly sensitive to the detailed mechanisms
of adjustment that takes place within the estuary.

Conclusions

The concepts outlined above have been found to
be useful in developing a better understanding of
the functioning of estuary systems. They enable
potential long-term evolution to be considered
using readily available hydraulic modelling
techniques to derive the necessary estimates of
energy transmission. The approach of gathering
as complete as possible a description of the estu-
ary characteristics in conjunction with the ‘top
down’ entropy modelling, provides for a heur-
istic approach to developing an understanding of
how the systems function. Until a more rigorous
theoretical basis for functional form has been
developed, this provides a practical way forward.
Used in conjunction with ‘bottom up’ determi-
nistic hydraulic/sediment transport/morphologi-
cal models to examine more detailed short-term
changes (up to about one year), the approach
provides a means of assessing the potential
impacts of changes to the system.

There remains much to be done to develop the
approach. Ongoing work is looking at how to
incorporate time varying constraints and in
particular the significance of a moving frame
of reference as a result of landward transgres-
sion in response to sea level rise.

The work on the Humber and Southampton Water was
funded by the ABP ports of Goole, Grimsby, Hull,
Immingham, and Southampton, whose support is
gratefully acknowledged. Tracy Somerville and Tim
Wells at ABP Research carried out the model simula-
tions of energy for these estuaries.
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Marine sand supply and Holocene coastal sedimentation in northern

France between the Somme estuary and Belgium
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Abstract: From the Somme estuary to Belgium, much of the French coast is characterized
by aeolian dunes, sand-choked estuaries and nearshore sand banks. The lack of sand-
bearing rivers in this area and the abundance of sand in the English Channel point to the
latter as the source of this important sandy accumulation. A comparison of patterns of
nearshore and coastal accumulation with results from studies of the hydrodynamics and
marine sand transport pathways suggests long-term drift of sand towards the French coast
and the North Sea in response to tidal flows and meteorological forcing. This has occurred
through sand bank migration onshore, and sand transport alongshore in a pathway hugging
the French coast. From this tide-driven ‘conveyor belt’, fine sand moved onshore to form
aeolian dunes, while sand of all sizes has accumulated as thick estuarine fill. This mode of
Holocene coastal development emphasizes the joint action of tidal currents, storm waves
and wind activity, within an overall framework of tidal dominance in this macrotidal setting.

The most remarkable geomorphic feature of the
north coast of France (Fig. 1) is the substantial
amount of sand that has accumulated as aeolian
dune systems and in estuaries during the Holo-
cene. These onshore deposits are associated with
offshore sand banks in the eastern English Chan-
nel, and especially in the southern North Sea
(Fig. 1). Although numerous studies have been
carried out on the dunes and estuarine systems of
northern France since the work of Briquet
(1930), these efforts have been either site-specific,
or highly discipline-oriented, essentially from
geological or geomorphic standpoints, and very
little attention has been paid to the long-term
dynamic relationship between marine sand sup-
ply and sandy coastal sedimentation. The highly
dynamic marine environment of the eastern
English Channel and the southern North Sca
have been investigated in recent years in terms
of the large-scale tide-dominated hydrodynamic
circulations (Salomon & Breton 1993; Salomon
et al. 1993) and sand transport patterns (Gro-
chowski et al. 1993a & 1993b). As more spe-
cifically regards the French coast, a narrow
coastal pathway of sand transport from the
English Channel to the North Sea was identified
by Dewez et al. (1989) and Beck et al. (1991).
Mapping of this coastal zone shows that it is
characterized by numerous sand waves migrating

northward over a substrate of relict gravel or
stranded sand banks (Augris ef al. 1995).

The specific hydrodynamic and sand transport
patterns highlighted by these studies are valu-
able in understanding and explaining spatial and
temporal patterns of onshore sand accumulation
in this area of northern France, which lacks
major sand-bearing rivers. From a confronta-
tion of miscellaneous hydrodynamic, sedimen-
tological and geomorphic data covering the
coastal and nearshore environments, a holistic
view of sandy coastal sedimentation is proposed.
It highlights a relayed pattern of sand transport
between the bed of the eastern English Channel
and this coast, involving large-scale long-term
tidal, storm wave and wind activity, modulated
by sea-level change.

Coastal sandy sedimentation

Aeolian dunes

Two different dune morphological types have
developed on the north coast of France from the
Somme estuary to the Belgian border (Fig. 2),
depending essentially on antecedent coastal
morphology. Between the Somme estuary and
the bedrock headland of Cape Gris Nez south of

From: Pye, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 87-97. 0305-8719/00/$15.00 © The

Geological Society of London 2000.
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Fig. 1. Location map of the north coast of France. Representation of marine sand banks is schematic.

the Straits of Dover, dunes have accumulated in
former coastal embayments between headlands
bounded by cliffs. The dune type in this zone is
predominantly transgressive. Thick sand sheets
associated with parabolic dune formation, and
stabilized by vegetation, have moved several
kilometers inland in places. This mode of dune
formation has left hardly any backbarrier wet-
lands (Fig. 2). The most important dune fields
have fossilized coastal cliffs and even form cliff-
top dunes above 150m. Between the Canche
and Authie estuaries, the transgressive trend
is less pronounced and the thick dune fields
are separated from the abandoned cliffs inland
by now largely reclaimed lagoonal and estu-
arine wetlands.

Between Cape Gris Nez and the North Sea,
dune fields are less massive but still form sig-
nificant coastal accumulations up to 25m high.
The predominant dune type on this coast is the
shore-parallel, barrier type (Fig. 2). Two or three
generations of sub-shore-parallel dunes form a
single barrier hinged on bedrock in the west. Two
barriers of this type have developed, respectively
between Capes Gris Nez and Blanc Nez, and

from Cape Blanc Nez along the southern North
Sea as far as the Netherlands. The dunes in this
North Sea sector of the French coast have been
massively transformed or obliterated by urban
and port development (Fig. 2). This dune barrier
type has impounded marshland comprising orga-
nic mud and isolated patches of sand represent-
ing tidal channel fill (Houthuys ez a/. 1993). The
back-barrier marshlands have been largely
reclaimed since the 11th century.

Estuaries

The three main estuaries in northern France
(the Somme, Authie and Canche) north of the
Seine River (Fig. 1) are associated with short
coastal rivers (100 to 250km long) that drain
Jurassic—Cretaceous limestone catchments. Their
liquid discharges are relatively moderate (the
mean discharge of the Somme which drains
the biggest catchment is only 35m®s~!), but
constant throughout the year. The transport
loads brought down by the rivers are solution or
suspension loads. Estuaries show a characteristic
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Fig. 2. Dune distribution and sketch of simplified dune and backbarrier morphostratigraphy.

massive south bank sand platform that extends
northwards across their mouths (Fig. 3), under
the influence of longshore sand transport due
to tides and waves. Historical reconstructions of
estuary mouth evolution over the last two to

three centuries (Briquet 1930; Dallery 1955)
show significant northward extension of the
dune-bound south bank sand platforms and
concomitant erosion of the north bank dunes,
the sand being recycled into the estuarine sinks.
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Fig. 3. 1994 aerial photographs of the Canche and
Authie estuaries showing advanced sandy infill
(Courtesy of IGN).

In all cases, massive accretion is resulting in
active infill of these estuaries.

This advanced accretion is matched by thick
sandy infill. Borehole data from the Canche estu-
ary (Fig. 4) show a tripartite sediment stacking
pattern. The Mesozoic limestone basement is
overlain by up to 10m of fluvial deposits. These
are overlain by a 15 m thick intermediate unit of
grey estuarine sand with occasional mud layers.
This unit is bounded at its base and top by peat.

The surficial overlying unit consists of yellow
beach and aeolian dune sands up to 30 m thick
in places. A similar stacking pattern has been
described by Sommé ez al. (1994) from an estu-
arine backbarrier environment between Calais
and Dunkirk.

The marine environment

Regional hydrodynamic conditions

The eastern English Channel and southern North
Sea are influenced by tidal circulations, storm
wave activity and aeolian processes. Water move-
ment and hydrodynamic conditions are largely
dominated by tides. The main water movements
are due to the lunar semi-diurnal M, (12.4 hours)
and solar semi-diurnal, S, tidal constituents
(Pingree 1980). Tides in the eastern English
Channel and southern North Sea show elements
of both standing and progressive motions. Both
marine environments are macrotidal. Spring
tidal ranges along the French coast reach 10m
in the eastern English Channel, but diminish to
around 5.5m in the southern North Sea. The
tidal currents are strong, with surface veloc-
ities ranging between 0.5 and 2.0ms™! (SHOM,
1968). Current strength is strongest in the central
Channel and decreases eastward towards the
Straits of Dover where velocities increase once
more, before decreasing once again in the south-
ern North Sea (SHOM, 1968).

Both the English Channel and the southern
North Sea are storm wave environments char-
acterized by episodic high-energy wind waves
(peak periods of 4 to 7s) between more or less
long intervening periods (order of days in winter
to several weeks in summer) of low energy wind
waves. The North Sea is characterized by
dominantly northerly wind waves (Bonnefille
et al. 1971). South of the Straits of Dover, swell
working its way in from the Atlantic occasionally
complements the locally generated wind waves.
Waves in this area are essentially from the west to
southwesterly directions (Despeyroux 1985), in
response to the prevailing synoptic wind flows
in this region. Analyses of long-term (1-24yr)
wave measurement records from the English
Channel by Grochowski & Coilins (1994) show
that the significant wave height (Hs) diminishes
from 1.3m at the western approaches to the
Channel to 0.75m in the Straits of Dover.

The hydrodynamic circulation close to the
French coast shows interesting characteristics
that are important in understanding patterns of
coastal sediment transport and sedimentation.
Opverall, Salomon & Breton (1993) and Salomon
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Fig. 4. Stratigraphy of the south bank of the Canche estuary showing the important sandy infill.

et al. (1993) have shown, following earlier flow
volume computations by Prandle (1978) and
Maddock & Pingree (1982), that there is a net
North Sea directed residual flow of water from
the eastern English Channel through the Straits
of Dover, essentially as a result of meteorologi-
cal forcing by the dominant southwesterly
winds. There is, however, a lateral variation of
ebb and flood-dominant flow across the Straits
and the extreme eastern English Channel (Dewez
et al. 1989; Beck et al. 1991). Adjacent to the
rectlinear north—-south oriented French coast in
the eastern English Channel, the conjunction of
progressive tidal motion, meteorological forcing
from the SW and rectification processes related
to Coriolis forcing, pressure gradient balancing,
and Ekman pumping result in net northward
propagation of coastal water (Aelbrecht et al.
1993). This coastal zone of flood-dominated
North Sea directed flow, whose width decreases
from over 30 km south of the Authie estuary to
only a few kilometers in the narrow Straits area,
is characterized by strong flood currents of up to
1.4 to 1.7ms™! (SHOM, 1968; Beck et al. 1991).
This concentration of North Sea directed flow
along the French coast is important in terms of
net long-term residual sand transport. Further
offshore, there is an ebb-dominated flow directed
towards the English Channel (Dewez et al. 1989,
Beck et al. 1991).

As far as wave action goes, Grochowski &
Collins (1994) have inferred that this process is
only intensive along the coast at shallow depths
of less than 10-20 m. This is a reasonable ‘depth
of closure’ given the short period waves. Along
the English Channel coast of France, these

depths correspond to a 20% sediment distur-
bance level by waves, a value that drops to 5%
along the North Sea coast of France (Gro-
chowski & Collins 1994). These workers have
identified the central axis of the Channel as being
the least wave-affected part, with wave distur-
bance occurring less than 1-2% of the time.

Marine bedload and sand banks

The sea floor in both the English Channel and
the North Sea is considered as a Pleistocene
submarine erosion surface bevelled by successive
marine transgressions and regressions (Sommé
1979; Larsonneur et al. 1982; Curry 1989). The
surficial sediments consist essentially of a veneer
of gravel and cobbles up to 1 m thick, overlying
bedrock or channel fill deposits throughout
much of the Channel and southern North Sea
floor (Larsonneur et al. 1982; Hamblin et al.
1992; Augris et al. 1995). This coarse fraction is
overlain by large areas of sand that are par-
ticularly abundant along the French coast from
the Somme estuary to Belgium (Augris et al.
1995). Sand represents generally less than 50%
of the surficial bedload cover south of Cape Gris
Nez, increasing northwards, except in the Straits
of Dover, and becoming almost continuous off
Dunkirk (Fig. 2), where it forms the western
part of the Flemish bank system (Beck et al.
1991; Augris et al. 1995). Large portions of bed-
rock crop out in the Straits (Augris ¢ al. 1995).

It is important to distinguish between ‘young’
and ‘old’ sand banks (Tessier 1997). The old sand
banks generally occur in deep water (<20m)
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where they show aspects of being both ‘allocyclic’
and ‘autocyclic’ features, i.e., comprising facies
inherited respectively from sea-level changes and
modern hydrodynamic processes. South of the
Straits of Dover, the sand banks are essentially
old and allocyclic banks, according to high reso-
lution seismic stratigraphy of one of the most
important banks near the coast (De Batist et al.
1993). These authors identified three seismic
units: a basal unit interpreted as heterogeneous
fluvial channel fill offshore of the Authie and
Canche estuaries, an intermediate unit compris-
ing landward-dipping reflectors, interpreted as
representing a phase of shoreward sand bank
migration during the Holocene sea-level rise, and
an upper unit comprising northward dipping
reflectors that indicate active longshore migra-
tion of surficial sandy meso-scale bedforms. The
old sand banks in this area are therefore
essentially draped with different mobile sand rib-
bons, sand waves and megaripples that have been
mapped by Beck er al. (1991) and Augris
et al. (1995). The more abundant loose sand in
the southern North Sea includes both old allo-
cyclic banks (Berné et al. 1994) and young to
modern autocyclic banks (Tessier 1997). Between
the two coastal sectors, the narrow, largely bed-
rock-exposed, Straits of Dover are swept clean of
sands by the strong tidal currents (Dewez et al.
1989; Beck et al. 1991).

Marine sand dynamics

The present marine sedimentary cover in the
eastern English Channel shows a spatial arrange-
ment that reflects the overriding influence of tidal
currents (Kenyon & Stride 1970; Stride et al.
1972; Johnson et al. 1982). There is an overall
fining trend towards the Straits of Dover (Lar-
sonneur et al. 1982), schematically presented in
Fig. 5. An interesting feature of the loose sedi-
ment cover is the existence of a zone of bedload
parting in the central Channel zone (Fig. 5),
from where loose sediment, essentially sand, has
moved both to the east and to the west, leaving a
lag of very coarse sediment (Kenyon & Stride
1970, Grochowski et al. 1993a). This bedload
parting zone has been identified from bed-
form asymmetry and from the presence of very
coarse lag deposits coupled with hydrody-
namic observations. It corresponds to the area
of highest current velocities associated with an
amphidromic point situated on land in southern
England. The recent sediment modelling studies
by Grochowski ez al. (19934, b) confirm a path-
way of long-term sand transport (Fig. 5), initially
identified along the French coast by Dewez et al.

(1989) and Beck et al. (1991). These studies also
identified a present belt of sand convergence
between Hastings and the French coast due to
the convergence of the flood and ebb flows
respectively from the central Channel and the
North Sea. The modelling study by Grochowski
et al. (1993a) suggests the Somme estuary as the
French coast location of this sand convergence
belt. This Hastings—Somme sand convergence
zone is bypassed by the active sand transport
pathway towards the North Sea (Fig. 5).

The pathway perfectly reflects the concentra-
tion of North Sea directed residual flows that hug
this part of the northern French coast and the
sand transport processes towards the North Sea
described by Beck et al. (1991). These workers
have attributed the sand transport processes in
this pathway almost exclusively to flood tidal
dominance. They also deduced from their radio-
active tracer experiments that the mean regional
sand transport rate northwards was of the order
of 0.2m? per linear meter per day, the rate be-
ing the volume of sand crossing a 1m long
line perpendicular to transport direction. These
experiments, which included wave and current
measurements, led them to conclude that waves
did not play a significant role in horizontal sand
movement. This conclusion is in agreement with
that of Grochowski & Collins (1994).

In the southern North Sea, longshore sand
transport patterns are similarly directed north-
eastwards towards Belgium in the shallow sub-
tidal zone (Vicaire 1991; Corbau 1995), due to
flood tidal dominance, but the sand movement
patterns are more complex further offshore in
this area than in the eastern English Channel
corridor. There is some evidence of interfinger-
ing of ebb and flood channels, especially near
the shear zone between eastward-directed flood-
dominant flow and Channelward-directed ebb
dominant flow (Beck et al. 1991).

Sand transfer from the nearshore banks to the
coast in this area has been a long recognized
feature of accretion on the French North Sea
coast and has been recently reiterated by Corbau
(1995) and Tessier (1997). This process was
probably known to the local Flemish popula-
tions who used dykes built out into the sea to
intercept nearshore sand banks migrating shore-
ward in the Dunkirk area. Historical records
and ancient maps suggest that the coastward
sand transfer mechanism involves the attach-
ment to the shoreline of shallow linear coastal
bodies. Garlan (1990) has documented from
bathymetry chart differencing between 1911 and
1988 the rapid coastward migration of the land-
ward flank of a sand bank just east of Calais.
Supply of sand from this bank to the coast may
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Fig. 5. Sand transport patterns and pathways in the eastern English Channel (adapted from Grochowski
et al. 1993a). Shading schematically depicts the overall eastward fining of the sea bed sediments mapped by

Larsonneur et al. (1982).

explain localized but massive coastal accretion
observed in this area from topographic surveys.
These sand bodies are thus presumbaly shed off
progressively from the shoreface which acts as a
storage zone for the sand transferred by tidal
currents from the deeper Channel bed. Histor-
ical records and the ancient maps show welding
of these coastal banks onto the wide, dissipat-
ive ridge and runnel beaches that provide very
low gradient surfaces conducive to aeolian sand
transfer inland onto dunes.

Marine sand supply and coastal
sedimentation: a long-term perspective
Much of the loose sediment in the English

Channel and southern North Sea originally
accumulated in a subaerial environment as het-

erogeneous periglacial outwash and terrestrial
runoff deposits (Larsonneur et al. 1982). These
were derived from England, France, and the
North Sea countries and were emplaced during
the Late Pleistocene eustatic lowstand. These
sediments progressively assumed their present
distribution during and subsequent to the Holo-
cene sea-level rise. Austin (1991) suggested the
development of strong tidal currents following
the opening up of the Straits of Dover. It is
believed that the sand banks adjacent to the
French coast were formed during this phase by
combined tidal and wave action (Tessier 1997).

The lack of major sand-bearing rivers between
the Somme estuary and Belgium, and the abun-
dance of sand on the bed of the English Chan-
nel, point to the latter as the source of the
important Holocene coastal sandy accumulation
in northern France. This thesis is supported by a
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comparison of the coastal geomorphology with
the foregoing results of hydrodynamic and
sediment studies covering the English Channel
and the short stretch of French coast bordering
the North Sea. However, the mechanisms and
time frame of the relationship between long-term
marine sand supply and coastal dune formation
and estuarine infill still need to be clarified.

A two-stage time framework is tentatively
proposed, as a simple basis for discussion. This
time framework is based on the history of the
Holocene sea level from the neighbouring Bel-
gian coastal plain (Denys & Baeteman 1995). The
first stage essentially involved sand bank forma-
tion and migration towards the coast in res-
ponse to Holocene sea-level rise, up to around
4000 yr BP. The eastward-dipping seismic reflec-
tors from the deeper sand banks off the French
coast and in the North Sea, identified by De
Batist et al. (1993), Berné et al. (1994) and Tessier
(1997), suggest that early active coastward
migration of these banks during sea-level rise
was driven by both tidal currents and storm
waves. The allocyclic nature of some of these
banks shows that they were stranded offshore, as
the late Holocene sea-level rise outstripped their
rate of coastward migration (Tessier 1997). The
shoreward attachment of banks may have con-
tributed at this stage to estuarine infill and early
sandy sedimentation in the coastal embayments.

The coexistence of both modern shoreface-
attached and older, deeper stranded banks, and
the historical evidence for shoreward sand bank
migration and welding in the southern North
Sea, attest to the continuity of sand transfer
processes towards the French coast following
the Holocene marine transgression. This second,
essentially stillstand, phase has thus involved
sand bank migration and welding to the coast,
as well as the establishment of the long-term
sand transport pathways identified in the eastern
English Channel (Fig. 5).

The coastal sand transport pathway in north-
ern France identified by Dewez et al. (1989), Beck
et al. (1991) and Grochowski et al. (1993a,b)
has, as these various workers have suggested,
served to transfer sand from the eastern English
Channel to the North Sea. A strong assumption
here is that this sediment circulation system has
been in operation over the last few thousand
years as sea-level stabilization allowed long-term
organization of the loose sand stocks by the
regional tidally-dominated hydrodynamic circu-
lation and by North Sea-directed residual water
flow along the French coast. South of the Straits
of Dover, this transport system was fed by
long-term sand drifting from the central English
Channel under a combination of tidal stirring,

meteorological forcing and Coriolis forcing.
From this tide- and meteorologically-driven
‘conveyor belt’, which included the shallower
stranded nearshore banks, fine sand moved on-
shore to form embayment infill and dunes while
sand fractions of all sizes accumulated as thick
estuarine fill. The relationship between coastal
and nearshore facies, their stacking pattern and
the large-scale hydrodynamic circulations in-
volved in long-term coastal sand transfers is
schematically depicted in Fig. 6.

Depending on the relationship between coastal
orientation, impinging storm waves and winds,
tidal current orientation, and inherited coastal
morphology (notably the presence of embay-
ments and estuaries), the dunes accumulated
either as thick transgressive sand sheets or as
shore-parallel dune barriers (Fig. 2). These dune
systems have regularized the shoreline from the
Somme estuary to Belgium, sealing off embay-
ments that initially perturbed both the tidal
current structure and the wave field. The initial
morphology of an irregular embayed shoreline
south of Cape Gris Nez appears to have been a
significant factor in large-scale dune formation in
this area by disrupting the longshore sand trans-
port. Additionally, the impinging southwesterly
winds have been favourable to direct onshore
sand transport.

Conclusions

Unlike open ocean coasts where long period
swell may drive in sand from the nearshore
shelf, the waves in the fetch-limited environ-
ments of the eastern English Channel and south-
ern North Sea have been shown to be active in
sand transport only in the shallow coastal zone.
Because of the marine origin of the substantial
volumes of sand that have accumulated both in
the nearshore zone and onshore in northern
France, the overriding influence of long-term
residual tidal circulations is emphasized by this
mode of coastal accretion.

The specific hydrodynamic circulation pat-
terns characterizing the north coast of France
are embedded within the large-scale regional
circulation patterns controlled by the tides,
aided by meteorological forcing. At the regional
scale, recent studies have highlighted the poten-
tial for net eastward drift of the lighter, sandy
fraction from the heterogeneous central Channel
sediment reservoir towards France, in response
to variations in overall current strength (Gro-
chowski et al. 1993a & b). Given the relative
depletion of sand observed in the central bed-
load parting zone between the Isle of Wight and
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involved in sand transport in the coastal zone. Arrows show net sand transport directions.

the Cherbourg Peninsula, and the enrichment of
the eastern Channel and North Sea in sand,
hydrodynamic sorting related to this bedload
parting may have been operating over the last
few thousand years. However, the sand transfer
mode suggested by the architecture of offshore
sand banks near France appears to have included
storm wave influence in the onshore migratory
phase of these sand banks (Tessier 1997), at a
time when their crests were close to the then
prevailing sea-level.

The longshore distribution of sandy coastal
sediments in northern France fits perfectly with
the sand transport pathway identified along this
coast. The Somme estuary, identified by Gro-
chowski et al. (1993a) as the southern limit of
the sand transport pathway hugging the coast of
France (Fig. 5), is in fact the most significant
coastal sand sink on the north coast of France.
It also marks the starting point of important
northward accumulation of both nearshore sand
banks and coastal sand dunes which extends to
the southern North Sea.

A number of areas require future research.
These include:

(1) the time frame of aeolian dune accumula-
tion and estuarine infill and its correlation
with that of marine sand bank development
and Holocene sea-level rise;

(2) the respective roles of storms and tidal
currents, in both the English Channel and
the North Sea, in the critical inshore zone
where sand is transferred from the sea to
the coast; and

(3) finer resolution of sand transport rates and
sand budgets, and their correlation with the
present status of dunes and estuaries.
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Storm surges and erosion of coastal dunes between 1957 and 1988

near Dunkerque (France), southwestern North Sea
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Abstract: The comparison of aerial photographs of eroding coastal dunes located between
Dunkerque (Northern France) and the Belgium border revealed that the retreat rate of the
dune front increased between 1957 and 1988. Analyses of hourly water levels from the
Dunkerque Harbour tide gauge showed an increase in the frequency of high water levels
associated with storm surges during the same period. Significant wave heights that could be
generated during these high water level events were computed according to a wave hindcast
model and using wind data collected at Dunkerque. These analyses show an increase in
storm magnitude and frequency during the last two decades of the study period, and suggest
a strong relationship between dune front erosion and frequency of storm surge conditions.
Since relative sea-level is rising in the southern North Sea , coastal dunes will probably be
more frequently reached by storm waves in the future. Consequently, more severe coastal
dune erosion may take place during the next decades, increasing the risk of flooding of

coastal lowlands.

Coastal dunes commonly play a major role in the
sediment budget of sandy coastal environments
(Pye 1983; Psuty 1988; Davidson-Arnott & Law
1996). Several studies showed that coastal sta-
bility is strongly influenced by the sediment
exchanges occurring between beaches and dunes
(Short & Hesp 1982; Kriebel & Dean 1985;
Nordstrom et al. 1990). Among a series of com-
plex interactions that link beaches and dunes,
coastal dunes act as sand reservoirs which may
episodically supply sediment to adjacent beaches
(Psuty 1988; Sherman & Bauer 1993).

Dunes also constitute an important barrier
protecting low-lying areas in the backshore of
many coastlines of the world. This is particularly
the case along the southwestern coast of the
North Sea where a large proportion of the
coastal plain consists of reclaimed land (Baete-
man et al. 1992; Verger & Goeldner 1995). In the
Netherlands, for example, up to 80% of the
country’s coastline is protected by coastal dunes
(Van der Meulen et al. 1989). In such context,
coastal erosion may result in the breaching of
coastal dunes and eventually in the inundation
of the low-lying coastal areas. For example, in
1953 a major storm surge striking the Dutch
coast was responsible for the flooding of 130 000
hectares of cultivated land and 1772 fatalities in
Holland (Pollard 1978). The low-lying coastal
lands of northern France have also been flooded

by storm surges on several occasions during the
last decades (Deboudt 1997).

The aim of this study was to evaluate the
effects of storm-induced episodic high water
levels on the erosion of coastal dunes along the
coastline of northern France. A coastal site at
Leffrinckoucke, near Dunkerque (Fig. 1), was
chosen to carry out analyses of coastal dune
erosion between 1957 and 1988 and to look at
the history of the storms that may have caused
the observed erosion.

Regional setting

The northern coast of France consists mainly of
wide dissipative macrotidal beaches commonly
associated to coastal dunes in the backshore.
Dune stability or even progradation may locally
occur, especially near the mouth of small estu-
aries, due to the redistribution of sand trans-
ported by the littoral drift from adjacent eroding
shorelines (Dobroniak & Anthony 1999). Most
of the coastal dunes within the region, however,
show signs of erosion either in the form of ero-
sional scarps (Fig. 2) on their seaward side or
breaches resulting from the local incursion of
storm waves through the dune crest (Fig. 3).
Extensive coastal retreat since at least the middle
of the 19th century has been documented in

From: PyE, K. & ALLEN, J. R. L. (eds). Coastal and Estuarine Environments: sedimentology, geomorphology
and geoarchaeology. Geological Society, London, Special Publications, 175, 99-107. 0305-8719/00/815.00 © The

Geological Society of London 2000.
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Fig. 1. Location map of the study site at Leffrinckoucke.

several studies (Briquet 1930; Corbau et al. 1993;
Deboudt 1997).

The region is macrotidal, the mean tidal range
at Dunkerque being 5.4 m for spring tides and
3.5m for neap tides (SHOM 1997). Winds at
Dunkerque mainly come from the SW, west and
NE, but storm winds mostly originate form the
west and NW directions (Corbau 1995). Such
winds, combined with the effects of Coriolis

Fig. 2. Erosional scarp on the seaward side of a
coastal dune near Dunkerque, September 1998. The
presence of a blockhouse on the beach indicates that
the coastline has retreated by several tens of metres at
this site since World War I1.

force, may induce storm surges along the coast
of northern France by causing an onshore trans-
port of surface water. According to a 21 year
study carried out by Clique & Lepetit (1986), the
mean annual storm surge at Dunkerque is 1.04 m.
The directional distribution of deep-water waves,
offshore of Dunkerque, show that the most fre-
quent waves come from the north—NE to north,
generated in the North Sea, followed by waves
from the SW, originating from the English Chan-
nel (Clabaut et al. 1996). Most waves (60%) have
a period and a significant height of less than 5s

Fig. 3. Breached coastal dune, east of Leffrinckoucke,
near Dunkerque, October 1998.
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and 1.5m respectively, but long period waves can
reach a period of 14-15s and exceed heights of
7m. Due to the orientation of the coastline at the
study site (Fig. 1), the coastal dunes are mostly
exposed to waves from the NW, north and NE.

Coastal dune erosion at Leffrinckoucke
between 1957 and 1988

The study site, at Leffrinckoucke, consists of
a seaward dune ridge and several inner dunes
(Fig. 4). This site is located in an area between
the city of Dunkerque and the Belgium border
where coastal retreat from 1872 to 1977 was
estimated at 1.3 m/yr (Corbau et al. 1993). This
rate does not reflect, however, the large inter-
annual variability in coastal erosion due to the
effects of individual storms that can cause a
retreat of several metres.

Changes in the position of the dune front were
evaluated from the comparison of aerial photo-
graphs taken in 1957, 1967, and 1988 at scales
of 1:20000 (1957, 1967) and 1:25000 (1988).
The photographs were scanned and integrated
at the same scale with a mapping software.
Although parts of the dune front showed only
minor changes during the complete period of this
study, significant erosion occurred at several
locations. These sites were selected for computing
mean retreat rates for the periods 1957-1967,
1967-1977, and 1977-1988. Erosion mainly
occurred during the 1977-1988 period, averaging
3.0 m/yr, while the periods 1967-1977 and 1957-
1967 were characterized by retreat rates of 1.0 m/
yr and 0.8 m/yr respectively.

Water level analyses

Hourly water levels from the Dunkerque tide
gauge, 9 km SW of the study site, were analysed
for the 1957-1988 period. The study was limited
to the 1957-1988 period because too many gaps
exist in the data set prior to 1957 and during

ERODING
DUNE RIDGE

PARABOLJ\C DUNE

1989 and 1992. Topographic surveys at Lef-
frinckoucke showed that the dune toe is at
approximately 6.5m above the Hydrographic
Datum (HD). In order to consider only storms
that may have caused dune erosion, only water
levels of 6.5m or more above HD were taken
into account.

The return period of water levels above the
dune toe was computed according to the method
defined by Gumbel (1958) which is commonly
used for analysing extreme water levels in the
coastal zone (Pirazzoli 1991). This method en-
abled us to estimate the frequency of extreme
water levels using the highest annual water levels
recorded between 1957 and 1988. According to
this method, the probability F that a water level
of height x will not be exceeded is related to the
return period T by the equations:

F(x) =7 0
T(x)=1/1 — F o)

where y is a reduced variate linear function of x.
The thin lines on each side of the thick straight
line (Fig. 5) define a confidence interval of 0.8
probability.

Between 1957 and 1988, sea-level reached the
dune toe at least once every year, and exceeded
that level by several tens of cm several times. Not
only was the dune toe reached by the sea at least
once a year on average, but water levels with a
characteristic return period of about 50 years
occurred 2 times during that 30 years period
(Fig. 5). On these occasions, water level reached
an elevation of 0.78 m and 0.8 m above the base
of the dune during storms that occurred on Feb-
ruary 2, 1983 and January 12, 1978 respectively.

The number of occasions where the water level
was above the dune toe was also calculated for
each period corresponding to the coastal change
measurements made from aerial photographs
(Fig. 6). The water level reached or exceeded the
base of the dune on 35 occasions during the
19571967 period. This level was exceeded on 53
and 90 occasions during the 1967-1977 and

INLAND MIGRATING
PARABOLIC DUNE

Fig. 4. Schematic profile of the coastal dunc system at Leffrinckoucke (modified from Fauchois 1998).
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Fig. 5. Frequency and return period of extreme water levels at Dunkerque between 1957 and 1988. Water level
data are maximum annual water levels collected at the Dunkerque Harbour tide gauge, 9km SW of

Leffrinckoucke.

1977-1988 periods respectively. Qur results show
that high water levels were much more frequent
during the latter period, which was also char-
acterized by the highest water level observations.

Comparison of predicted tidal elevations and
observed water levels showed that the observed
high water levels were not only due to astro-

NUMBER OF OBSERVATIONS
OF WATER LEVELS ABOVE
THE DUNE TOE

nomical tides, but to other forcing mechanisms.
Observed water levels at about 1.0m above the
predicted tide level are common in our data set,
and water levels exceeding 1.3 m above the pre-
dicted tide occurred several times. Wind data
collected at the Dunkerque Harbour during these
events show that virtually all high water levels

y ' -
e 4 1977-1988
1967-1977
1957-1967

Fig. 6. Distribution of water levels above the base of the coastal dune at Leffrinckoucke between 1957 and 1988
(base of coastal dune is at 6.5m above Hydrographic Datum).
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Fig. 7. Directional wind distribution during storm
surges that exceeded 6.5m above Hydrographic
Datum (wind data from Dunkerque Harbour).

were the result of combined tidal- and wind-
forcing. Analysis of hourly mean wind velocities
and directions showed that the distribution of
wind directions was dominated by onshore-
blowing winds from the west and NW when
high water levels occurred (Fig. 7). Most winds
had a velocity of 10 m/s or more (up to 29 m/s)
and were responsible for an onshore-directed
wind stress inducing a shoreward transport of
surface water and a set-up of sea-level against the
coast. On some rare occasions, however, the
observed water levels above the predicted tide
were probably due to changes in barometric
pressure rather than wind-forcing, since the wind
was blowing from the south to SW, directions
that would not result in a transport of surface
waters against the coast.

The magnitude of a storm surge above the
predicted tide level does not necessarily reflect
the potential erosion that may affect the coast-
line. The maximum storm surge for the study
period was recorded on November 2, 1986, reach-
ing 1.38 m above the predicted tide level, but the
water level reached only 0.17m above the dune
toe (6.67m above HD). A similar water level
(6.72 m above HD) was reached on October 25,
1980, while the surge was only 0.31 m above the
predicted tide level. Conversely, even a moderate
storm surge could result in a water level largely
above the dune toe, like on December 10, 1965,
when a surge of 0.96 m induced a water level set-
up of 7.01 m above HD.

We, therefore, used actual measurements of
water levels rather than storm surge elevations
(i.e. elevation above predicted tide) for analys-
ing the potential effects of these events on
coastal dunes. Only observations characterized

by onshore-blowing winds (including obliquely
onshore-blowing winds) were considered for sub-
sequent analyses, because winds from other
directions would not result in the generation of
incident surface gravity waves. These events were
deleted from the following analyses because they
would not result in eroding processes at the coast.

Wave conditions during storm surges and
potential erosion events

Wave conditions associated with high water
levels were investigated in order to distinguish
potentially eroding events and to get a better
insight of the potential effects of the storm surges
on coastal erosion during each 10-year period.
Because there is no continuous wave record for
the period of this study, a hindcast of significant
wave heights, based on hourly mean wind data
collected at Dunkerque and fetch length, was
carried out. Deep-water significant wave heights
(Hq) were obtained according to the following
empirical equation (CERC 1984) which is a
simplification of the parametric wave prediction
model developed by Hasselman et a/. (1976):

Ho = 5.112 x 10~ *U,F'/? 3)

where Uy is a wind-stress-factor (which corre-
sponds to adjusted wind speed over water) and F
is the length of fetch (relative to the shoreline
orientation at the study site). Fetch length was
calculated for each 20° sector facing the coastline.
The distribution of hindcasted wave heights
(Fig. 8) show that most waves during storm
surges had a height of 1 to 2.5m in deep-water.
There are considerable variations, however,
between the different periods. The 1957-1967
period corresponds to a low number of moder-
ate wave events, wave heights ranging mostly
from 1.0 to 1.5m. The 1967-1977 period shows
an increase of both the frequency of wave events
and wave heights, the modal wave height corres-
ponding to the 2.0-2.5 m interval. An increase in
storminess is more pronounced during the
following period (1977-1988) which was char-
acterized by a significant increase in the fre-
quency of waves with heights of more than 1.0m
and especially by the occurrence of high-ampli-
tude waves that exceeded 5.0 m on several occa-
sions. These waves were generated during a major
storm on January 11 and 12, 1978, when wind
speeds of more than100 km/hr were recorded.
When only potentially eroding events are con-
sidered (i.e. water level >6.5m above HD and
incident waves), our analyses show that the study
site was affected by 13 storm surges during the
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Fig. 8. Distribution of deep-water significant wave heights during storm surges that exceeded 6.5m above
Hydrographic Datum. Waves heights were estimated according to a wave hindcast model (see text for

explanation).

1957-1967 period, which is rather low compared
to the number of surges that characterized the
following periods, with 25 and 23 storm surges
during the 1967-1977 and 1977-1988 periods
respectively (Table 1). Although storm frequency
is similar for the last two periods, the number of
observations of high water levels accompanied by
potentially eroding wave conditions may be dif-
ferent from one storm to another, and is variable
for each period. For the complete study period,
most storm surges resulted in 1 or 2 hourly obser-
vations of potentially eroding high water levels
(Table 1). These results do not mean that these
storm events were limited to a duration of 1 or 2
hours; they can be explained by the large tidal
range that restricted the time during which the
base of the coastal dunes could be reached dur-

ing a storm. Differences in storm duration are
obvious, however, for the 1977-1988 period dur-
ing which 3 significant long-lasting storms occur-
red. Waves could reach the base of the coastal
dunes during 5, 8 and 12 hours during each of
these storm surges (Table 1).

Our analyses of storm surge conditions based
on water level and wave hindcast data indicate
an increase in frequency with time of high water
levels associated with potentially eroding condi-
tions between 1957 and 1988 (Fig. 9). Storm
surges were responsible for 25 occurrences of
high water level that could induce coastal dune
erosion between 1957 and 1967. The number of
observations of such conditions increased to 48

between 1967 and 1977, and reached 75 for the
1977-1988 period.

Table 1. Number of storms per period and number of observations of high water levels per storm

Number of observations of potentially 1 2
erosive high water levels per storm

Number of storms (1957-1967) 6 3
Number of storms (1967-1977) 12
Number of storms (1977-1988) 12 6
Total 30 15

3 4 5 8 12 Total
3 1 13
4 3 25
2 5 1 1 1 23
9 9 | 1 1 61
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Discussion and conclusion

The results of these analyses show that high water
levels were more frequent during the 1977-1988
period compared to the 2 preceding 10-year
periods (Fig. 9). Our calculations show that the
coastal dunes at the study site were potentially
reached by storm waves more than 1.5 times
more frequently during the 1977-1988 period
than during the 1967-1977 period and 3 times
more frequently compared to the 1957-1967
period. Such differences can be partly explained
by the longer duration of storm surges during the
most recent period. These results suggest a pos-
sible increase in storminess during the last two
decades of the study period, with more frequent
storms and storms lasting longer (Table 1).
Our results are consistent with other studies
carried out on storm surge frequency and wind/
wave regime in nearby areas. An increase in the
magnitude and frequency of storms (WASA
1995) and an increase in wave heights (Bouws
et al. 1996) have been documented for the NE
Atlantic Ocean and North Sea between 1960 and
1990. Increasing storm surge frequency during
the last decades was also reported by Costa (1997)
who analysed wind data and water levels at
several sites on the French coast of the English
Channel. This author found that northwesterly
winds associated with North Atlantic depressions
occurred more frequently between 1975 and 1990
compared to the rest of the 20th century, resulting
in more frequent sea-level set-up along the
northwestern coast of France. Although coastline
orientation is different at Leffrinckoucke, which is

16
14 -
12 4

10

FREQUENCY

-
w
@

1870
1971
1872
1973

105

more exposed to winds from the North Sea, it is
noteworthy that most storm surges recorded in
the present study were also caused by westerly and
northwesterly winds (Fig. 7). Our results of varia-
tions in storminess and storm surge frequency
between 1957 and 1988 are not necessarily indica-
tive of a new trend that may be projected in the
future, but may be due to cyclic fluctuations of
storm conditions in the North Atlantic, possibly
related to the low-frequency cycles of the North
Atlantic Oscillation (Sutton & Allen 1997).

This study also suggests that a strong relation-
ship exists between dune front erosion and the
frequency of storm surge conditions (Fig. 10).
The significant coastal dune erosion between
1977 and 1988 was probably also favoured by
the action of high-amplitude waves that occur-
red during that period (Fig. 8). Such rapid
geomorphic response of coastal dunes to low-
frequency, high-magnitude, storm surges repre-
sents a major concern for the coastal lowlands of
Northern France that are threatened by flooding.
The risk of coastal erosion and flooding is aggra-
vated along the coast of the southern North Sea
where rising sea-level during the 20th century is
well documented (Houthuys ez al. 1993; Jensen
et al. 1993). Although water level observations
from different tide gauges along the southern
North Sea reflect distinct relative sea-level his-
tories, all tide gauge records show a clear trend of
relative sea-level rise estimated at approximately
1.5mm/yr since the end of the 19th century by
Jensen et al. (1993). According to these authors,
these changes in sea-level were mainly controlled
by thermal eustatic processes.

1981
1982
1983

YEARS

Fig. 9. Annual frequency of water levels higher than 6.5m above Hydrographic Datum, with onshore-directed
deep-water waves (relative to the coastline at Leffrinckoucke).



106 B. VASSEUR & A. HEQUETTE

1977-1888

-1
1967-1977 .

* 1957-1967

c38858383888

NUMBER OF OBSERVATIONS
OF HIGH WATER LEVEL

0.5 1 15 2 25 3 35
MEAN RETREAT RATE {m/yr)

o

Fig. 10. Relationship between mean retreat rate of
eroding coastal dunes at Leffrinckoucke between 1957
and 1988 and frequency of high water levels with wave
activity. Values correspond to periods 1957-1967,
1967-1977 and 1977-1988.

Tide gauges and other evidence suggest that
world sea-level is presently rising at a rate of
about 1 mm/yr (Milliman & Haq 1996; Zerbini
et al. 1996), and most models predict that sea-
level may continue to rise by several tens of
centimetres during the next century as a result of
global warming (Wigley & Raper 1992; Warrick
et al. 1993; Titus & Narayanan 1995). If the pro-
jected estimations of sea-level rise prove to be
correct, high water levels will reach coastal dunes
more frequently in the future, and more severe
coastal dune erosion will probably take place,
increasing the risk of flooding of coastal lowlands.
Rising sea-level may also result in an increase of
the tidal range, a phenomenon that would also
favour higher water levels at the coast. Increased
tidal range with rising sea level has already occur-
red in the North Sea during the Holocene trans-
gression due to increasing water depths (Hinton
1995) and more recently during the 20th century
along the Belgian {(Houthuys er al. 1993) and
Dutch coasts (Jensen ez al. 1993). In addition,
recent models of the possible effects of global
warming on the wind regime of the North Sea
suggest an increase of 0.1 m of storm wave heights
(Bijl 1995). All these projections raise the question
of the vulnerability of the coastal lowlands of
Northern France to future climatic and environ-
mental changes, and call for the need for con-
tinuing precise monitoring programs of coastline
changes and water level variations.

The authors would like to thank S. E. Saye who
critically reviewed the manuscript and made useful
suggestions that contributed to improve the quality of
the paper.
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estuary: the Authie, Picardy, northern France
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Abstract: The Authie is a rapidly infilling macrotidal (mean estuary-mouth spring tidal
range = 8.5m) estuary in Picardy, northern France, whose mouth is affected by strong tidal
currents and wind waves generated in the English Channel. The estuary cuts across a major
sand dune barrier and has been sourced by sand derived from offshore and alongshore, as
well as from recycling of the aeolian dunes lining its north bank. Sand released by the severe
erosion of these north bank dunes is temporarily stored on the beaches. A small fraction of
the sand is back-cycled into the dunes via blowouts. The rest is transported towards the
inner estuary where it forms longitudinal aeolian dune ridges and sand sheets that are
ultimately recycled into sandy-muddy intertidal flats that develop into salt marshes. The
erosion of the dunes lining the north bank of the estuary represents a morphodynamic
adjustment to concentration of the tidal flux against this north bank by massive accretion
and progradation of a south-bank sand platform. This erosion contributes in giving a
funnel-shaped estuary mouth and probably in accommodating the tidal prism following
large-scale reclamation of the inner estuary. The estuary-ward recycling of aeolian dune
sand enhances overall accretion of the estuary whose ultimate fate is complete silting up in

Erosion and recycling of aeolian dunes in a rapidly infilling macrotidal

Coastal Geomorphology and Shoreline Management Unit JE 2208, Université du Littoral

the decades to come.

Mid- to high-latitude coasts commonly show
estuaries associated with aeolian dunes. While,
in exceptional circumstances of massive aeolian
sand supply, this situation may lead to dunes
overwhelming small estuaries (e.g. Carter 1990),
in other, more common cases, such dunes serve
as sand reservoirs for estuarine infill, either
through sand inputs by longshore drift following
updrift erosion of open-coast dunes, or through
inlet reworking of estuary-mouth dunes. These
are fairly common processes and have been
widely documented in the literature. A third
source of dune sand for estuarine infill is where
dunes lining the banks of an estuary, and whose
formation was entirely extraneous to estuarine
development, are eroded and their sand recycled
into the intertidal estuarine sink. This is a rarer
process. The Authie 