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PREFACE TO THE VOLUME

Historically, estuaries have been the focal point of extensive industrial activity for maritime nations. Similarly,
it is well established that such marginal marine environments are particularly sensitive to both long- and short-
term external factors. In particular, estuaries are subject to diverse anthropogenic influences, such as: maritime
transport (port construction, navigational dredging and dumping, maritime traffic congestion), industrial
development (both onshore and offshore), mineral and aggregate extraction, changes in hinterland agricultural
practices, residential development and increased water- and sediment-based pollution. In future, these areas will
be placed under enhanced environmental pressure.

All of the activities outlined will place this inherently unstable environment under excessive strain in terms of
coastline evolution, intertidal saltmarsh development, and sediment contamination. In addition, superimposed
upon these anthropogenic factors are the systems response to more globally-driven changes i.e. sea level rise.
As the need for a coordinated and responsible approach to the effective management of these morphological
systems becomes apparent, as seen by the development of national and international legislation for estuarine
management plans, an improved understanding of the physical dynamics of these systems becomes imperative.
Within this context, modern sediment processes require investigation whilst, at the same time, the development
of the adjacent coastline should be established. Investigation of these data sets, representing different time-
scales, will provide the essential scientific background to management decisions.

The research described in this Special Issue address these problems, through the application of a wide range of
approaches (sedimentological, geological, physical and engineering-based); these, in turn, lead to an overall
interdisciplinary investigation of estuaries. The research undertaken has involved the deployment of
instrumentation at a number of differing localities within various estuaries, measuring processes using both
established and newly-developed (state-of-the-art) techniques. Such measurements have been extended, within
an historical and recent geological time-scale, to develop a conceptual understanding of the evolution of the
estuarine systems. At the same time, interpretation of the interdisciplinary data sets has been placed within the
context of coastal engineering and management.

Estuarine environments form a significant part of the tidally-influenced coastlines of Europe.
Sedimentological research undertaken in such environments has been either specialised and/or not in any great
detail — in terms of processes. An interdisciplinary approach is required, based upon established and innovative
research methods.

The specific research objectives of the SWAMIEE (Sediment and Water Movement in Industrialised Estuarine
Environments) TMR Network (EU Contract No ERBFMRX-CT97-0111) were as follows:

i. to further the scientific understanding, at specific industrialised and non-industrialised locations, of
the movement of water and sediment, at a variety of time scales, through an integrated programme of
established and innovative field and laboratory work;

1i. to integrate the various data sets (geological, geomorphological, physicochemical and
sedimentological) into predictive (forecasting-hindcasting) numerical models, for use in the
establishment of regional patterns of water and sediment movement and their sensitivity to changes in
the controlling mechanisms;

ii. to transfer experience and expertise between European research groups working in different
research disciplines and to foster the development of an applied approach to those concerned with
environmental problems;

1v. to disseminate the results of the research to various end-users of estuarine environments.

The participants in SWAMIEE included: University of Southampton, U.K. (Co-ordinator); Université de
Bordeaux I, France; Centre National de la Recherche Scientifique (ER 109 — Laboratoire de Géologie, Rouen),
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France; Universidade do Algarve, Portugal; Universitd di Ferrara, Italy; University College Dublin, Ireland;
University of Plymouth, U.K.; University of Oxford, U.K.; and Danish Hydraulic Institute, Denmark.

Within the context of a Work Plan, various research themes were established (including Key and Associated
Participants): long-term estuarine evolution, incorporating the analysis of historical and existing data sets,
together with the sedimentological and geochemical analysis of cores from marginal environments, to establish
the long-term (10-100 year time-scale) evolution and impact of industrialisation; medium-term estuarine
evolution, incorporating analysis of high-resolution morphological data sets (annual to decadal time-scales) and
in situ measurements of patterns of sediment movement — with emphasis placed on the development of estuary
mouth mud/sand banks; estuary bed process studies, incorporating dynamic processes at the sediment-water
interface and the quantification of material exchange through an estuary, using high-frequency in-situ
measurements and laboratory-based flume experiments (with emphasis placed upon fine-grained sediments);
and the development of 3D models for fine-grained sediment transport in estuarine environments — similarly, the
use of predictive models for medium and coarse-grained sedimentary environments, under variable boundary
conditions. Within the context of the research themes, different emphasis was placed upon the fieldwork
measurements (water column, water column — sea bed interface, and sea bed) for non-cohesive and cohesive
sediments.

A series of European estuaries were selected for investigation, including: the Loire, Seine and Gironde, France;
Teignmouth, U.K.; Venice Lagoon, Italy; and Guadiana, Portugal. Interdisciplinary research cruises
(SWAMGIR1 and SWAMGIR?2) were organised to investigate upstream and downstream hydrodynamics and
sediment dynamics in the Gironde estuary.

Water/sediment interface studies required detailed information on nearbed flow structure and its effect on the
entrainment and subsequent movement of sedimentary material. Taking into account the nature of turbulent
flow in the benthic boundary layer, high frequency measurements of both the velocity structure and SPM
concentration have been performed in-situ by the SWAMIEE partners in the Gironde Estuary. Specialised in-
situ devices such as INSEV (In Situ SEttling Velocity instrument), were also used to obtain an improved
understanding of the influence of particular environmental parameters (such as biological
stabilisation/destabilisation, formation of aggregates, etc.) on the resuspension mechanisms. Finally, The
SWAMIEE project has integrated field observation into numerical modelling, using a standard commercial 2-d
model (Mike 21-DHI).

The ultimate objective of estuarine researchers is to identify the processes and predict the evolution of these
environments at different temporal scales. In industrialised estuaries, the anthropogenic impact is such that the
natural processes have been contaminated by considerable “noise”. Therefore, there is a need for establishing a
“base-line” which is the natural evolution of these environments. Certain stratigraphic and geochemical methods
can provide valuable information on sedimentary patterns. In SWAMIEE, radionuclide dating was used to
identify horizons related to specific exceptional events in Venice and to study sedimentation patterns in the
Gironde.

The STRAEE workshop was born as the final product of the SWAMIEE Project and took place in Ferrara
during September 2002. The STRAEE workshop has provided an overview on aspects of estuarine research,
taking advantage of the participation of young scientists from several parts of Europe and Australia. The
enlargement of the audience outside of the SWAMIEE group has offered the possibility to debate the results,
strengthen existing research links and create new ones. Last but not least, some attention was given to the
management of estuarine areas, with the contribution of coastal managers charged with the management of the
Lagoon of Venice. This site is peculiar for the Mediterranean area because of its tidal regime, but it concentrates
a whole range of issues (historical monuments, conservation interests, navigation, industrial sites, tourism)
which are common to many parts of the world. A fieldtrip was run in the lagoon to address the main
environmental aspects of this site and the measures undertaken by local authorities to counteract pollution,
saltmarsh erosion and Relative Sea Level Rise.
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This special issue includes a series of publications which represent the research activities outlined above and
similar investigations throughout the world. As one may expect, the main contribution comes from the Gironde
Estuary, with four papers describing studies on flocculation through laboratory and field measurements
(Manning; Gratiot and Manning; Manning et al.) and two papers on large scale sediment dynamics (Kapsimalis
et al.). Of specialist’s interest is the application of radionuclides as a tracer of water movement (Smith et al.)
and the study of estuarine beaches (Gonzales et al.). A consistent contribution is presented by Lobo et al. on
bedload transport at the second field site, the Guadiana Estuary at the border between Portugal and Spain. The
flocculation issue is also examined by Mikes et al. after their field experiments in the Seine Estuary, in France.

The contributions from the other estuaries were varied. Large-scale and long-term perspectives are provided by
the papers of Burningham and Cooper (Ireland). Lower energy environments were studied by Mitchell ef al. in
a macrotidal context (English Channel) and by Covelli et al. in the microtidal northern Adriatic Sea. Malvarez et
al. manage to apply classic beach morphodynamic theories to sandy tidal flats inside an Irish lough. Finally,
modelling is used by Lumborg in the Danish Wadden Sea while Schacht and Lemckert propose a new
methodology for measuring suspended sediment characteristics.

Unfortunately not all the contributions presented at the workshop in Ferrara were selected for publication.
Unlike other conference Special Issues, this volume has undergone a strict selection and refereeing process,
employing scientists for all over the world, with many members of the JCR Editorial Board. We hope that all
the contributions that were refused may benefit from the referees’ comments and be published elsewhere.

A project like SWAMIEE involves a great deal of administration and the hard work of Justin Dix is greatly
acknowledged. He has gone through a huge amount of paper work and science planning trying to keep together
such an heterogeneous group that would manage to use during meetings most of the languages spoken in the
European Union.

Instrument deployment, sample collection and surveying requires a capable Captain and crew onboard.
Operations in the Gironde were successful thanks to the Captain and crew of the Cote d’ Aquitaine.

A main contribution to the organisation of the STRAEE workshop in Ferrara was that of Corinne Corbau, a
former project’s post-doc. She helped in preparing all the divulgation material and in starting the process of
paper submission. Unfortunately she was not able to complete the editorial job due to new work commitments,
but she fully deserves the title of “Editorial Assistant”.

Finally, we are grateful to the Consorzio Venezia Nuova for sponsoring the fieldtrip in the Lagoon of Venice
at the end of the final workshop.

Paolo Ciavola
Michael Collins

Ferrara, December, 2004
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Surficial sediment distribution patterns within the Gironde Estuary are investigated, through the grain size and
statistical analysis of 642 surface samples. Sub-surface tidal facies are determined in 73 sediment cores, from
various estuarine sub-environments (using radiographic methods). The study of the surficial sediments shows
that the bed is composed of sediments derived from two different sources: (a) the adjacent Atlantic coasts and
shore zone; and (b) the Garonne and Dordogne Rivers. The texture varies from gravel to mud and the nature of
the sedimentary material is mainly terrigenous, with some biogenic debris; this is especially characteristic of the
marine-dominated part of the estuary and over the mudflats. The surficial sediment distribution reveals a
downstream decrease in grain size, up to the lower part of the mid-estuary; this is followed by a seaward
increase. Comparison between the distribution of the present-day estuarine deposits and those described by Allen
(1972) shows marked differences over the upper parts of the estuary; these are considered to be caused by natural
processes and human interferences. The sub-surface sedimentary facies of the inner estuary mouth consist of
clean sand, with scattered gravel and shell fragments. The intertidal facies contain laminated mud and decayed
organic debris. In the mid-estuary, fluid mud with abundant coarse silt laminae and clay drapes are the dominant
subtidal facies. Within the associated intertidal flats, structureless muds include peat lenses and layers. Upstream
from the confluence point of the Garonne and Dordogne Rivers, the deposits lose gradually their typical tidally-
induced features, until the uppermost limit of the estuary.

ADDITIONAL INDEX WORDS: Macrotidal estuary, geomorphology, sedimentation, subenvironments,
facies.

INTRODUCTION

Estuaries have been the subject of intense and multidisciplinary
investigations during past decades. From a sedimentological
perspective, present-day estuaries are ephemeral environments
acting as highly effective sediment traps (MEADE, 1972; BIGGS
and HOWELL, 1984; and NICHOLS and BIGGS, 1985).

The interplay between marine and fluvial processes and the
residual sediment transport patterns determine, to a large extent,
the morphology and the distribution of sedimentary facies in
estuaries. Any modification to the hydrological regime (tide, wave
and river discharge), or sediment supply, affects the estuarine
evolution and alters the previously-achieved equilibrium in the
system (JOUANNEAU and LATOUCHE, 1981).

The last fall in sea level, during the late Pleistocene (ca. 18,000
years Before Present (B.P.)), resulted in the formation of deeply-
incised fluvial valleys, which converted subsequently into
estuaries during sea level rise. Since the post-Holocene stillstand,
at about 6,000 yr B.P., most estuaries have been filled with
sediments derived both from fluvial and marine sources
(KNEBEL et al., 1988; ALLEN and POSAMENTIER, 1993; and
DALRYMPLE and ZAITLIN, 1994).

The objective of this paper is to identify the present-day
sediment distribution patterns, together with the tidal imprints, in
the subsurface sediments of the Gironde estuary. Furthermore,
comparison of the new data set with that presented by ALLEN
(1972) aims to provide information on changes which have taken
place in the sediment transport and accumulation mechanisms,
over the last 30 years.

The studied site

The Gironde Estuary is the marine-influenced part of the
hydrological system that drains the Aquitaine Basin, in
southwestern France. The geomorphological pattern of the estuary
reveals a well-developed tripartite, longitudinal zonation (ALLEN,
1991): (a) a deep tidal inlet with barriers, shoals and moving spits;
(b) a funnel-shaped central basin with tidal channels, braided bars
and islands; and (c) the upper riverine channels, with point bars
(Figure 1). The estuary decreases in width to landward, from a
maximum of 11 km near its mouth to less than 3 km at the
confluence of the Garonne and Dordonge rivers, some 80 km
upstream.

Journal of Coastal Research, Special Issue 41, 2004
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Figure 1. Digitised map of the Gironde estuary, based upon 10 bathymetric maps (scale 1:20,000), published between 1995 and 1998,
obtained from the Port Autonome de Bordeaux (P.A.B.). The projection system used is the Lambert (Zone 2, ellipsoid Clark 1880), as
applied more generally in France. The coordinates are in metres, whilst the zero level is the lowest spring tide, as defined by the P.A.B.
Three distinct geomorphological areas can be detected: the inlet (A), which is separated into outer (A1) and inner (A2) sections; the mid-
estuary (B), which is separated into the downstream (B1) and upstream (B2) sections; and the riverine estuary (C). The uppermost end of
the estuary coincides with the maximum limit of the tidal influence, which is located some 20 km upstream from Bordeaux (see inset)

The estuary is characterised by a macrotidal regime, with  as it propagates landward into the upper estuary (CASTAING and
semidiurnal tides; their amplitude ranges from 2.5 m during neap ~ ALLEN, 1981).

tides to > 5.5 m during spring tides, near Le Verdon (Figure 1). The average freshwater discharge into the estuary ranges
The tidal wave is deformed by friction and becomes asymmetrical,  between 500 and 1,000 m*/sec. During low river flow, the estuary

Journal of Coastal Research, Special Issue 41, 2004
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Figure 2. Location maps showing the sampling positions of the surficial sediment (a) and cores (b) as well as the bathymetric cross
sections presented in Figures 6, 7 and 8. Likewise, sedimentary maps, showing the distribution of the mean grain size (c) and sorting (d)

on the bed of the Gironde Estuary.

is well mixed and the tidal currents can be detected some 130
km upstream from the mouth. In comparison, the salinity intrusion
extends 100-115 km upstream. In contrast, during river floods, the
estuary is stratified, with the brackish water being restricted within
the mid-estuarine funnel and up to a distance of 40 — 50 km from
the inlet (ALLEN, 1991).

The bed of the estuary is supplied by two main sediment
sources: the Garonne and Dordogne rivers; and the adjacent
oceanic beaches and shore zone. All the fluvial sand transported as
bedload remains within the estuary, as indicated by its absence
within the inlet (CASTAING and ALLEN, 1981). However, a
large volume of the fluvial suspended matter escapes out of the
inlet, during the ebb tide; then it is deposited on the Aquitaine
shelf (CASTAING, 1989; WEBER et al., 1991). To seaward, in
response to coastal erosion, coarse-grained sediment is produced
from Pleistocene alluvial outcrops; this is transported into the
estuary inlet, by littoral drift and tidal currents. These reworked
marine sand and gravel deposits penetrate into the mouth,
approximately 20 km landward; they are molded into wide-scale
bedforms (ALLEN and POSAMENTIER, 1993). The maximum
thickness of this landward-thinning wedge is likely to be up to 25
m, including various sedimentary structures, such as parallel
bedding, bi-directional cross-stratification and erosion surfaces.
The sandy wedge is separated from the underlying tidal-estuarine
sediments by a tidal ravinement surface (ALLEN and

POSAMENTIER, 1994). Fluvial sand and mud accounts for about
the 80 % of the total sediment input to the estuarine system
(JOUANNEAU and LATOUCHE, 1981), whilst marine sand
constitutes the remaining 20 % (HOWA, 1987).

As the Gironde is one of the largest estuaries in Europe and is of
high economical importance, a large number of studies have been
undertaken during the past 70 years. Of these, one of the most
important early sedimentological studies was the description of the
estuarine  turbidity —maximum, by GLANGEAUD and
BONNICHON (1939). Further, the sedimentary patterns and
facies have been investigated by a number of scientists, e.g.
ALLEN (1972), CASTAING (1981), ALLEN (1991) and
MALLET (1998). The internal stratigraphy of the estuary valley
fill has been described by ALLEN and TRUILHE (1988), ALLEN
and POSAMENTIER (1993, 1994) and LERICOLAIS et al.
(2001).

METHODS

Sediment distribution patterns and facies characteristics of the
Gironde Estuary were investigated, in this study, using 642
surficial samples, 61 box cores, 10 gravity cores and 8 cores from
the intertidal flat area (Figure 2). The fieldwork was carried out
during the GIROSED (May — June 1998) and SWAMGIR-1 (June

Journal of Coastal Research, Special Issue 41, 2004
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Figure 3. Surface sediment distribution patterns of the Gironde Estuary during Spring 1998 (a), and in the 1960’s (after ALLEN, 1972)
(b). Location of the turbidity maximum in May 1998 (c) and June 1998 (d) (for details, see text).

1999) surveys, with locations established using a Differential
Global Positioning System.

Grain-size analysis was carried out in the laboratories of the
University Bordeaux I, using: sieving for the coarse fractions
(gravel and sand); and a Malvern 3600E laser-scattering particle
size analyzer for the silt and clay (mud) fractions. Based upon
these results, the mean size, sorting, skewness, porosity and
density were calculated, according to moment procedures for
grain-size statistics. Data were processed with the ArcView GIS
and digitised maps were created (Figure 2).

In order to identify alterations in the surficial sedimentary facies
during the last 30 years, the sedimentological map published by
ALLEN (1972) was digitized and compared with the new version
(Figure 3), where observations on displacement of the turbidity
maximum are also shown (see below).

The classification of the sedimentary facies used (Figure 3) was
that defined by ALLEN (1972) and is the same for both of the
maps shown: mud, when the silt and clay content is more than
80%; sand and mud, when the sand fraction exceeds 20% and the
finer material ranges between 20% and 80%; sand, when the sand
exceeds 80%; gravel and sand, when both coarse-grained fractions
vary between 20% and 80%; gravel and mud when these fractions
are not lower than 20%; and gravel, when the gravel fraction is
more than 80%. The map of ALLEN was created on the basis of

numerous samples collected between 1960 and 1969, under
differing hydrodynamic conditions. Although this approach does
not incorporate seasonal variability within the system, it provides
an adequate outline of the distribution of the surficial sediments
during the 1960’s. In contrast, the new map is taken to be more
representative of a period of high river flow and spring tides, since
sampling was accomplished during these specific conditions. The
comparison between the two maps provides an indication of
textural changes in the sedimentary bed of the estuary.

All the cores were opened, logged visually and photographed at
the University of Bordeaux I. Sections were removed for
radiographic analysis, for the identification of lithological
characteristics and sedimentary structures, using the SCOPIX (a
new digital X-ray imaging system for core analysis (MIGEON et
al., 1999)).

RESULTS AND DISCUSSION

Hydrodynamic Regime

The GIROSED survey (21 May — 12 June 1998) was
undertaken during equinox spring tides. The tidal range at the
mouth of the estuary varied between 4.2 m (23" May) and 5.2 m
(12" June). The upstream deformation of the tidal curves, caused

Journal of Coastal Research, Special Issue 41, 2004



Kapsimalis ef al.

Amplitwde (m)

il 4 H 12 (K3

L5 Mlay 1998 (hours)

LT Noron Ambos

Faullac Hordeaux

Figure 4. Tidal curves observed for 25" May 1998, showing
their asymmetric deformation towards the inner part of the
system (for tide gauge locations, see Figure 1). Data obtained
from the P.A.B.

by the narrowing of the estuary, resulted in higher tidal
amplitudes and a shorter lasting flood tide (Figure 4), in the
riverine part of the estuary (C, in Figure 1). This tidal asymmetry
increases the peak flood current velocity on the ebb, inducing
increased sediment resuspension and landward transport during
the flood tide, than during the ebb (CASTAING and ALLEN,
1981).

Variations in the freshwater discharge within the Gironde
Estuary, for the first half of 1998, are illustrated in Figure 5. The
Garonne River supplies 70% of the total freshwater volume of the
estuary, whilst the Dordogne River provides the remaining (30%).
Within the estuary, the maximum discharge reached was 3243
m>/sec, whilst the minimum was 304 m*/sec; the mean value was
1237 m’/sec. The survey period (21 May — 12 June) was
characterized by high river flows, but with a decreasing trend.
Extreme values were recorded on 25™ May (maximum) and 12
June (minimum), whilst the average value for this 23-day period
was 1433 m*/sec.

JAN FEH MAR LR RAY JUN
Mlonths, 1998
Giromde Estuars Pesdiogne Raver
Liaronne Kiver STV Perixd

Figure 5. Freshwater discharges of the Gironde Estuary, the
Garonne River and the Dordogne River, during the first half of
1998. The shaded section indicates the survey’ period, over
which a significant decrease in the river flow occured.

Interaction between tidally- and density-induced processes is
the fundamental factor controlling the accumulation of suspended
sediments in macrotidal estuaries (ALLEN et al., 1980). During
high river flows, the density circulation becomes the main process;
stratification occurs in the water column, and the turbidity
maximum is located in the upper parts of the estuary. In contrast,
when the river flow is low, tidal processes play the most important
role; a well-mixed hydrological regime is established in the
estuary, and the turbidity maximum migrates to seaward
(CASTAING and ALLEN, 1981).

The displacements of the maximum turbidity zone, in May and
June 1998, were established on the basis of plotting all the fluid
mud samples (“créme de vase”) collected from the estuary bed, in
accordance with their sampling date. The resulting maps are
illustrated in Figure 3. The data show an upstream shift in the
turbidity maximum, caused by the significant reduction in the
river discharge and the strengthening of the tides (see above).
ALLEN (1972) has presented previously the seasonal locations of
the turbidity maximum; these coincide with those identified within
the present study.

Sedimentary Facies Distribution Patterns

The uppermost estuary inlet

The inner mouth is the outermost portion of the estuary funnel
(Al, in Figure 1), which is affected by oceanic processes. The
main morphological feature of this area is the ebb-dominated
central channel, with a maximum depth of 35 m. At the upward
limit of the inlet, the deep tidal channel shallows and is separated
into two individual channels: the Médoc or Navigation Channel,
in the west; and the Saintonge Channel, in the east. Over this
section, the intertidal areas extend broadly, reaching a maximum
width of 1.2 km along the western bank.

The sediments over this area are mainly coarse-grained in
texture (Figure 2). The mean grain size decreases towards the
inner estuary, from a maximum of 4 mm (-2 @) in the central
channel, near Pointe de Suzac, to 0.125 mm (+3 ®) about 20 km
upstream. Poorly-sorted gravel and coarse sand cover the deep
central channel, the eastern flank of the Banc des Marguerites, and
the Saintonge Channel, near Meschers. The shallower areas are
dominated by fine-medium sand with shell debris, whilst the bed
of the Médoc Channel consists of moderately—well sorted fine
sand. Such marine sediments enter the inner inlet during flood
tides or storms; then create a ‘tongue-like’ sandy body, extending
up to the maximum limit of wave action. Mud deposition is
restricted to the shallow channels located amongst the elongated
banks, on the western side of the estuary.

Over the intertidal flat of Le Verdon, fine sand and silt are the
dominant grain-size fractions; their mean grain size shows an
inland-fining trend, caused by the gradual weakening of the
hydrodynamic processes. Biogenic debris is abundant throughout
all these samples, whilst the organic matter (plant litter and roots)
increases in an onshore direction.

On the basis of a comparison undertaken between the recently
established sedimentological map, with that of ALLEN (1972), it
is evident that the texture and distribution of the surficial
sediments have not changed significantly over the past 30 years
(Figure 3). Thus, within the inner inlet, sediment supply and
hydrodynamic conditions appear to be relatively unaltered.

The sub-surface sedimentary facies in the upstream estuary inlet
can be classified into two groups: (a) the subtidal facies: and (b)
the intertidal flat facies.
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Figure 6. Core radiographs showing the distribution of the sub-surface sedimentary facies along the bathymetric cross-sections a—a” and
b-b’, in the lower estuary funnel (for locations, see Figure 2). Core SWAMO9867 represents the subtidal channel facies of the inner inlet,
whilst core SWAM9901 shows the laminated structure of the sediment within the adjacent intertidal flat. Cores SWAMO9865 and
SWAMOI81S5, obtained from the Médoc Channel and the secondary channels of the western side of the estuary, respectively, indicate the
transitional facies of marine/estuarine sediments. Cores SWAM9855 and SWAMO9911, consisting of estuarine mud with an upstream
increasing number of laminae, display the sub-tidal facies of the downstream mid-estuary.

The facies in the subtidal area consist of a thick body of fine—
coarse sand, with abundant shell fragments. The sediment is
moderately—well sorted and non-bioturbated (Figure 6, core
SWAM 9867). At the uppermost limit of the inlet, sedimentary
structures are almost absent from this sandy wedge. For
comparison, BRAUD (1986) has identified many structures (e.g.
cross-bedding, parallel stratification and wave ripples) in cores
from the outer inlet. Such a reduction in the development of
sedimentary structures, from the outer to the inner inlet, could be

attributed to a gradual reduction in the marine processes, due to
upstream attenuation of wave action.

The lithology of the intertidal flat facies varies, according to the
intensity of the incoming waves and the sediment supply. The
sediment can consist of estuarine silt and fine-medium sand, of
marine origin. Such deposits consist of parallel laminae; these are
a few mm or cm in thickness and can be disturbed by roots and
annelids. The burrows are filled often with very fine sand (Figure
6, core SWAM 9901). Biogenic remains are usually scattered
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within the mudflat sediments and, in some places, shell

aggregations have been observed.

Transition zone

The transition from the marine-influenced inlet and the inner
parts of the estuary (A2, in Figure 1) is undulating, separating the
marine and estuarine facies. Over this area, the short-term
(diurnal, daily or weekly) alternations of marine or estuarine
processes result in the deposition of mixed sediments, such as
sand and mud, with a mean grain size ranging between +1.5 ® and
+5.5 @ (Figure 2). Wave action and the morphological complexity
of the estuary inlet are the major factors controlling the transport
and dispersion of the marine sand. However, during seasons of
high freshwater discharge, the turbidity maximum reaches the
inner part of the mouth, causing deposition of estuarine mud
(CASTAING, 1981). In some places, well-sorted sand is in
contact with the mud, indicating an abrupt and well-defined
marine/fluvial interface.

Comparison between the two sedimentological maps reveals
that some striking changes in the transition zone have taken place,
over the last 30 years (Figure 3). Thus, the transition zone has
moved: (i) upstream along the west bank, where marine sand has
spread through the shallow Saintonge Channel; and (ii)
downstream along the right bank, where estuarine mud has
progradated through the deep Médoc Channel. This long-term
change is likely to be related to an alteration in the local
hydrodynamic regime, caused by small morphological changes of
the estuary bed (e.g. deepening of the central channel, erosion of
the Banc des Marguerites), and/or fluctuations in the freshwater
discharge. Apart from these natural processes, human activities
(dredging, construction of artificial bars, etc.) could also have
affected the sediment transport patterns.

Within the vertical, the facies in the marine/fluvial transition
zone contain alternating layers (1-20 cm thick) of well-sorted,
very fine—fine sand, and massive brown mud (cores SWAM9865
and SWAMOI815, in Figure 6). The thickness of these layers
reflects the intensity and/or duration of the marine or fluvial
dominance. When prevent, the contact between the sandy and
muddy beds is abrupt and non-parallel; this is related to the rapid
and abrupt changes in the hydrodynamic processes.

The mid-estuary

This segment comprises the mixed energy central zone of the
estuary (B, in Figure 1), where tidal and riverine processes act
together. The mid-estuary is funnel-shaped, with a maximum
width of 11 km to seaward, reducing to less than 3 km at the
confluence of the Garonne and Dordonge rivers (Figure 1). The
area is effectively unaffected by waves, with only tidal and density
currents controlling the sediment transport. The principal source
of sediment supply to the mid-estuary is the aforementioned
rivers.

The average annual fluvial sediment load has been evaluated by
MIGNIOT (1971) and CASTAING (1981), to be 2.2x10° tons of
suspended particulate matter (silt and clay), together with
approximately 0.7x10° tons as bedload (sand and gravel).
Although a significant fraction of the suspended load (about 60%)
is carried to seaward onto the shelf, its temporary settling out in
the downstream part of the mid-estuary creates a surface layer of
fluid mud; this is devoid of any fluvial sand. The absence of any
riverborne sand, near the mouth of the system, means that all the
coarse-grained material remains within the estuary in response to
tidal pumping and residual (water) circulation (ALLEN, 1991).

The funnel can be sub-divided into two portions comprising
particular sedimentary facies:

The downstream mid-estuary zone

The downstream zone extends from the uppermost limit of the
mouth area, to St. Estéphe (B1, in Figure 1). In this part of the
‘funnel’, tides play a more significant role on the sediment
dynamics, than the fluvial processes. The morphology is
uncomplicated, with the Médoc and Saintonge Channels running
along the left and right banks, respectively. Between the channels,
there are some elongated tidal (or estuarine) bars, formed by the
residual circulation. Massive estuarine muds have accumulated
into the distal part of the ‘funnel’ and the main channels. The
mean grain size is almost uniform, with only a small range
(between +5.5 ® and +6.5 @), whilst the median size is less than
+0.1 ®. (Figure 2) On the elongated bars, estuarine sand is the
dominant grain size fraction; on the flanks, it decreases and
becomes a less important component.

During the last 30 years, no significant change would appear to
have occurred over this part of the estuary, with the exception of
some sand shifting along the tidal bars (Figure 3).

The sub-surface sedimentary facies in the subtidal channel, near
the marine/fluvial transition zone, consists of estuarine mud; this
is uniform in character, but is interrupted occasionally by coarse
silt laminae (core SWAM9855, in Figure 6). The creation of these
deposits indicates that clay and fine silt have settled into the
downstream mid-estuary zone. However, during periods of high
river discharge, coarse silt enters and remains in the area.
Upstream, the frequency of the coarse silt interbedding is higher,
because the fluvial processes become more active and carry more
coarse-grained material (core SWAMO9911, in Figure 6; cores
SWAM9825 and SWAM9870, in Figure 7).

The sub-surface facies of the lower intertidal areas, on the sides
of the estuary, consist of brownish mud with abundant organic
matter (core SWAM9827, in Figure 7). Decayed plant remains
(i.e. roots, leaves and reed stems) are scattered throughout the
sediments, as black spots or lenses; locally, they create
independent layers of a few mm or cm in thickness. The intertidal
mud is more cohesive than the subtidal mud; this is related to
compaction, resulting from dewatering and decomposition of the
organic matter.

The upstream mid-estuary zone

The upstream zone extends from St. Estéphe to Bec d’Ambés
(IB2, in Figure 1). In this area, the fluvial impact becomes more
important than the tidal influence. The morphology is complex,
with the presence of elongated tidal bars and vegetated islands;
these are separated by a system of secondary braided channels. In
the Médoc Channel, the sediment consists generally of mud and
sand, coarser than that in the channels along the eastern bank
(Figure 2). The braided system of channels consists of sand and
gravel, although fluid mud deposition occurs during the ebb tide.

The surficial sediment distribution pattern here was different
during the 1960°’s (Figure 3). The Médoc Channel, the area
between the islands, and the uppermost part of this zone (near the
confluence of the rivers) were covered then by finer-grained
sediments (mud and fine sand), compared with present-day
conditions. This change may be the result of the downstream
movement of the turbidity maximum (see above), dredging
activities, or the continuous erosion of the estuary bed, from Bec
d’Ambés to Pauilliac (as ALLEN (1972) ascertained, on the basis
of the study of various historical bathymetric charts.
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Figure 7. Core radiographs showing the distribution of the sub-surface sedimentary facies along the bathymetric cross-sections c—¢” and
d—d’, in the mid-estuary (for locations, see Figure 2). Core SWAMO9828 represents the sub-tidal facies on the western side of the estuary,
whilst core SWAM9829 reveals the sedimentary sequence of the Médoc Channel. Cores SWAM9825 and SWAM9826 show the
structure of the deposits in the central area of the mid-estuary, whilst core SWAMO9827 displays the bioturbated features of the low
intertidal mud, on the eastern side of the mid-estuary. The destruction of the internal structure, by dredging activities in the Médoc
Channel, can be detected in the lower half of core SWAM99922. Core SWAMO9834, obtained from the margin of the bars/islands within
the mid-estuary, comprises alternations of sandy and muddy layers. Core SWAM9870 reveals tidal imprints within the shallow
Saintonge Channel. Finally, core SWAM9921 shows the cohesive mud of the low intertidal areas, of the upstream part of the mid-
estuary.
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A variety of sedimentary facies covers the upper mid-estuary
segment. In the Meédoc Channel, medium-coarse silt is
interbedded with sandy layers of variable thickness, whilst
numerous clay-drape couplets are present (core SWAM9922, in
Figure 7). Although the upper facies have an undisturbed internal
structure, the lower facies appear to be totally deformed and
destructed. As bioturbation is essentially absent, such chaotic
structure could be attributed to the intense dredging activity,
which would have taken place on a regular basis for navigation
purposes. The tidal bars and islands have a complex internal
structure, as studied elsewhere by TASTET et al. (1986), and
FENIES and TASTET (1998). At the island margins, very fine
sand alternates with laminae of medium—coarse silt, with a variety
of small-scale structures; these consist of parallel or sub-parallel
layers, wavy-bedding, isolated sandy lenses and erosional contacts
(core SWAM 9834, in Figure 7).

Over the intertidal zone, intertidal flats and salt marshes are
developed, which border the upstream mid-estuary. A thin (< 2
cm) surface layer of medium sand covers the mudflat sequence,
containing olive grey mud and scattered vascular plants (core
SWAMO9921, in Figure 7). The sand is derived from adjacent
tributaries, whilst the mud originates from the estuary. Bed-
sedimentary structures are almost absent, because of severe
bioturbation.

The riverine estuary

At Bec d’Ambés, the funnel shape of the mid-estuary narrows
and is separated into two independent sinuous channels,
representing the lower course of the Garonne and Dordogne rivers
and comprising the riverine estuary (C, in Figure 1). These fluvial-
dominated channels present all the features of meanders, i.e. a
single thalweg winding between alternating depositional convex
and erosive concave banks. Point bars are attached temporarily to
the banks, but their shape and position change, over time, as the
channel migrates. The sediment in the point bars near the
confluence consists of a wide spectrum of mean grain size (from -
2 @ to +5 ®). Farther upstream, the point bars are formed of
coarse-grained fluvial sediments. In the thalwegs of the rivers, silt
is the common grain-size fraction but, in some places, sand or
gravel is the dominant material (Figure 2).

In the Garonne River, near its confluence with the Dordogne
River, the sedimentary sequence comprises medium - coarse silt
and very fine sand. The vertical structure is not well defined and
its tidal character is not distinguishable (core SWAM9929, in
Figure 8). In the Dordogne, 15 km upstream from Bec d’Ambés,
the deposits consist of silt and very fine sand, without any tidal
features. Thus, the gradual disappearance of tidal facies takes
place, from the lower riverine part to upper limit of the estuary
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Figure 8. Core radiographs showing the distribution of the subsurface sedimentary facies along bathymetric cross-sections e—e” and f—{”,
within the riverine part of the estuary (for locations, see Figure 2). Core SWAM9929 represents the fine-grained deposits from the
thalweg of the Garonne River. Core SWAM9830, obtained from the Dordogne River, shows estuarine sediment with a few tidal features.
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(core SWAMO9830, in Figure 8), where no trace of tidal estuarine
sedimentation can be identified (ALLEN and TRUILHE, 1987).
Within this zone, the tidal currents lose their ability to create
distinct estuarine facies, due to the gradual dominance of the
fluvial currents.

for old photographs and it is very difficult to quantify them when
planning a new flight, especially if the monitored area is wide. To
avoid errors coming from the seasonal beach profile changes, a
solution is to compare flights done during summer when weather
conditions are usually calm. But the most important cause of error
is due to the tidal cycle. When analyzing an image, it is
fundamental to evaluate the range of variation of the HWL due
tidal oscillations. If predicted high tide levels are extracted from
tide tables, max High Water Springs of +0.65 above m.s.l., the
boundary between wet/dry sand has an horizontal variability of
about 10 m near the groin (slope 0.08-0.10 m), 14 m in the central
part of the beach (slope of 0.04) and of 30 m in the part close to
the Bevano river (slope of 0.02). The influence of the swash is
believed not to be so relevant, since close to high tide wave
shoaling becomes less evident and the flights were done during
summer, under moderate wave regimes.

CONCLUSIONS

The sedimentary patterns of the Gironde estuary are typical of
mixed wave- and tidally-dominated estuaries (DALRYMPLE et
al., 1992). The sediment facies identified within the estuary can be
classified into two groups: (a) marine sand and gravel, which
forms the tidal inlet prism; and (b) estuarine mud and sand, which
are entrapped in the wave-sheltered upper sinuous channels and
mid-estuary funnel.

The marine sediments, extending approximately 20 km
upstream from the Pointe de Suzac, consist of gravels and sands,
with abundant biogenic debris. On the adjacent intertidal flats,
sand dominates in the lower areas, whilst mud (together with
organic matter) prevails inland. The boundary of the inlet and the
mid-estuary is a transition zone, which consists of mixed
marine/estuarine material. Fine-grained sediment of estuarine
origin comprises the bottom of the downstream mid-estuary.
During periods of high freshwater discharge, the turbidity
maximum is located in the lower part of the estuary funnel, where
fluid mud) covers its bed. When the river flow is low, the turbidity
maximum shifts upstream and incorporates the inner parts of the
estuary. At the confluence of the rivers and the point bars, gravel
and sand cover the subtidal areas, whilst the thalweg of the rivers
is coated by more fine-grained sediment (fine sand and mud).

Some 30 years ago, the distribution of the surface sedimentary
facies was somewhat different. The most significant changes,
since that time, can be identified within the transition zone
between marine sand and estuarine mud, and the upstream mid-
estuary. In relation to its present-day position, the transition zone
was located more downstream, in the past, along the eastern side
of the estuary, and more upstream along the western side. Such
displacements may be attributed to long-term changes in the main
hydrodynamic factors, i.e. waves, river discharge and the turbidity
maximum. In the 1960’s, the upstream mid-estuary and lower
course of the Garonne and Dordogne Rivers were covered by
more fine-grained sediment, possibly as the result of the longer
retention time of the turbidity maximum over this area. In contrast,
some parts of the estuary, such as the inner mouth, the
downstream mid-estuary and the uppermost estuary do not show
any significant changes in their surficial sedimentary patterns.

The sub-surface sedimentary facies in the inner inlet consist of
non-bioturbated marine sediment, with abundant shell fragments.

Up to the uppermost limit of the mouth, the sandy body becomes
more fine-grained and loses its structures; presumably, this is
related to the upstream reduction in the marine processes. Over the
adjoining intertidal flat, muds, with parallel laminae of coarse silt
or fine sand, are highly disturbed by worms and plants. The
vertical alternation of marine sand and estuarine mud characterizes
the transition zone, whilst the thickness of these beds reveals the
intensity and/or duration and dominance of the marine or fluvial
processes over the area. The sub-tidal mud in the lower part of the
mid-estuary is uniform in character; however it is interrupted
occasionally by laminae of medium silt. Farther upstream, the
presence of the coarse-grained interbedding increases gradually,
due to the strengthening of the fluvial processes. Dredging
activities disturb and destroy the internal structure of those
sediments located within the navigation channels. The low
intertidal flats of the mid-estuary are composed of cohesive mud,
with a high organic content. Sand and gravel dominate in the
riverine part of the system, whilst tidally-induced sedimentary
structures become less frequent towards the uppermost limit of the
tidal current effect.
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The Guadiana estuary, located in the south-western part of the Iberian Peninsula, is a narrow, bedrock-controlled
estuary, characterized by a seasonal fluvial regime and mesotidal conditions. Bathymetric surveys, geophysical
records (Side Scan Sonar, high-resolution seismics), surficial sediment sampling, fluvial discharge data, salinity
and velocity measurements were integrated to decipher the influence of tidal currents on bedload sediment
transport patterns during low fluvial discharge periods. Results evidence a landward change of dominant tidal
transport direction, from ebb- to flood-current dominance. The southern (seaward) estuarine stretch shows mostly
seaward-directed bedload transport patterns, related to ebb-current dominance close to the river mouth. Further
upstream, morphological and hydrological evidences suggest a higher influence of flood currents. The estuarine
stratification seems to control the observed flood-ebb asymmetry, as higher flood dominance during neap tides is
related with the establishment of stratified conditions. However, the prevailing tidal pattern is not able to produce
a reversal of estuarine dune asymmetry in widespread zones of the southern estuarine stretch. In contrast, intense,
landward-directed sediment transport is evidenced in the northern estuarine stretch. Flood-current enhancement
in the northern stretch is probably related with channel narrowing and, consequently, with channel section

decrease.

ADDITIONAL INDEX WORDS: Estuarine dunes, bathymetry, tidal currents, fluvial discharge, estuarine

morphology.

INTRODUCTION

The influence of estuarine flows on bedload transport patterns
in narrow (< 1 km wide), confined bedrock-controlled estuaries is
highly controlled by the particular estuarine morphology, as
general patterns of dune orientation change according to channel
geometry (FENSTER and FITZGERALD, 1996; FITZGERALD et al.,
2000). The influence of hydrodynamic agents in sediment
transport patterns is variable. While seaward-directed transport is
dominant during periods of high fresh-water discharge, landward-
directed transport can prevail during periods of low fresh-water
discharge (FENSTER and FITZGERALD, 1996). Strong tidal currents
(above 0.4 m/s) can be associated with estuarine narrowing,
usually causing a local enhancement of bottom currents by the
topography (KNEBEL et al., 1999; KNEBEL and POPPE, 2000). The
current enhancement may lead to intense coarse-grained bedload
transport, as evidenced by bedforms (VITAL et al., 1998). Other
typical geomorphological indicators of strong bottom flows are
steeply incised channels (GINSBERG and PERILLO, 1999; VITAL
and STATTEGGER, 2000).

The Guadiana estuary (Fig. 1), located in the southwest of the
Iberian Peninsula, is characterized by a narrow valley morphology
controlled by underlying Paleozoic and Mesozoic strata (BOSKI et
al., 2002). The river discharge is highly seasonal, with episodic
flood events occurring during winter months (LOUREIRO et al.,
1986). The morphological configuration should have a large
influence on estuarine bottom-flow patterns, especially during
low-discharge periods, when tidal currents dominate the estuarine
hydrology. Under those considerations, the main goals of this
study are to depict the main bedload sediment transport pathways
in the Guadiana estuary during low river discharge periods, and to
discern the relative significance of river freshets and tidal flows as
controlling factors of such transport pathways.
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Figure 1. Geographic location of the Guadiana estuary,
showing the position of geophysical records (Side Scan Sonar
and Mud Penetrator) and fixed stations (St). St 6 is off the map,
as it is located 35 km northward from the river mouth.

STUDY AREA

Hydrologic Characterization of the Guadiana
Estuary

Fluvial Discharge

The Guadiana river is 810 km long, and its basin covers an area
of 66.960 km?, the fourth in size of the Iberian Peninsula. The
flow volume is marked by changes associated with dry and wet
years, as well as by large seasonal changes (LOUREIRO et al.,
1986). The regional climate is classified as semi-arid, with the
exception of July and August (arid) and November to January
(temperate-humid) (MORALES, 1993).

Fluvial discharge data are available for the period 1946-47 to
1998-99 at the hydrometric station of Pulo do Lobo, located 95
km landward from the river mouth. Values for the annually-
averaged river discharge range between 170-190 m’/s, although
inter-annual variability is high. Thus, wet years show average
values higher than 400 m’/s, whereas dry years show average
values ranging between 8-63 m/s.

Monthly-averaged river discharges show higher values in winter
months (January to March), with values around 400 m?/s, and
lower values in summer months (July and August), with values
around 40 m’/s. However, inter-annual variability of monthly-
averaged values is also high, as discharge values can be as high as
2000 m*/s in winter months.

Tidal Regime

The tidal regime of the Guadiana estuary is mesotidal, with a
mean amplitude of around 2 m and tidal ranges of 1.3 m for neap
tides and of 3.5 m for spring tides (tide gauge in Vila Real, near
the river mouth). A semidiurnal periodicity also characterizes the
estuary. The tidal wave propagates following a synchronic mode,
generating currents higher than 0.5 m/s (MORALES, 1997). Scarce
velocity values document the occurrence of ebb dominance close
to the river mouth (MORALES, 1993).

Estuarine Geology and Surficial Sediment
Distribution

For most of its length the Guadiana estuarine valley cuts into
the Carboniferous Lower Alentejo Flysch Group, composed of
several formations characterized by thick sequences (>5000m) of
pelitic shists and greywackes, with local occurrences of
volcanoclastic series and conglomerates (e.g. OLIVEIRA ef al.,
1979; OLIVEIRA, 1983). The river valley only crosses a band of
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Figure 2. Physiographic characterization of the Guadiana estuary: (a) bathymetric chart of the Guadiana river estuary; (b) bathymetric
profile along the estuarine thalweg; (c) channel width variation along the main estuarine channel.
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Table 1: Summary of morphological and hydrological measurements conducted in the Guadiana estuary, with indication of tidal stage

and fluvial discharge when available.

Fluvial discharge

Dates Equipment Measurements (Average daily qual ranse
3 (predicted, m)
values, m’/s)
September 2000 Petit Ponar dredge surficial sediments variable variable
9 October 2000 echo-sounder bathymetry 7.6 1.8
16 October 2000 echo-sounder bathymetry 7.3 2.7
15 to 25 November ADCP velocity variable variable
2000
19 November 2000 SSS, 3.5 kHz estuarine bottom 5.3 1.8
features
20 November 2000 SSS, 3.5 kHz estuarine bottom 6 1.9
features
23 May 2001 RCM9 salinity, velocity not available 2.7 (spring tide)
29 May 2001 RCM9 salinity, velocity not available 1.6 (neap tide)
11 September 2001 RCM9 velocity 9.3 1.2
18 September 2001 RCM9 velocity 8.0 3.5
18 October 2001 RCM9 salinity, velocity not available 3.2 (spring tide)
24 October 2001 RCM9 salinity, velocity not available 1.1 (neap tide)

Mesozoic sediments of about 3-4 km width about 10 km from its
mouth. These sediments are composed of arenites of fluvial semi-
arid origin, evaporites, a volcano-sedimentary complex, and
carbonates (e.g. MANUPELLA, 1992). South of this the river valley
merges into an about 7 km wide coastal plain, composed mostly of
unconsolidated sand of Quaternary and recent age. The seaward
portion and areas near the main river channel of the coastal plain
are dominated by marsh systems formed by the river (MORALES,
1997). The mouth of the estuary is a highly dynamic area, with
considerable movement of sediments and associated
morphological changes. The coastline only reached a position
close to the present one about 200 years ago (MORALES, 1997;
GONZALEZ et al., 2001).

The Guadiana estuarine channel connects the fluvial channel
with the open littoral domain. Fluvial sediments are transported
through this channel, although they are mixed with marine
sediments during tidal cycles. The deepest part of the channel is a
bypassing channel, as sediments are exclusively sandy. Lateral
tidal bars are composed of medium-sized fluvial sands alternating
with muds (MORALES, 1997).

MATERIAL AND METHODS

The bulk of the data sets were obtained during intervals of low
fluvial discharge (Table 1) and, consequently, the discussion and
conclusions apply to periods with similar hydrodynamic
conditions.

A bathymetric chart was elaborated from the integration of
bathymetric measurements obtained in October (days 5, 6, 9, 11,
16 and 31) and in November (days 6 and 8) 2000 covering 15 km
of the lower Guadiana estuary (Figure 1). Water depth was
determined by means of a JMC-840 bathymetric sounder, with
continuous analog recording, digital output and sub-decimetric
precision. Positioning was achieved with a real-time DGPS with
sub-metric precision. Bathymetric transects were executed
perpendicular and parallel to the channel margins, with a mean
separation of 50 m between adjacent lines.

Daily values of river discharge in m’/s were obtained from
INAG (Instituto da Agua, Portugal), covering the river volumes
from January 2000 to October 2001 at Rocha da Galé, located
about 80 km landward from the river mouth.

Information about salt stratification and near-bottom current
velocity was obtained in November 2000 and in low river
discharge periods in 2001, at several fixed stations along the
estuarine valley (St 1 to St 6 at increasing distances from the river
mouth). The salinity structure was defined from conductivity data
obtained with several Aanderaa RCM9 current meters recording at
30 s intervals. The current meters were lowered from the surface
to the near-bottom (up to 30 cm above the bottom) by means of
cables marked at 1 m intervals, for sampling during 5 minutes at
every depth.

An ADCP profiler was settled at St 1 (Figure 1). Data were
acquired from 16:05 GMT on 14 November 2000 to 11:00 GMT
on 25 November 2000. The ADCP profiler was the ‘Work horse’
manufactured by RD Instruments operating at 600 kHz frequency.
The ADCP profiler was equipped with temperature and pressure
sensors and was deployed in the self-contained mode facing
upwards from the estuary bottom. The vertical resolution was 0.5
m (Depth Cell Size) and the sample interval was 5 minutes. For
the purposes of this study, only near-bottom velocity values (at
about 1 m above the estuarine bottom) were considered.

As limited current measurements were obtained during
November 2000, additional near-bottom velocity data were
collected during semidiurnal tidal cycles at St 2, St 3 and St 5 with
Aanderaa RCM9 current meters during several surveys between
spring and autumn 2001, in order to use them as a proxy for near-
bottom tidal current behaviour under conditions of low river
discharge (Table 1).

Geophysical data included bathymetric transepts collected
parallel to the channel margins in October 2000, and Side Scan
Sonar (SSS) records and high-resolution seismic profiling
collected during 19 and 20 November 2000 between Chogas creek
and the Guadiana river mouth (Figure 1 and Table 1). The SSS
source was a double frequency Klein system (model 422S-101HF)
recording a lateral width of 75 m. The seismic source was a Mud
Penetrator ORE transceptor (3.5 kHz), model 140, with a 100 ms
recording interval.

Bedform analysis was executed using geophysical data
collected in November 2000. Subaqueous dunes can be
descriptively classified according to their height (H), which is
used as an approximation to dune size (DALRYMPLE and RHODES,
1995). Thus, dunes are classified into small (0.05 < H< 0.25 m),
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Figure 3. Summary of the Guadiana river volume at Rocha da Galé (80 km landward from the river mouth) from January 2000 to
October 2001: (a) river volume in normal scale contrasting periods of flooding in winter and spring with periods of low volume in
summer; (b) river volume in logarithmic scale, emphasizing variations during periods of low river discharge.

medium (0.25 < H < 0.5 m), large (0.5 < H <3 m) and very large
(H> 3 m) (ASHLEY, 1990).

The vertical profile of estuarine dunes is usually asymmetric,
with a gentler stoss side and a steeper lee side. The steeper side
faces in the direction of net sediment transport (BERNE et al.,
1993; VITAL and STATTEGGER, 2000), whereas symmetrical forms
exist in areas where there is no net transport (HARRIS, 1988;
BERNE et al, 1993). It is assumed that asymmetrical forms
generally retain a consistent facing direction over a tidal cycle, as
the subordinate current does not transport sufficient sediment to
reverse the profile (DALRYMPLE and RHODES, 1995). Medium and
large dunes have a long response time and the reversal of
asymmetry requires a long-period process (BERNE et al., 1993;
FENSTER and FITZGERALD, 1996). Consequently, the analysis of
medium and large dune asymmetry enabled us to infer bedload
sediment transport pathways which were representative of the
dominant tidal currents, as most data were collected during
periods of very low river discharge.

Two situations of bedload sediment transport were inferred. The
first  situation  integrated  along-channel  echo-sounder
measurements taken during 9 and 16 October 2000. Although 2-
dimensional views of echo-sounder profiles only provide
information about apparent dune orientation, they can be

considered as good indicators of true dune orientation, as the main
flow direction tends to prevail, and secondary flows only play a
minor role due to the estuary narrowness. The second situation
was inferred from the analysis of SSS records and high-resolution
seismic profiling collected during 19 and 20 November 2000. The
plan view obtained with the SSS records enabled us to confidently
map the orientation of transport trends. It was observed that most
of the transport patterns were parallel and sub-parallel to the
estuarine margins, as documented in other estuarine channels
(ALIOTTA and PERILLO, 1987; FENSTER and FITZGERALD, 1996).
Another limitation was imposed by the narrowness of the deep
estuarine channel, as navigation was very limited above lateral
sand banks. Consequently, our investigations mainly refer to
along-estuary variations of bedload sediment transport.

Surficial sediment samples were collected during September
2000 in the Guadiana estuary from Chogas creek to the river
mouth. These samples were collected with a Petit Ponar dredge
along estuarine transepts (at least three samples for every transept)
separated 150 m one from each other.
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Figure 4. Salinity stratification along the Guadiana estuary an
hour after the high tide during (a) neap and (b) spring tide
conditions. As the main purpose of this figure is to show the
vertical stratification, the horizontal axis has no scale due to the
different separation between stations, particularly with regard
to St 6.

RESULTS

Bathymetric Measurements

The general geological setup has strong influence on the
morphological and physiographical characteristics of the main
river valley (Figure 2). The river and its main tributaries have cut
relatively narrow and in many places steep valleys into the terrain.
While elevations in the vicinity of the main river valley do not
exceed about 200-300 m, the main estuarine valley and the lower
course of its main tributaries are generally well below 10 m above
mean sea level. The main estuarine channel within the study area
is narrow, with an average width of 540 m, and an average depth
of 7.4 m.

Where the estuarine valley cuts through Paleozoic rocks north
of Estero de la Nao, it shows a meandering-like pattern in plan
view featuring three main river bends (Figure 2A). Also the path
of the wvalley thalweg shows a net meandering pattern,
approximating the outer margins at channel bends. The thalweg is
characterized by significant along-channel depth changes, as
several scour holes with depths of 7-18 m are evidenced (Figure
2B), except in the zone south of Beliche creek where depth
shallows to less than 4 m. Cross-section profiles show V-shaped
valleys, with high and uniformly steep valley walls between 3-10°,
reaching locally more than 25°, although south of Beliche creek a
symmetrical, U-shaped profile is identified (Figure 2A). The most
common width of the northern estuarine stretch is about 400 m,
and in some locations reaching as little as 200 m. Southwards of
Beliche creek the estuarine channel reaches its maximum width
(570 m) in the upper stretch, maintaining an average width higher
than 450 m along 1.2 km (Figure 2C).

The southern 8.5 km long estuarine stretch between Estero de la
Nao and the river mouth crosses through Mesozoic and
Quaternary sediments and is less sinuous than the northern stretch.
Maximum depths are less than 10 m, generally about 6 m and
locally over 8 m in some small scour holes (Figure 2B). Cross-
section profiles are mainly V-shaped, but with strongly
asymmetric valley walls of relatively low steepness (lower than
1.5° for the gentler and higher than 2° for the more abrupt walls,
except in the scour holes, where values higher than 10° can be
observed) (Figure 2A). The average width of this stretch is 600 m

(Figure 2C). The main estuarine channel is 500-600 m wide at the
estuarine mouth, and channel width increases to more than 750 m
2.5 km upstream. The main channel remains about 700 m wide up
to 6.5 km upstream from the river mouth, and its width decreases
rapidly to less than 400 m close to Estero de la Nao.

River Discharge Data

The seasonality of the Guadiana river is exemplarity shown on
Figure 3, covering the river discharge volumes (daily averages)
from January 2000 to October 2001. There was hardly any rainfall
during summer months (June to August) in 2000, when monthly-
averaged values were of about 5 m’/s, and from September to
November — the period coinciding with bathymetric and
geophysical surveys — where monthly-averaged values were below
10 m*/s. The only exception was a low peak of about 30 m’*/s that
occurred on 21 and 22 October (Figure 3). Therefore, it was
assumed that the hydrologic regime during field surveys
corresponded to summer conditions. An additional set of
hydrologic measurements carried out between May and October
2001 do also fit in this pattern of low river discharge periods. No
river discharge data were recovered between 15 May and 31 July,
but, as no significant rainfall occurred during this interval, it was
assumed that discharges corresponded to summer values.

Two main periods of increased fluvial discharge occurred
during the reported interval (Figure 3): 1) Spring 2000, when the
monthly-averaged value was 110 m’/s in May and the river
volume reached daily peak values of 400 m*/s. 2) Winter 2000-
2001, when strong regional rains led to river basin flooding.
Monthly-averaged values ranged between 435-665 m’/s, and the
river volume reached peak values of up to 3000 m%/s.

Estuarine Stratification

Surveys carried out on 18 (Figure 4A) and 24 October 2001
(Figure 4B) provided a synoptic view of the estuarine salinity
structure during periods of low river discharge. Figure 4 shows
two longitudinal salinity contours an hour after the high tide.
Runoff conditions were weak enough to allow the entrance of sea-
water into the estuary. On 18 October (neap tide) a salt wedge
penetrated up to St 4 within the estuary and a strong halocline
developed, allowing the upper layer of fresh water to extend out of
the proximity of the estuarine mouth with little mixing. The
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Figure 5. Near-bottom velocities obtained by ADCP from 14 to
25 November 2000 at St 1. The velocity values are projected on
the estuarine longitudinal axis. NT: neap tide; ST: spring tide.
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Figure 6. Near bottom velocities during semidiurnal tidal cycles
at several fixed stations under conditions of low river discharge
in 2001.

stratification due to the buoyancy of the fluvial input imposed an
advective regime, and the fresh-water surface layer flowed over
the lower layer as a gravity current. Tidal action did not break the
estuarine stratification, in spite of the low fresh-water runoff
(Figure 4A). On 24" October (spring tide) no vertical stratification
was observed, and tidal mixing combined with low fresh-water
input generated well-mixed conditions, evidenced by the vertical
pattern of the isohalines up to 30 (Figure 4B).

ADCP Measurements

ADCP measurements provided current velocity data at St 1
during the period of geophysical surveying (second half of
November 2000). The harmonic analysis of tidal currents

(FOREMAN, 1978) determined a higher significance of the
semidiurnal component M2 over the diurnal component K1. Near-
bottom velocity data showed that this location was ebb dominated
during the different tidal stages (Figure 5).

The first measurement days were characterized by relatively
large tidal amplitudes, and ebb currents, with values close to 100
cm/s, were considerably larger than flood currents, below 80 cm/s.
The transition to neap tides witnessed decreasing ebb-current
values, but they remained above 70 cm/s. In contrast, flood
currents decreased to values below 60 cm/s. During neap tides
(18th November), ebb and flood currents were characterized by
similar values ranging between 60-70 cm/s. Ebb currents
increased to values around 80 cm/s during the transition from neap
to spring tides, whereas flood currents were lower than 70 cm/s.
The last measurement days were characterized by spring tides,
when the ebb dominance was again evident, as ebb currents
increased to around 90 cm/s, whereas peak flood current values
were lower than 80 cm/s. Thus, ebb dominance was particularly
significant during spring tide and relatively large tidal range
conditions, when the difference between ebb- and flood-related
velocities ranged between 10-20 cm/s (Figure 5).

Near-Bottom Current Measurements during

Semidiurnal Tidal Cycles

Near-bottom current measurements were carried out at several
fixed stations during periods of low river discharge and
neap/spring tides in 2001 (Figure 6 and Table 1).

During spring tide conditions, St 2, located near the river
mouth, was ebb dominated. There, ebb peak values were higher
than 90 cm/s, whereas flood peak values were higher than 80
cm/s. In contrast, St 3 and St 5, located further up-river, were
flood dominated during spring conditions. The flood-ebb
asymmetry increased from St 3 (difference between peak values of
about 10 cm/s) to St 5 (difference between peak values of about 20
cm/s).

During neap conditions, the three stations were flood
dominated. The flood-ebb asymmetry also increased landward,
from St 2 (difference between peak values of about 10 cm/s) to St
5 (difference between peak values of about 30 cm/s).

Estuarine Dunes

Dune size and shape

More than 570 medium and large dunes of H > 0.25 m were
identified. Many other small dunes could be distinguished on SSS
records (Figure 7). However, as they were not identified in high-
resolution seismic records, their H distribution could not be
studied. According to the distribution of estuarine medium and
large dunes, it was found useful to characterize them in both
southern and northern estuarine stretches (Figure 8 and Table 2).
In the southern stretch, seaward-directed (49%) and symmetric
dunes (46.5%) were much more abundant than landward-directed
dunes (4.5%). Seaward-directed dunes were higher (average value
of 0.6 m) than symmetric dunes (average value of 0.4 m). In the
northern stretch, landward-directed (44%) and symmetric dunes
(41.8%) were more abundant than seaward-directed dunes (14%).
Landward-directed dunes showed the highest proportion of large
dunes (about 47%) in the northern stretch, although seaward-
directed dunes showed the highest average H (0.8 m) (Figures 8A,
8B and Table 2).
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Table 2: Descriptive dune size and shape morphological parameters of Guadiana estuarine dunes, based on geophysical records

collected from 19 to 20 November 2000.

SOUTHERN STRETCH NORTHERN STRETCH
Seaward- Symmetric Landward- Seaward- Symmetric Landward-
directed directed directed directed
Number 98 (49%) 93 (46.5%) 9 (4.5%) 50 (14%) 149 (41.8%) 157 (44%)
Medium dunes 69 (70.4%) 87 (93.6%) 7 (77.8%) 29 (58%) 101 (67.8%) 83 (52.9%)
Large dunes 29 (29.6%) 6 (6.4%) 2 (22.2%) 21 (42%) 48 (32.2%) 74 (47.1%)
Dune height characteristics (m)
Mean value 0.6 0.4 0.6 0.8 0.6 0.7
Max. Value 2 1.5 2 2.75 2 2
Mode 0.5 0.25 0.25 0.5 0.5 0.5
Dune wavelength characteristics (m)
Mean value 17.8 12.4 17.2 20.7 15 17.5
Max. Value 60 50 35 50 45 45
Mode 15 10 5 20 10 15
Lee slopes (degrees)
Max. Value 26.6 Not applicable 14.0 20.6 Not applicable 14.0
Average value 8.4 9.9 8.8 7.3
Stoss slopes (degrees)
Max. Value 5.7 Not applicable 5.2 5.7 Not applicable 7.9
2.6 3 3.1 3.5

Average value

Wavelength (L) distribution showed similar patterns to H
distribution. In the southern stretch, seaward-directed and
landward-directed dunes showed similar average L values, ranging
between 17-18 m. In the northern stretch, the average L value was
higher than 20 m for seaward-directed dunes, whereas landward-
directed and symmetric dunes showed lower L values (Figures 8C,
8D and Table 2).

The relation between dune L and H followed a similar pattern in
both stretches. Although a high scattering was observed, higher Hs
correlated with higher Ls, and the relationship was found to be
limited by the equation Hjpare=0.16L%% (after FLEMMING, 1988)
(Figures 8E, 8F and Table 2).

H distribution according to water depth (h) was equally
scattered, although dunes with H larger than 1 m were related to h
larger or equal to 8 m. A maximum H value was associated with
each specific h, suggesting that h only represents an upper
boundary for H (cf. BOKUNIEWICZ et al., 1977). However, in the
northern stretch few dunes were located above the boundary given
by the equation H=0.2h (after FLEMMING, 1988) (Figures 8G, 8H
and Table 2).

The analysis of lee and stoss slopes showed that, in the southern
stretch, landward-directed dunes displayed higher lee and stoss
gradients than seaward-directed dunes, and therefore presented a
more cuspate profile. In the northern stretch, seaward-directed
dunes showed higher lee slopes but lower stoss slopes than
landward-directed dunes (Table 2).

Asymmetry distribution maps

Asymmetry distribution maps were used to estimate near-
bottom sediment transport paths during two specific intervals. The

first situation was inferred from echo-sounding data collected
during the first half of October 2000 (Figure 9), whereas the
second situation was inferred from geophysical data (SSS and
high-resolution seismics) collected during the second half of
November 2000 (Figures 7, 10 and Table 1). Therefore, the time
interval between both situations was a month. We assumed that in
some zones the bedforms could be the result of previous river
freshets, whereas in other zones they reflected the control of tidal
flows when river discharge was low.

The first half of October 2000 showed a clear dominance of
seaward-directed dunes in the southern stretch (Figures 9A and
11A), although a small zone characterized by symmetric dunes or
even by landward-directed dunes was identified close to
Ayamonte. The poor quality of echo-sounding records did not
allow a correct identification of dune asymmetries between Vila
Real and the estuarine mouth.

The northern stretch showed contrasting asymmetry patterns.
Landward-directed dunes prevailed to the north of Beliche creek
(Figures 9B and 11A), although zones with symmetric dunes
existed. In contrast, seaward-directed dunes dominated to the
south of Beliche creek (Figures 9C and 11A), although landward-
directed dunes were detected between Beliche and Pedraza bends.

During the second half of November 2000 the southern stretch
showed relatively weak near-bottom transport trends, but with a
clear seaward-directed dominance (Figures 7A, 10A and 11B).
Large seaward-directed dunes were observed in front of Vila Real.
Besides, the zone between Estero de la Nao and Ayamonte was
dominated by medium seaward-directed dunes. The zone between
Ayamonte and Vila Real showed medium symmetric dunes or
even medium landward-directed dunes, with some large dunes
close to Ayamonte. Medium symmetric dunes were also found
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Figure 7. Examples of side scan sonar (SSS) records collected from 19 to 20 November 2000: (a) seaward-directed medium dunes in the
southern stretch; (b) symmetric medium dunes with some small dunes observed to the north (in the southern stretch); (c) landward-
directed dunes in the northern stretch, evolving northward from medium to large; (d) seaward-directed dunes in the northern stretch,
evolving southward from large to medium.

close to the estuary mouth (Figures 7B and 11B). dunes were identified associated with estuarine bends, such as
The northern stretch was characterized by stronger transport  Grande and Beliche bends (Figure 11B).

trends. There, landward-directed dunes were dominant (Figures

7C, 10B and 11B), especially in four zones: 1) to the north of Surficial Sediment Cover

Grande creek; 2) between Grande bend and Beliche creek; 3)
between Beliche creek and Beliche bend; 4) close to Pedraza
bend. Seaward-directed dunes were only identified to the south of
Beliche creek and between Beliche bend and Pedraza creek
(Figures 7D, 10C and 11B). Transitional zones of symmetric

Sediments along the thalweg of the lower Guadiana estuary
were dominated by sand. Exceptions generally occured where
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Figure 8. Morphological characterisation of subaqueous dunes in the Guadiana estuary: (a) frequency histogram of height (H)
distribution in the southern stretch; (b) frequency histogram of H distribution in the northern stretch; (c) frequency histogram of
wavelength (L) distribution in the southern stretch; (d) frequency histogram of L distribution in the northern stretch; (e) plot of L against
H in the southern stretch; (f) plot of L against H in the northern stretch; (g) plot of water depth (h) against H in the southern stretch; (h)
plot of h against H in the northern stretch.
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unusually deep locations of the thalweg are located in the vicinity
of creeks, for instance near the mouth of Beliche creek. In these

and vulcanites, as well as shallow marine carbonates), and shist
and greywacke fragments, originating from a thick series of

paleozoic turbidites, which make up large part of the interior of
the south-western Iberian Peninsula.

cases fine-grained sediments <63 um dominated. The immediate
vicinity of the western jetty was dominated by gravely deposits.
The sand fraction of sediments in the study area was composed
of quartz, feldspar, bioclasts, lithic components of diverse origin,
with provenance primarily from Mesozoic outcrops (sandstones
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Figure 9. Echo-sounding records of estuarine dunes observed in the Guadiana estuary in October 2000: (a) seaward-oriented dunes in
the southern stretch; (b) landward-oriented dunes in the northern stretch; (c) seaward-oriented dunes are locally significant in the
northern stretch, as well as symmetric dunes.
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Figure 10. Examples of high-resolution seismic profiles (3.5 kHz) collected from 19 to 20 November 2000: (a) dune field in the
southern stretch where seaward-oriented dunes evolve downstream from medium to large; (b) dune field in the northern stretch where
landward-oriented dunes evolve upstream from medium to large; (c) dune field in the northern stretch where seaward-oriented dunes
evolving downstream from medium to large.
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DISCUSSION

Dune asymmetry distributions observed in the Guadiana estuary
during two specific intervals were used to estimate trends of
bedload sediment transport during periods of low river discharge,
as the study of bottom bedforms in estuarine settings may provide
estimates of dominant bedload transport patterns (VAN DEN BERG,
1987; PARK and Y00, 1997). Medium and large dunes are
considered to be relatively stable features which only undergo
major changes in response to highly energetic events
(BOKUNIEWICZ et al., 1977; FENSTER et al., 1990), as net dune
movement is unaffected by diurnal flow regime changes (FENSTER
and FITZGERALD, 1996).

The differences between the two observed situations in the
Guadiana estuary can be attributed to the dominant hydrodynamic
regime, supposedly highly influenced by tidal currents. The
transport trends were compared with limited near-bottom current
velocity measurements, in order to discern the relative
significance of tidal currents and fluvial freshets, as evidenced in
other estuarine environments (e.g. COOPER, 1993; BERNE et al.,
1993; FENSTER and FITZGERALD, 1996). The relative narrowness
of the estuarine channel probably prevented the existence of
lateral reversing currents, as more intense currents tend to be
conducted trough the deeper estuarine channel (cf. DALRYMPLE et
al., 1990).

The high proportion of medium dunes observed in the southern
(seaward) stretch reflects either moderate hydrologic conditions or
dune smoothing by the dominant tidal current pattern (cf.
DALRYMPLE and RHODES, 1995). The dominance of seaward-
oriented bedforms could be related either to ebb dominance or to
the imprint of previous high fresh-water discharge events (cf.
COOPER, 1993). In the zone close to Vila Real, the identified
seaward-directed bedload transport could be confidently related to
near-bottom ebb dominance observed in ADCP records (Figure 5).
Particularly during spring tide conditions, the difference between
ebb and flood currents may be as high as 20 cm/s, possibly due to
the establishment of vertically homogeneous conditions. This
pattern is in good agreement with the reported seaward export of
sediments in the zone close to the river mouth (MORALES, 1997;
MORALES et al., 1997). Few data were available in the
southernmost zone close to the river mouth, but the prevalence of
symmetric, medium dunes indicates a low-energy hydrodynamic
regime (cf. VITAL et al., 1998), probably balanced between
moderate tidal currents and the influence of wave action (Figure
11).

To the north of Vila Real, the interaction between bedload
transport trends and near-bottom flows was more complex.
Although seaward-directed dunes were still more frequent,
symmetric dunes were also abundant, and local landward-directed
transport also occurred. Morphological data indicate that the
dominant seaward-directed transport become less evident from
October to November 2000 (Figure 11). Hydrological data
collected during intervals with similar hydrodynamic regime
revealed a landward change from ebb to flood dominance during
spring tides (Figure 6), similarly to the situation identified in other
estuaries (BERNE et al., 1993). The landward increase of flood
dominance was even higher during neap conditions. The salinity
structure of the estuary seems to influence the observed flood-ebb
asymmetry, as the higher flood dominance during neap tides was
associated with estuarine stratification. The increased flood
dominance during stratified conditions could be related to a mass
balance deficit of saltwater caused by its entrainment with
overlying seaward-flowing fresh-water (DYER, 1973). In contrast,
equal dominance of flood and ebb currents or slight flood

dominance during spring tides could be related to the development
of a vertically homogeneous estuary (Figure 4).

As the seaward-directed dunes identified in the northern zone of
the southern stretch did not seem to be in equilibrium with the
dominant tidal current pattern, it is suggested that they could
reflect the influence of a previous high fresh-water discharge
event (e.g, spring floods), which would increase ebb tidal flows
(cf. FENSTER and FITZGERALD, 1996). The higher landward
influence of flood currents during the low river discharge period
might have caused a reduction of seaward asymmetry north of
Ayamonte, but not a reversal of dune asymmetry. In this sense, the
reversal of asymmetry during tidal dominance on sedimentation
only has been reported in estuaries with very high tidal currents,
such as the Gironde estuary (BERNE et al., 1993).

The bedforms were larger in the northern estuarine stretch,

indicative of a highly energetic hydrodynamic regime (cf. VITAL
and STATTEGGER, 2000). The dominance of landward-directed
bedload transport indicates enhanced flood currents during low
river flow periods (COOPER, 1993; FENSTER and FITZGERALD,
1996). as dune migration is related with unequal flood and ebb
tidal flows (cf. BOKUNIEWICZ et al., 1977). According to the
morphological data, the flood dominance increased landward, as
no significant downstream-directed transport was identified to the
north of Grande bend. The dominance of landward-directed dunes
increased from October to November 2000, suggesting that the
northern estuarine stretch is flood dominated during low river
discharge periods. Limited hydrological data collected in the
northern stretch agreed with morphological observations, as St 4
was flood dominated during spring and neap tides under
conditions of low river discharge. In St 4, the flood dominance
was higher than in stations located in the southern stretch. But,
similarly to the situation observed in the southern stretch, the
development of estuarine stratification during neap tides also led
to higher flood dominance (Figures 4 and 6).
The particular estuarine morphology of the northern stretch may
influence the intensity of estuarine flows, and consequently the
bedload sediment transport patterns, as the bottom flow is
enhanced by, and interacts with, the bottom topography (cf.
KNEBEL and Poppe, 2000). This influence is presumed to be
higher over tidal currents (cf. KNEBEL et al, 1999). Our
observations are in agreement with those statements, as the flood
dominance seems to have been higher in zones where the estuarine
valley becomes narrower, such as Pedraza and Grande bends
(Figure 11). Thus, those narrow passages seem to cause the flood-
ebb flow asymmetry.

However, the signature of local, intense seaward-directed
bedload sediment transport was also evidenced in some locations,
especially south of Beliche creek. The persistence of this transport
pattern could indicate either the imprint of a previous high-
discharge fluvial freshet (cf. FENSTER and FITZGERALD, 1996) or
locally enhanced ebb tidal currents. As the seaward-directed dunes
and most of the symmetrical dunes occurred in channel bends, it is
suggested that seaward-directed flows accelerated when the main
flow was deviated. As a result, equal influence of flood and ebb
flows or even some local ebb dominance between Beliche bend
and Pedraza creek occurred in relation with channel deviation.

CONCLUSIONS

Bedload transport patterns observed in the Guadiana estuary
during low river discharge periods are highly complex, and
probably influenced by the combined action of both tidal currents
and fluvial flows. As in other estuaries characterized by a narrow,
bedrock-controlled morphology, the imprints of high-energy, high
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fresh-water discharge events are recorded in the estuarine bottom,
even under the clear dominance of tidal currents. Two estuarine
stretches (southern and northern) presented contrasting patterns of
bedload sediment transport.

The higher abundance of medium dunes in the southern
estuarine stretch was attributed to a less intense hydrodynamic
regime. The meridional zone of the southern stretch was
characterized by seaward-directed bedload sediment transport,
which was related to ebb dominance evidenced in ADCP
recording. The seaward-directed asymmetry become less evident
northward. Current measurements indicated a higher landward
influence of flood currents. The higher flood dominance,
especially during neap tides, was related with the establishment of
estuarine stratification. Consequently, it is suggested that the
dominant seaward-directed asymmetry was a remnant of a
previous high-discharge fluvial event. It is noteworthy to indicate
that the dominant current pattern during periods of low fluvial
discharge was not able to produce a reversal of asymmetry,
supporting the idea that high-discharge, fresh-water flows can be
significantly imprinted in bottom morphologies of narrow
estuaries.

Bedload transport patterns were mainly landward-directed in the
northern estuarine stretch, indicating flood dominance that
increased landward. Limited current measurements indicated
enhanced flood dominance in relation to the southern stretch.
Flood current enhancement especially occurred where the
estuarine channel become narrower. The local identification of
seaward-directed or transitional transport trends in relation with
estuarine bends probably indicates seaward-directed flow
enhancement by channel deviation.
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SUMMARY

O estuario do rio Guadiana localiza-se no sudoeste da Peninsula
Ibérica e apresenta uma morfologia estreita, controlada pelos
afloramentos rochosos. Este estuario ¢ também caracterizado por
um regime fluvial sazonal e por condi¢gdes mesotidales. Inimeras
medigdes geoldgicas e hidrologicas, incluindo batimetrias, registos
geofisicos (sonar de varredura lateral, sismica de alta resoluc?o),
amostras de sedimento superficial, escoamentos fluviais, medigdes
de salinidade e velocidade foram integradas com o objectivo de
revelar a influéncia das correntes de maré sobre as tendéncias de
transporte sedimentar de fundo durante periodos de baixos
escoamentos fluviais.

Os resultados evidenciam uma direcgdo dominante do
transporte tidal de correntes de vazante no sector meridional que
sofre uma mudanga a montante para correntes de enchente. A
dominancia de transporte sedimentar de fundo dirigido a jusante
no trogo estuarino meridional estd relacionada com uma maior
influéncia das correntes de vazante na zona mais proxima a foz do
estuario. A montante, as evidencias morfologicas e hidrologicas
sugerem uma maior influéncia das correntes de enchente. No
entanto, este regime de marés ndo € capaz de produzir uma
reversdo da assimetria das dunas estuarinas em extensas zonas do
trogo estuarino meridional. Pelo contrario, um intenso, transporte
sedimentar de fundo dirigido a montante ¢ dominante no trogo
estuarino setentrional. A maior importancia das correntes de
enchente neste trogo superior estd possivelmente relacionada com
os estreitamentos do canal estuarino.
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ABSTRACT |

KAPSIMALIS, V.; MASSE, L.; VELEGRAKIS, A.; TASTET, J.P.; LAGASQUIE, M.-H.; and PAIREAU, O.,
2004. Formation and growth of an estuarine sandbank: Saint-Georges Bank, Gironde Estuary (France). Journal
of Coastal Research, S1 41, 27-42. Ferrara (Italy), ISSN 0749-0208

The formation and long-term evolution of an estuarine bank of the Gironde mouth, SW France (the Saint-
Georges Bank) is studied through the comparison of nine historical bathymetric maps (1677, 1723, 1825, 1874,
1892, 1920, 1940, 1960, and 1992) and information obtained during a recent bathymetric survey (1999). The data
show that the initial formation of Saint-Georges Bank occurred at the end of the 17" or the beginning of the 18™
century and it could be related to the other morphological changes which took place at the estuarine inlet and
particularly to the gradual destruction of the downstream estuarine shoal of Grande Barre, which (a) changed the
inshore hydrodynamic regime, (b) allowed large quantities of marine sediments to move further upstream along
the coast and (c) made large quantities of sand-sized sediments available. The Saint Georges Bank growth during
the past centuries can be differentiated into 3 stages: Stage I (1723-1892), which has been characterized by a
vertical and lateral (downstream) bank growth (with an average rate of accretion of about 0.3 x 10° m® yr'");
Stage 11 (1892-1960), which is characterized by a relatively slow development (with an average growth rate of
about 0.15 x 10° m® yr'"); and Stage III (1960-1999), which is characterized by a rapid bank growth (with an
accretion rate of about 0.7 x 10° m® yr'') and a anticlockwise rotation of the crest. The morphological and
sedimentological data (side-scan sonar and sub-bottom profiling data and surficial sediment samples) which were
collected during the present investigation suggest that Saint Georges Bank is likely to be maintained by a
complex hydrodynamic/sediment dynamic regime consisting of a clockwise residual tidal circulation, headland
associated secondary flows and trapping of sediments in a zone contained between mutually evasive sediment
transport paths.

ADDITIONAL INDEX WORDS: Sandbanks, historical bathymetry, macro-tidal estuaries, Gironde Inlet.

SMITH, 1969; SWIFT and FIELD, 1981; HUTHNANCE, 1982a,
1982b; TROWBRIDGE, 1995; HULSCHER, 1996; HULSCHER
and VAN DEN BRINK, 2001), edge waves (DOLAN et al., 1979)
and instabilities of long period swell, infragravity and internal
waves (BOCZAR-KARAKIEWICZ et al., 1990, DE VRIEND,

INTRODUCTION

estuaries (DALRYMPLE and

1999) are both

widespread and dynamic sedimentary structures. They form large
sedimentary stores over 15 m in height with lengths and widths
which may exceed 15 and 4 km, respectively. Most field
observations and model simulations show that their formation and
development are promoted by (DALRYMPLE and ZAITLIN,
1989; DALRYMPLE and RHODES, 1995): (i) suitable residual
circulation patterns resulting from flow-seabed interactions, (ii)
sufficient sediment supply from the adjacent sea floor and/or the
coast and (iii) the presence of suitable sediment traps. There have
been many suggestions with regard to the mechanisms which
control the formation, growth and maintenance of sedimentary
banks in coastal and continental shelf environments (DYER and
HUNTLEY 1999), including secondary flow effects (e.g. spiral
flows (e.g. HOUBOLT, 1968) or vorticity generated by coastal
irregularities (e.g. PINGREE, 1978; ROBINSON, 1981, 1983;
SIGNELL and GEYER, 1991; SIGNELL and HARRIS, 2000;
BASTOS et al., 2002, 2003), flow-seabed interactions (e.g.

1990).

Elongated banks are frequently found close to estuarine inlets,
particularly in cases where the tidal energy is dominant compared
to the fluvial and/or wave energy (DALRYMPLE and ZAITLIN,
1989; DALRYMPLE et al., 1992). It has been suggested that such
banks form mostly between channels with opposing directions of
residual tidal flow (DALRYMPLE and RHODES, 1995); these
areas have a large sediment trapping potential as they are often
sandwiched between mutually evasive sediment transport
pathways (HARRIS, 1988; HARRIS and COLLINS, 1991).
Coastal irregularities (e.g. protruding headlands) can also promote
the formation of nearshore estuarine banks; these banks (Type 3A
banks or 'banner banks' (DYER and HUNTLEY (1999)) are often
asymmetric and pear-shaped, with their landward ends being
generally shallower and broader than their offshore extremities.
Their long axes are directed parallel or obliquely to the coast as
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Figure 1. Bathymetry (in metres) of the mouth of Gironde Estuary. Coordinates in metres.

well as to the dominant tidal flow and their flanks are usually
bounded by two sub-parallel tidal channels characterized by
residual flows with opposing directions (e.g. PATTIARATCHI
and COLLINS, 1987).

Active tidal banks are very dynamic features (e.g. AMOS and
KING, 1984; HARRIS et al., 1992; LANCKNEUS and DE
MOOR, 1995). This is particularly true for banks/shoals of coastal
macrotidal environments, as has been shown by studies in the
Bristol Channel (e.g. BRITTON and BRITTON, 1980), the
English Channel (PINGREE, 1978; BASTOS et al., 2002), the
Bahia Blanca estuary (GOMEZ and PERILLO, 1992;
CUADRADO and PERILLO, 1997) and the Kennebec River
estuary in Maine (FITZGERALD et al., 2000). The banks’
morphological and sedimentological changes occur in different
temporal and spatial scales (e.g. DE MOOR, 1989; HOUTHUYS et
al, 1994). These changes can be impressive, ranging from
(temporal) changes in grain-size distributions (TRENTESAUX et
al., 1994) and the distribution, dimensions and asymmetry of the
banks’ bedforms (HARRIS and COLLINS, 1984) to changes in the
dimensions, asymmetry and even position of the banks themselves
(e.g. PATTIARACHI, 1985; BERNE et al., 1994).

Of particular importance to the study of the formation, growth
and maintenance of banks are the changes of the highest order (i.e.
changes in position, dimensions and asymmetry of the banks
themselves), as these do not only integrate the smaller spatial
morphological and sedimentological changes but also provide

information on the dominant mechanisms responsible for the bank
genesis and growth. Unfortunately, it is very rare that sufficiently
long time series of morphological and/or sedimentological
information on banks are available to allow a detailed study of
their historical evolution.

The objective of the present contribution is to present and
discuss the long-term morphological evolution of Saint-Georges
Bank, a sandbank located close to the mouth of the Gironde
Estuary, France (Figure 1), an area for which a plethora of good
quality, long-term bathymetric data is available. Towards this
objective, sequential bathymetric information obtained during the
past 320 years, has been analyzed and compared and
supplemented by newly acquired morphological and
sedimentological observations

Estuaries have been the subject of intense and multidisciplinary
investigations during past decades. From a sedimentological
perspective, present-day estuaries are ephemeral environments
acting as highly effective sediment traps (MEADE, 1972; BIGGS
and HOWELL, 1984; and NICHOLS and BIGGS, 1985).

The interplay between marine and fluvial processes and the
residual sediment transport patterns determine, to a large extent,
the morphology and the distribution of sedimentary facies in
estuaries. Any modification to the hydrological regime (tide, wave
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and river discharge), or sediment supply, affects the estuarine
evolution and alters the previously-achieved equilibrium in the
system (JOUANNEAU and LATOUCHE, 1981).

The last fall in sea level, during the late Pleistocene (ca. 18,000
years Before Present (B.P.)), resulted in the formation of deeply-
incised fluvial valleys, which converted subsequently into
estuaries during sea level rise. Since the post-Holocene stillstand,
at about 6,000 yr B.P., most estuaries have been filled with
sediments derived both from fluvial and marine sources
(KNEBEL et al., 1988; ALLEN and POSAMENTIER, 1993; and
DALRYMPLE and ZAITLIN, 1994).

The objective of this paper is to identify the present-day
sediment distribution patterns, together with the tidal imprints, in
the subsurface sediments of the Gironde estuary. Furthermore,
comparison of the new data set with that presented by ALLEN
(1972) aims to provide information on changes which have taken
place in the sediment transport and accumulation mechanisms,
over the last 30 years.

REGIONAL SETTING

The Gironde Estuary mouth is formed by the rocky Saintonge
coast to the north and the Médoc peninsula to the south (Figure 2);
its geological substrate consists of Upper Cretaceous and Eocene
calcareous sediments and Plio-Quaternary deposits (CASTAING
et al., 1974, ALLEN, 1991; ALLEN and POSAMENTIER, 1993;
LERICOLALIS ef al., 2001). The access to the sea is guarded by

the Cordouan shallows (formed by numerous sand banks/shoals
and Pleistocene outcrops), which shield the inner estuarine mouth
from the intensive wave activity of the Bay of Biscay (5 m high
waves during 10% of the year) (ALLEN, 1971; CASTAING,
1981; MALLET, 1998). Thus, the average wave height and period
at the inner estuarine mouth is about 1 m and 5-6 s, respectively
(HOWA, 1993).

Presently, there are two channels (Passe de 1' Ouest (WP) and
Passe Sud (SP)) at the estuarine mouth (Figure 2). At the inlet
narrows, between Pointe de Grave and Royan, these channels join
to form the main channel of the inlet (the Central Channel (CC)),
which further upstream separates again forming the Saintonge
(SC) and Médoc (MC) Channels. The channel bed is mostly paved
by coarse sands and gravels and is scoured in many areas by the
inlet’s strong tidal currents (ALLEN, 1972; ALLEN and
POSAMENTIER, 1993).

The tides are semi-diurnal in character with amplitudes ranging
from 2 m (on neaps) to more than 5 m (on springs) at the inlet
(CASTAING, 1981). The estuary 1is regarded as a
hypersynchronous, macro-tidal system (CASTAING and ALLEN,
1981; CASTAING, 1989), as the tidal wave, which is almost
symmetrical at the downstream part of the estuary, increases its
amplitude and becomes asymmetrical upstream having shorter
duration and higher velocity during flood (SALOMON and
ALLEN, 1983). The main estuarine channel at the inlet is ebb-
dominated, with near-bed current velocities exceeding 0.5 m s
(LESUEUR and TASTET, 1994). The annual freshwater
discharge of the estuary varies between 500 and 1000 m® s™', with
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the average being 900 m® s (MALLET et al., 2000). There is a
strong, southerly littoral drift along the adjacent Atlantic coast,
which introduces large quantities of coarse-grained material
(about 0.7 x 10° tons yr'l) into the estuarine mouth (HOWA,
1987); in contrast, large quantities of suspended particulate
material (about 1.3 x 10° tons yr'") are evacuated from the estuary
onto the adjacent continental shelf (CASTAING, 1981; ALLEN,
1991).

Saint-Georges Bank is located at the inner estuarine mouth
(Figure 2). It is over 5 km long, 1.2 km wide, and its crown lies
1.7 m above the level of the Lowest Astronomical Tide (LAT); its
broad, landward end is connected to the shoreface of Saint-George
Beach, which forms between the Pointe de Suzac and Pointe de
Valliére promontories. The bank is bounded by the ebb-dominated
Central Channel and the flood-dominated, marginal Saint-Georges
Channel (CASTAING and FROIDEFOND, 1978; MALLET et
al., 2000). Saint George Bank is asymmetrical in cross-section; its
steeper (lee) flank, which faces the Central Channel to the
southwest, has a slope of about than 3.6° whereas its gentler
(stoss) flank, which faces Saint-Georges Channel to the northeast,
has a slope of about 1.7°. The bank's crest is slightly sinuous and
is oriented obliquely (with an angle of about 16°) to the axis of the
adjacent Central Channel (MALLET et al., 2000).

Field observations and numerical simulations (e.g. Service
Hydrographique et Oceanographique de la Marine 1968; ALLEN,
1971; Port Autonome de Bordeaux, 1980; MALLET, 1998;
MALLET et al., 2000) have shown a complex hydrodynamic
regime for the area , with Saint-Georges Bank appearing to be
located close to a clockwise residual circulation cell. The bank's
sediments consist mainly of fairly well sorted medium sand,
which shows evidence of marine origin (LEGIGAN and
CASTAING, 1981). MALLET et al. (2000), using trends in the
statistical parameters of the bank’s sediments (i.e. the Gao and
Collins technique, GAO and COLLINS (1992)) as well as
numerical model simulations, have found that (a) the sediment
movement is ebb-dominated on the lee (southwestern) flank and
flood-dominated on the stoss (northestern) flank of the bank and
(b) there is a sediment transport convergence towards the bank's
crest.

The estuary is characterised by a macrotidal regime, with
semidiurnal tides; their amplitude ranges from 2.5 m during neap
tides to > 5.5 m during spring tides, near Le Verdon (Figure 1).
The tidal wave is deformed by friction and becomes asymmetrical,
as it propagates landward into the upper estuary (CASTAING and
ALLEN, 1981).

The average freshwater discharge into the estuary ranges
between 500 and 1,000 m*/sec. During low river flow, the estuary

is well mixed and the tidal currents can be detected some 130
km upstream from the mouth. In comparison, the salinity intrusion
extends 100-115 km upstream. In contrast, during river floods, the
estuary is stratified, with the brackish water being restricted within
the mid-estuarine funnel and up to a distance of 40 — 50 km from
the inlet (ALLEN, 1991).

The bed of the estuary is supplied by two main sediment
sources: the Garonne and Dordogne rivers; and the adjacent
oceanic beaches and shore zone. All the fluvial sand transported as
bedload remains within the estuary, as indicated by its absence
within the inlet (CASTAING and ALLEN, 1981). However, a
large volume of the fluvial suspended matter escapes out of the
inlet, during the ebb tide; then it is deposited on the Aquitaine
shelf (CASTAING, 1989; WEBER et al., 1991). To seaward, in
response to coastal erosion, coarse-grained sediment is produced
from Pleistocene alluvial outcrops; this is transported into the
estuary inlet, by littoral drift and tidal currents. These reworked

marine sand and gravel deposits penetrate into the mouth,
approximately 20 km landward; they are molded into wide-scale
bedforms (ALLEN and POSAMENTIER, 1993). The maximum
thickness of this landward-thinning wedge is likely to be up to 25
m, including various sedimentary structures, such as parallel
bedding, bi-directional cross-stratification and erosion surfaces.
The sandy wedge is separated from the underlying tidal-estuarine
sediments by a tidal ravinement surface (ALLEN and
POSAMENTIER, 1994). Fluvial sand and mud accounts for about
the 80 % of the total sediment input to the estuarine system
(JOUANNEAU and LATOUCHE, 1981), whilst marine sand
constitutes the remaining 20 % (HOWA, 1987).

As the Gironde is one of the largest estuaries in Europe and is of
high economical importance, a large number of studies have been
undertaken during the past 70 years. Of these, one of the most
important early sedimentological studies was the description of the
estuarine  turbidity —maximum, by GLANGEAUD and
BONNICHON (1939). Further, the sedimentary patterns and
facies have been investigated by a number of scientists, e.g.
ALLEN (1972), CASTAING (1981), ALLEN (1991) and
MALLET (1998). The internal stratigraphy of the estuary valley
fill has been described by ALLEN and TRUILHE (1988), ALLEN
and POSAMENTIER (1993, 1994) and LERICOLAIS et al.
(2001).

DATA ACQUISITION AND ANALYSIS

Bathymetry

Bathymetric information has been collected in the Gironde
Estuary since 1545, with the earliest reliable map dating from
1677. During the 18" and 19™ centuries, the bathymetric surveys
were sporadic, but since the beginning of the 20™ century the Port
Autonome de Bordeaux has commissioned annual detailed
surveys (CASTAING, 1989). In the present study, nine
bathymetric maps from 1677, 1723, 1825, 1874, 1892, 1920,
1940, 1960 and 1992, provided by the Port Authorities, have been
used to reconstruct the long-term evolution of Saint-Georges
Bank. The collated information has been supplemented by new
observations collected in July 1999. During this survey, 20 track
lines of bathymetric data with 100 m spacing and overall length of
130 km were obtained using an EK 400 Simrad (12 KHz)
echosounder and a DGPS positioning system. The acquired data
were reduced to the LAT level, using the real tidal curves of the
survey days supplied by the Port Autonome de Bordeaux.

The maps were digitised and the digital data analysed using the
TOSCA®, ArcView™, IDRISI® and SURFER® software packages.
The projection system used in the analysis was the Lambert
System (zone 2, ellipsoid Clark 1880) applied in France (spatial
coordinates in meters). The zero level datum was set as the level
of the Lowest Astronomical Tide (LAT) defined by the Port
Autonome de Bordeaux.

The comparison of historical maps is a tricky exercise, requiring
careful consideration of various errors, which result from the
determination of the depth measurement positions by different
positioning systems and cartographical methods, absence or use of
different geo-reference systems, tidal datum problems and
computer analysis errors (such as those introduced by the gridding
procedures) (e.g. BOWYER, 1992; LIST et al., 1997). In order to
evaluate quantitatively and correct some of the errors, standard
reference points such as churches, capes, lighthouses etc have
been used. Although several errors have been thus evaluated and
corrected, others, particularly those related to tidal datum (see for
example GUITARD, 1996), were less satisfactorily tackled.
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and the stippled lines the side-scan sonar tracks of Figure 9.

Therefore, it is assumed that the accuracy of the comparison
analysis has been in the order of 0.5 m.

The base levels for the undertaken volumetric estimations have
been estimated as follows: the base level for Saint-George Bank
has been assumed to be the seabed surface of 1677 (when the
bathymetric information shows that there was no discernible
sediment accumulation in the area), whereas the base level for
Grande Barre shoal has been assumed to be the seabed surface of
1874 (when the shoal seized to exist).

Acoustic data

Side-scan sonar information was obtained during two surveys in
September 1999 and May 2000 using a GeoAcoustics dual
frequency side scan sonar operating at 100 or 500 kHz (Figure 3).
The first survey took place during equinox spring tides with tidal
coefficients (i.e. the ratios of the tidal range of the cycle to the
range of the largest spring tide multiplied by 120) ranging from 97
to 106, whereas the second during a neap tide (tidal range less
than 3.5 m and tidal coefficients ranging from 57 to 86). The wave
conditions during the surveys varied, with those of the second
survey (May 2000) being much calmer (wave heights less than 0.4
m). The spatially corrected side-scan sonar data were used to map
the spatial distribution and morphological characteristics
(dimensions and direction of asymmetry) of the bank’s bedforms,
which were classified according to ASHLEY et al. (1990).

Seismic profiles over the Saint George Bank (Figure 3) were
obtained in a separate survey in June 2000, which covered a larger

area of the inlet. The equipment used in the survey was an
EdgeTech high resolution sub-bottom profiler, equipped with an
X-Star acquisition and processing system. Unfortunately, the
rough weather conditions, shallow water depths, the presence of
thick deposits of sand-sized sediments over the bank and the high
frequency nature of the signal did not allow, in most cases,
sufficient penetration to detail the internal architecture of Saint
George Bank.

Surficial sediments

Thirty-five bottom sediment samples were collected from the
bank during the May 2000 survey using a Shipek grab (Figure 3).
The samples were wet-sieved and the mud fraction was found to
be less than 1% by weight in all samples. Material coarser than 4
¢ (0.063 mm) was dry-sieved (at an interval of 0.5 ¢ between —1
(4 mm) and 4 ¢ (0.063 mm)) and the grain size parameters of the
samples were then estimated according to FOLK (1980). Spatial
relationships between the three main parameters (mean size,
sorting and skewness) were then utilised to estimate grain-size
trends and define “transport vectors” using the GAO and
COLLINS (1992, 1994) technique (with a critical distance (D)
between neighbouring sites of 950 m) and the Dersedill software
(PEDREROS et al., 1996).

Grain-size analysis was carried out in the laboratories of the
University Bordeaux I, using: sieving for the coarse fractions
(gravel and sand); and a Malvern 3600E laser-scattering particle
size analyzer for the silt and clay (mud) fractions. Based upon
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these results, the mean size, sorting, skewness, porosity and
density were calculated, according to moment procedures for
grain-size statistics. Data were processed with the ArcView GIS
and digitized maps were created (Figure 2).

In order to identify alterations in the surficial sedimentary facies

during the last 30 years, the sedimentological map published by
ALLEN (1972) was digitized and compared with the new version
(Figure 3), where observations on displacement of the turbidity
maximum are also shown (see below).
The classification of the sedimentary facies used (Figure 3) was
that defined by ALLEN (1972) and is the same for both of the
maps shown: mud, when the silt and clay content is more than
80%; sand and mud, when the sand fraction exceeds 20% and the
finer material ranges between 20% and 80%; sand, when the sand
exceeds 80%; gravel and sand, when both coarse-grained fractions
vary between 20% and 80%; gravel and mud when these fractions
are not lower than 20%; and gravel, when the gravel fraction is
more than 80%. The map of ALLEN was created on the basis of
numerous samples collected between 1960 and 1969, under
differing hydrodynamic conditions. Although this approach does
not incorporate seasonal variability within the system, it provides
an adequate outline of the distribution of the surficial sediments
during the 1960’s. In contrast, the new map is taken to be more
representative of a period of high river flow and spring tides, since
sampling was accomplished during these specific conditions. The
comparison between the two maps provides an indication of
textural changes in the sedimentary bed of the estuary.

All the cores were opened, logged visually and photographed at
the University of Bordeaux I. Sections were removed for
radiographic analysis, for the identification of lithological
characteristics and sedimentary structures, using the SCOPIX (a
new digital X-ray imaging system for core analysis (MIGEON et
al., 1999)).

RESULTS

Morphological changes

The sequential bathymetric information (Figures 4, 5 and 6)
shows that frequent and drastic morphological changes have taken
place in the Gironde Estuary inlet during the past 320 years.

At the end of the 17™ century (Figure 4a), Saint-Georges Bank
(SGB) did not exist and the main morphological feature of the
inlet was the Grande Barre (GB) shoal. The GB shoal was located
in the middle of the inlet, (although its northern extremity was
connected to the Palmyre coast to the north) and had an elongated
shape (orientated NW-SE). The shoal was 11 km in length, 1.2 km
in width and had a volume above the level of the seabed as
recorded in 1874 when the shoal seized to exist, of about 48 x 10°
m’ (Figure 7).

In 1723, a small (1.2 km in length, 0.8 km in width), fan-shaped
feature appeared for the first time offshore of the southeastern
section of the beach located between Pointe de Suzac and Pointe
de Valliere (Figure 4b). This feature formed probably the
embryonic core of Saint-Georges Bank and had a volume (above
the bed level of 1677) of about 4 x 10° m®. Although the main
sedimentary store of the inlet was still the Grande Barre shoal, its
shape, dimensions and location had changed drastically in the
period 1677-1723. The shoal had been detached from the Palmyre
coast by a relatively shallow swale (the Saint-Georges Channel
(SGC)) and its volume (above the bed level of 1874) had also
decreased to about 36 x 10° m®. Other changes in the area concern
the orientation and dimensions of the Passe de I' Ouest (WP) and
the formation of a wide topographic high (Banc des Marguerites

(MB)) between the Saintonge (SC) and Médoc (MC) Channels
(Figures 2 and 4), which contained numerous elongated estuarine
shoals.

A century later (in 1825, Figure 4c), Saint-Georges Bank (SGB)
had developed to a well-defined sedimentary body with a length of
2.2 km and a volume (above the bed level of 1677) of about 10 x
10° m>. The bank had a NW-SE orientation, its broad southern end
was connected to the Pointe de Suzac promontory and its crown
depth increased offshore. In contrast, Grande Barre (GB) shoal
had decreased further in dimensions and sediment volume (to
about 6 x 10° m®). Taking into account the proximity of the two
sedimentary structures, it is likely that some of the material eroded
from the Grande Barre shoal fed the growing Saint George Bank.
Other changes recorded during the 1723-1825 period include (a)
the loss of the connection between the Saint-Georges and Central
Channels, (b) the deepening of the Central Channel (CC) to a
maximum depth of 31 m, (c) the silting of the Saintonge Channel
(SC), (d) changes in the position/dimensions of the Banc des
Marguerites (MB), and (e) the appearance of a deep scour offshore
of Pointe de Grave.

In 1874 (Figure 4d), Saint-Georges Bank (SGB) had greatly
grown (to 4.8 km in length, 1.1 km in width and to a volume of
about 46 x 10° m® (above the 1677 bed level)). By that time, the
bank had already acquired (more or less) its present shape,
whereas the last remnants of the Grande Barre shoal had
disappeared. Other changes in the inlet include the deepening of
the central tidal pass offshore of Pointe de Grave, the diminishing
of the Saintonge Channel and further morphological changes in
the Banc des Marguerites (MB).

Between 1892 and 1960 (Figures 4e, 4f, 4g, and 4h), Saint-
Georges Bank retained, more or less, the same shape and
orientation. The water depth over the inshore part of its crown
gradually deepened (from 2.8 m in 1892, to 3.4 m in 1920, to 3.9
m in 1940, to 4.5 m in 1960), whereas the water depths over the
offshore part of its crown became shallower (from 4 m in 1892, to
3.8 m in 1920, to 2.9 m in 1940, to 1 m in 1960). The overall
volume of the bank (above the 1677 bed level) increased from 60
x 10® m® in 1892 to 70 x 10° m® in 1960 (Figure 7). Other changes
in the area include the further deepening (to a maximum depth of
34 m) of the Central Channel (CC), the further siltation of the
upstream section of the Saintonge Channel (SC) and the
stabilization of the Banc des Marguerites (MB).

During the last part of the 20" Century (1960-1999) the inlet
morphology has been characterized by relative stability, although
morphological changes can still be detected, particularly over
Saint George Bank. In 1992, Saint George Bank was about 6 km
long, 1.3 km wide, its crest was 1.7 m above the MLWS (and
more sinuous than before) and its volume (above the 1677 bed
level) exceeded 93 x 10° m’. The data of the 1999 survey showed
an increase of the overall volume of the bank by about 6 x 10° m®
during the period 1992-1999 as well as significant changes (e.g. an
anticlockwise rotation of the bank’s crest) (Figure 6). In addition,
the deep offshore of Pointe de Grave was scoured further and
connected with the central tidal pass by a combination of natural
and anthropogenic (dredging) processes.

Figure 5 summarizes the bathymetric differences (between 1723
and 1992) over the Gironde inlet area; these are differentiated as
accretionary (more than 0.5 m water depth reduction) and
erosional (more than 0.5 m water depth increase).
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Figure 4. Historical maps of the Gironde mouth. Depths and coordinates in meters.
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Figure 6. Morphological changes of Saint Georges Bank
between a) 1992, and b) 1999.

The data show that (i) the southwestern side of the inlet as well as
the main estuarine channel can be characterized mainly as
erosional, whereas the northeastern side mostly as accretionary
and (ii) the main changes in the area of Saint George Bank other
than its formation and growth have been the destruction of Grande
Barreshoal to its northwest and the development of Saint George
Channel along its northeastern flank.

Internal structure

The seismic survey carried out during the present study (Figure
3) has shown the presence of an erosional surface under the
surficial sedimentary deposits; in some cases, this surface shows a
quite complex relief, created by the presence of local topographic
highs and moderately deep-incised palacochannels. The
palacochannels, which appear mostly in the seismic profiles
obtained from the area to the south of Pointe de Suzac (Figure 3)
where the relatively small thickness of the surficial sedimentary
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Figure 7. Volumetric changes of Saint-Georges Bank and the
Grande Barre shoal between 1677 and 1999. The values shown
are the mean of the envelopes which have been constructed
taken into account the accuracy of the procedure (see text)..

cover allowed sufficient penetration of the high frequency signal,
have mostly a NE-SW orientation. They are, probably, the now
buried remnants of the small channels incised during the last
lowstand to drain the Saintonge area into the main riverine
channel (ALLEN and POSAMENTIER, 1993; LERICOLAIS et
al., 2001).

Over the Saint George Bank itself, the poor penetration of the
high frequency signal has not allowed the accurate mapping of the
basal erosional surface and the thickness of the overlying deposits,
or the imaging of internal reflectors and/or higher order bounding
surfaces (BROOKFIELD, 1977, BERNE et al., 1988; BERNE et
al., 1994, BASTOS et al., 2002), except where the overlying
surficial sedimentary deposits pinch out (Figure 8). In these cases,
it appears that the original high-relief basal erosional surface has
been blanketed by a thin sedimentary cover, the upper surface of
which creates a smooth pavement on which the main sedimentary
body rests; such architecture is typical of hydrodynamically-
controlled sedimentary bodies (e.g. COLLINS et al., 1995;
BASTOS et al., 2002).

Bedforms

The sonographs showed the presence of extended fields of
subaqueous dunes of different dimensions over the bank (Figure
9). The dune dimensions appear to be depth-controlled, as most of
the large/very large dunes (ASHLEY et al., 1990) were found in
the bounding channels, whereas the bank itself was covered by
medium dunes.

Large/very large dunes, having a crest orientation of 60°-240° N
and heights and spacings ranging from 1.5 to 3 m and 80 and 160
m, respectively, were observed in the Central Channel (Figure 10);
medium dunes with heights and spacings of about 0.5 and 7 m,
respectively, were found superimposed upon the larger bedforms,
with their crests being at oblique angles to those of the larger
dunes. The direction of the cross-sectional asymmetry of the larger
dunes was towards the northwest (i.e. they were ebb-oriented) and
was the same on all sonographs, irrespective of the observation
time; this, however, was not true for the smaller superimposed
bedforms. The bed of Saint Georges Channel was also shown to
be covered by sinuous-crested, regularly spaced, medium and
large dunes.

Journal of Coastal Research, Special Issue 41, 2004

35



Formation and growth of an estuarine sandbank

Basal erosional
surface

Basal erosional surface
covered by a “blanket™
of “smoothing™ sediments

Figure 8. Seismic profile from Saint George Bank. Note that the basal reflectors show only when the sedimentary prism pinches out.

For location, see Figure 3.
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Figure 9. Side scan sonar mosaic from the bank’s crown (May 2000 survey). The arrows show direction of the bedform cross-sectional

asymmetry. For location, see Figure 3.

Their cross-sectional asymmetry showed to be mainly flood-
dominated, although some of the smaller bedforms had in some
sonographs a ‘cat-back’ shape showing, therefore, evidence of
asymmetry reversal (BASTOS et al., 2003).

Over the bank itself, the bedform fields were found to consist
mostly of sinuous- and/or 3D-crested, regularly-spaced medium
dunes. The crest orientation of most of these bedforms showed

evidence of a veering towards the crest of the bank in comparison
with that of the larger bedforms within the channels (Figure 10).
Their cross-sectional asymmetry was observed to be transient on
sonographs obtained during different tidal stages.

The cross-sectional asymmetry of the large/very large
subaqueous dunes has been used extensively as a proxy of the
residual sediment transport direction (e.g. BELDERSON et al.,
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Figure 10. Location and direction of asymmetry of the
subaqueous dunes of Saint George Bank. Large arrows indicate
the location and direction of cross-sectional asymmetry of
solitary large dunes, whereas small arrows indicate the location
and direction of cross-sectional asymmetry of fields of medium
dunes. Double arrows indicate symmetrical and/or cat-back
forms.

1982; GAO et al., 1994; LANCKNEUS and DE MOOR, 1995;
VAN WESENBEECK and LANCKNEUS, 2000); in contrast, the
asymmetry of the small and medium dunes can not be used to this
end, as is a transient feature, rarely reflecting local current
asymmetries.

As the dune cross-sectional asymmetry is hydrodynamically
controlled and shallow marine and estuarine environments are
influenced by various unsteady flows (i.e. tidal currents, wind and
wave-induced currents, waves), it may be temporally variable (e.g.
LANGHORNE, 1982; BERNE et al., 1988; BERNE et al. 1993).
Tidal flow, in particular, is characterized by speed and direction
variability which follows different cycles (i.e. ebb-flood, spring-neap
and longer period cycles). Thus, the cross-sectional asymmetry of
tidally controlled dunes may be a function of the tidal stage during
which the observations have been obtained (e.g. HARRIS and
COLLINS 1984; TERWINDT and BROUWER 1986; BASTOS et
al., 2003). This is particularly true in the case of the smaller
bedforms, which require smaller quantities of sediments to be
transported across their crest by the reversing tidal flow in order to
reverse their cross-sectional asymmetry. The geometry of the large
and very large dunes, in contrast, is much more resilient, with their
cross-sectional asymmetry being less sensitive to the ebb-flood
and spring-neap flow modulations. If, however, wind- and wave-
induced currents are superimposed on the tidal flow, then the
asymmetry of the large dunes might also become unstable
(LANGHORNE, 1982; HARRIS, 1991).

Therefore, it appears to be precarious to use the geometry of the
bedforms as a proxy of the residual sediment transport direction,
particularly that of the smaller bedforms which show a tendency to
change their asymmetry according to the tidal stage. However, the
spatial characteristics of the bedforms observed during the present
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Figure 11. Patterns of surficial sediment ‘transport vectors’
identified according the Gao and Collins method (1992).
Combined trends FB- and CB+ using the bed sediment samples
collected in May 2000.

study, particularly the cross-sectional asymmetry of the large
dunes in the Central and Saint George Channels appear to be
similar to those found in the same areas by MALLET et al.
(2000). Moreover, as these areas have been surveyed during all
tidal stages (both during ebb and flood) as well as during equinox
spring tides (when the currents were very strong), it is safe to
assume that the cross-sectional asymmetry of the large bedforms
observed within the channels does not reverse with the tide. Thus,
there is some evidence to suggest that the Central and Saint
George Channels are characterized by opposing residual sediment
transport, forming mutually evasive sediment transport pathways.

Sediments and grain-size trends

The bank’s sediments consist mainly of medium (average mean
size of about 1.7 ¢ (FOLK, 1980)), moderately sorted (average
sorting of about 0.7 ¢), positively skewed sand. The sediments of
the southwestern flank and the northeastern extremity of the bank
are coarser and more poorly sorted than those found close to the
crest. Within the Central Channel, the mean sediment size
increases significantly (becoming in some samples less than 0 ¢)
together with the shell fragment content.

The spatial relationships between the three main statistical
parameters have been used to estimate grain size trends using the
GAO and COLLINS (1992) technique. The results (Figure 11)
indicate that (a) there is a convergence of transport vectors at the
southeastern broad and shallow extremity of the bank and (b) there
are transport vectors with opposing directions along the two flanks
of the bank, indicating mutually evasive sediment transport
pathways (HARRIS and COLLINS, 1991).

The comparison between the grain size trend and the dune
asymmetry analyses (Figures 10 and 11) has shown that, although
there is a general agreement, there are also discrepancies,
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particularly over the southeastern extremity of the bank. This
however is to be expected as (a) there are different sedimentary
processes involved in the generation of grain-size trends and
bedform asymmetry (GAO et al., 1994) and (b) the reversing
cross-sectional asymmetry of the medium dunes which occupy
most areas of the bank does not allow a reliable determination of
the residual sediment transport pathways on this basis.

There are also differences between the results of the grain size
trend analysis of the present study and those by MALLET et al.
(2000), who applied the same technique in a different set of bed
sediment samples from the area. MALLET et al. (2000) have
found that (a) there is a convergence of transport vectors over the
southeastern extremity of the bank and towards its crest and (b)
the transport vectors over the northeastern section of the bank and
along the margin of the Central Channel to its west indicate a
southerly transport. These apparent differences between the results
of the two studies are likely to be due to differences in the
sampling spatial coverage and density. However, it appears that
both results can be criticized as not being consistent. Although the
relatively small density of samples used in the present study and
the consequent use of a larger critical distance (D) (D, of 950 m
compared with the D, of 350 m of MALLET et al. (2000)) has not
allowed a good resolution of transport vectors transversely to the
bank, it certainly performed better in the area of the ebb-
dominated Central Channel where the higher density transport
vectors of MALLET et al. (2000) indicate a southerly (flood-
dominated) residual sediment transport at some areas.

DISCUSSION

Morphological evolution of Saint George Bank

The sequential morphological data have shown that the
formation and growth of the bank can be differentiated into three
main evolutionary stages (Figure 12).

Stage I (late 17" century —late 19" century)

This period is characterized by the formation and rapid growth
of Saint-Georges Bank. The bank appeared sometime between
1677 and 1723 and grew in a direction sub-parallel to the main
tidal flow of the estuarine mouth (Figure 12a) with a mean
accretion rate of about 0.35 x 10 m® yr'! between 1723-1892 (but
greatly accelerated after 1825 (Figure 7)). During this period,
human interference (such as navigational dredging) on the
estuarine morphology had been negligible compared with the
natural processes (AUBIE and TASTET, 2000).

Stage II (1892-1960)

Between 1892 and 1960, Saint-Georges Bank was characterized
by a rather sluggish development. The bank extended downstream
(Figure 12b) with an average growth in volume of about 0.15 x
10° m* yr'. The morphological data also show that during this
period the bank had a, more or less, sharp crestline. Offshore of
Pointe de Valliere, the marginal Saint George Channel was deeply
scoured (to a depth greater than 20 m), due probably to the action
of the tidal flow. During this period, the most likely sediment
sources for the bank should have been the Saint George Beach and
the Saintonge coastline, as the marine sediments coming into the
estuary along its northern coastline were probably trapped in
beaches further downstream.

During this period, human interference increased greatly, with
several coastal protection schemes (e.g. dykes, rockfills and
groins) being constructed along the coast and heavy navigational
dredging taking place in the estuarine channels. (AUBIE and
TASTET, 2000). Since 1920s and particularly after the opening of
the Western Pass Channel in 1935, there have been significant
morphological changes in the area which may have also altered
the tidal flow patterns (MIGNIOT, 1971).

Stage IIT (1960-1999)

Over the last 40 years, Saint-Georges Bank has been
characterized by high accretion rates (average 0.7 x10° m® yr')
which, however, have resulted to a lateral extension of the bank
(Figure 12¢) and not to a vertical building up. It appears that there
has been an anticlockwise rotation of the bank’s crest as well as
significant accretion along its offshore flank. This lateral accretion
forced the local port authority to dredge twice this area removing
300 x 10° tons of sand each time) (Port Autonome de Bordeaux,
pers. comm.). At the same period, further coastal protection works
took place at the Royan Port, as well as navigational dredging
(AUBIE and TASTET, 2000).

Mechanisms involved in the bank’s formation-
development

Although the sequential bathymetric data provide a good record
of the bank’s growth and development, the mechanisms involved
can not be ascertained on the basis of this information alone, as
contemporary hydrodynamic and sedimentological data are not
available. Therefore, the discussion which follows is based on
theoretical considerations as well as extrapolations from the recent
data..

The sequential bathymetric data carried show that the history of
Saint Georges Bank is relatively short, as its first embryonic form
appeared in the beginning of the 18" century. At this point, it is
interesting to note that the bank’s development commenced at its
southeastern section and close to the Pointe de Suzac promontory
and the Saint Georges Beach. The location of its first appearance
must undoubtedly have a bearing on the bank’s growth
mechanism.

MALLET et al. (2000) have studied the mechanisms involved
in the maintenance of Saint Georges Bank using both in situ
morphological and  sedimentological  observations  and
hydrodynamic model simulations. On the basis of this evidence,
they found that (i) two opposing residual sediment transport paths
exist along the different flanks of the bank, an ebb-oriented
pathway along the margin of the steep southwestern flank that
faces the Central Channel and a flood-oriented pathway along the
margin of the gentler northeastern flank which faces the marginal
Saint Georges Channel; (ii) there is convergence of sediment
transport towards the crest of the bank; and (iii) a residual
clockwise tidal current eddy exists in the area of Saint Georges
Bank, centered to its west and having a flood-dominated arm
along the Saint George Channel with maximum residual current
velocities of 0.4 m s and an ebb-oriented arm along the Central
Clhannel with maximum residual current velocities of about 0.5 m
s,

The results of the present study i.e. the geometry of the bank’s
bedforms and the grain-size trend analysis, more or less, confirm
the findings of MALLET et al. (2000). First, the cross-sectional
asymmetry of the large dunes observed in the Central and Saint
George Channels suggests that these channels may be
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characterized by opposing residual sediment transport pathways,
forming mutually evasive sediment transport pathways (HARRIS
and COLLINS, 1991). Secondly, the veering of the orientation of
the cross-sectional asymmetry of the smaller bedforms towards the
bank’s crest suggests a veering (and convergence) of sediment
transport towards the bank’s crest. Thirdly, the spatial
relationships of the seabed sediment grain size parameters also
indicate the presence of sediment transport pathways with
opposing directions along the two flanks of the bank as well as a
sediment transport convergence at the southeastern broad and
shallow extremity of the bank.

MALLET et al. (2000) have suggested that although secondary
circulation such as headland generated flow (PINGREE and

MADDOCK, 1977, 1979; PINGREE, 1978;) occurs in the area,
it plays a minor role in the sandbank dynamics compared with the
instantaneous tidal flow. They have proposed that the bank
development and maintenance is controlled by sediment transport
induced by clockwise vorticity generated from tidal flow-seabed
interactions according to the theory of ZIMMERMAN (1981) and
the seabed stability analysis (HUTHNANCE, 1982a, 1982b;
TROWBRIDGE, 1995; HULSCHER, 1996; HULSCHER and
VAN DEN BRINK, 2001)

It has been suggested elsewhere (e.g. PATTIARACHI and
COLLINS, 1987; BASTOS et al., 2003) that the maintenance of
banks close to headlands may be the result of a combination of
different mechanisms such as the tidal stirring concept
(PINCREE, 1978) and the bottom friction induced by the presence
of bed irregularities such as the bank itself (stability model,
HUTHNANCE, 1892a, 1982b). Although the proximity of the
bank to the headlands of Pointe de Suzac and Pointe de Valli¢re
suggests that their presence may have been influential to the
bank’s growth and maintenance and previous research over the
area has identified headland associated eddies (Port Autonome de
Bordeaux, 1980), we agree with the suggestion of MALLET et al.
(2000) that promontory generated horizontal vorticity (e.g.
PINGREE and MADDOCK, 1979) can not have been the primary
control on the bank’s development; this is because these
secondary flows have been shown to be much weaker than both
the instantaneous local tidal flow and the larger-scale residual
flow eddy which has been identified in this area.

However, although sediment transport in accordance to the
seabed stability concept (primary control) and tidal stirring
(secondary control) may be the dominant mechanisms involved in
the bank’s growth and maintenance, they are still questions
regarding the supply of the large quantities of sediments necessary
for the bank’s construction. Although, it is tempting to suggest
that the sediments necessary for the Saint George Bank
construction were mostly derived from the destruction of the
downstream shoal of Grande Barre (GB) (Figure 4) and, thus, the
formation and growth of Saint Georges Bank (SGB) can be
viewed as an upstream migration of an estuarine mouth shoal,
careful examination of the GB shoal destruction and the SGB
growth rates (Figure 7) shows that most of the growth of SGB
occurred after 1825, long after the GB shoal had greatly decreased
in volume.

The destruction of the Grand Barre shoal is likely to have had
considerable effects on the dynamics of the northwestern side of
the inlet. First, the offshore depth increase resulting from the
disappearance of the GB shoal increased the wave energy on the
estuarine beaches of Royan and Saint George, which previously
were reasonably well protected. Secondly, the detachment of the
shoal from the Palmyre coast in the beginning of the 18™ century
(Figure 4) un-blocked the upstream wave-generated littoral drift
and allowed greater quantities of marine sediments (LEGIGAN
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Figure 12. Evolutionary stages of Saint-Georges Bank. The

arrows show the direction of the bank’s lateral development.
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and CASTAING, 1981; HOWA, 1987) to be transported deeper
along the estuarine coast reaching the area of Saint George Bank;
moreover, it allowed the easier penetration of the marginal flood
tidal currents along the northeastern side of the inlet. These
upstream moving sediments were then trapped in an area which
(a) was characterised by the presence of mutually evasive
sediment transport paths and (b) by headland associated secondary
circulation.

The genesis and growth of bank is likely to be connected also to
the other morphological (e.g. the shifting and scouring of the
inlet’s tidal channels) and related hydrodynamic changes which
have taken place in the area during the last centuries.
Undoubtedly, numerical experiments using the old bathymetric
data would provide a valuable insight into effects of the changing
bathymetry on the hydrodynamic and sedimentological regime of
the estuary.

CONCLUSIONS

The results of the present study confirmed that Saint Georges
Bank is maintained by a complex hydrodynamic and sediment
dynamic regime consisting of a clockwise residual tidal
circulation, headland associated secondary flows and trapping of
sediments in a zone contained between mutually evasive sediment
transport paths. There is evidence to suggest that the presence of
the bank forces the veering and convergence of sediment transport
pathways towards the bank’s crest.

The analysis of the historical bathymetric information has
shown that the initial formation of Saint-Georges Bank occurred at
the end of the 17™ or the beginning of the 18" century. In the
absence of comparable hydrodynamic and sedimentological
information the mechanisms responsible for the initial bank
growth can not be ascertained. However, they might be related to
the other morphological changes which took place at the estuarine
inlet and particularly to the gradual destruction of the downstream
estuarine shoal of Grande Barre, which (a) changed the inshore
hydrodynamic regime and (b) allowed large quantities of marine
sediments to move further upstream along the coast.

The Saint Georges Bank growth during the past centuries can be
differentaited into 3 stages: Stage I (1723-1892), which is
characterised by a rapid vertical and lateral (downsteram) growth
with an average rate of 0.3 x 10° m® yr''; Stage II (1892-1960),
which is characterised by a sluggish development (with an average
growth of 0.15 x 10® m® yr'"); and Stage III (1960-1999), during
the bank’s dynamics increased showing accelerated volume
growth (with a rate of about 0.7 x 10® m® yr'') and a anticlockwise
rotation of the crest .

Finally, it must be noted that, since the middle of the 19"
century, the estuarine mouth has experienced intensive human
interference (e.g. construction of coastal defences, draining of
mudflats, intensive navigational dredging etc), which may also
have had an impact on the morphological and sedimentological
development of the estuarine mouth and, ultimately, of Saint
Georges Bank itself.
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ABSTRACT |

GONZALEZ, R.; CIAVOLA, P.; CORBAU, C.; FALATI, S.; and FERREIRA, O., 2004. Mixing depth
experiments on an estuarine beach; St. Georges Beach, Gironde (France). Journal of Coastal Research, Sl 41,
43-52. Ferrara (Italy), ISSN 0749-0208

Mixing depth experiments were carried out on the dissipative St. Georges Beach (Gironde Estuary) in September
1999 (SWAMGIR 2) and May 2000 (SWAMGIR 4). The mixing depths were found to reach maximum values of
about 0.15 m during SWAMGIR 2, and 0.1 m during SWAMGIR 4. The analysis of results compares measured
data with data calculated using the formula proposed by FERREIRA et al. (2000). Two approaches were used: a)
an averaged approach, using global slope and breaking wave height at all points, and b) a non-averaged
approach, considering varying breaking wave heights and slopes across the beach. Comparisons show that in
general the formula works well for both approaches with calculated results within the magnitude of measured
values. However, while the non-averaged approach produced significantly better results on the low-tide terrace,

the standard deviation of the difference between calculated and measured values was much higher.

ADDITIONAL INDEX WORDS: mixing depth, dissipative beaches, surf zone, foam.

INTRODUCTION

The sediment mixing depth, defined as the layer of active
sediment overlying an immobile bed (SHERMAN et al., 1993), is
also considered to be the layer at which nearshore sediment
transport occurs (e.g. SUNAMURA and KRAUS, 1985; SHERMAN et
al., 1993, 1994; CIAVOLA et al., 1997). Consequently, its
determination is crucial for the quantification of sediment
movement, and for the understanding of nearshore processes.

The understanding of the mixing depth has made significant
progress in recent years (CIAVOLA et al., 1997; FERREIRA et al.,
2000). In experiments, usually the spatially averaged mixing depth
of the experiment location over a certain time period is estimated.
KRAUS ef al. (1982), and KRAUS (1985) established an empirical
relationship between breaker height H, and sediment-mixing
depth Z,,. However, CIAVOLA et al. (1997) pointed out that this
relationship cannot be applied for beaches with slopes larger than
0.08. FERREIRA et al. (2000) were able to include the beachface
slope tanf in the formulation, establishing a more global
relationship.

The main purpose of the experiments discussed here, and
carried out on St. Georges Beach (Gironde Estuary, France) was to
test this relationship on an extremely dissipative beach.
Furthermore, as MALVAREZ and COOPER (2000) point out, most
authors still utilize averaged parameters for nearshore coastal
engineering and geomorphological studies, not considering
temporal and spatial variations in studied areas. Consequently, it
was a further aim of this study to compare averaged parameters
with spatially referenced topographic and hydrodynamic data.

REGIONAL SETTING

St. Georges beach is a dissipative pocket beach located near St.
Georges de Didonne, on the eastern shore of the mouth of the
Gironde Estuary in SW France (Figure 1). The beach is limited to
the north and the south by rocky headlands. It is sheltered from the
main estuarine channel by St. Georges Bank, a linear sand bank
near the Suzac headland, where the Gironde Estuary has a width
of about 4.5 km. The bank is classified as a down-estuary feature
(MALLET et al., 2000). It is elongated, 5 km long, 1.2 km wide and
rises up to 1 m above the level of mean low water spring tides.
The sandbar has an asymmetric cross-section, sloping gently to
the northeast and more steeply to the southwest. The asymmetry is
a result of an up-estuary migration of the sand bar during the past
years. The bar consists of fairly well sorted medium sand, with
marine characteristics. It is related to the longshore drift along the
right margin of the outlet by tidal currents and wave processes,
and can thus be considered a part of the "flood-tidal delta" of the
Gironde estuary (LEGIGAN and CASTAING, 1981).

The semidiurnal tidal regime is macrotidal, with amplitudes of
5.3 m at spring tides (measured at Pointe de Grave opposite St.
Georges across the Estuary). The mean annual fresh water
discharge is around 900 m’s™', but the mean monthly discharge
varies strongly from winter months (4500 m’s™ in January) to
summer ones (235 m’s” in August), with exceptional floods
reaching 7500 m’s™ (CASTAING, 1981).

The tide is semi-diurnal and almost symmetric near the mouth
of the estuary, in the area of St. Georges Bank. The main central
channel is ebb-dominated, whereas St. Georges Channel is flood
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dominated, with maximum surface currents of about 2 ms™'. The
line of sediment flux convergence corresponds to the crest of the
St. Georges Bank. Along-shore Counter-currents can be observed
downstream of the Suzac and La Valliére headlands (see location
on Figure 1), penetrating into the pocket beaches and circulating
trough the St. Georges Channel, leading to anticlockwise current
gyres during the flood and clockwise current gyres during the ebb
tide (MALLET et al., 2000).

Swell waves mainly arrive from west and northwest (MALLET et
al., 2000). The average swell within the estuary is characterised by
heights of less than 1 m, and mean wave periods of 5 to 6 s
(Howa, 1993). Wave refraction generates an up-estuary drift
along the right margin, where the study area is located.

METHODS

The sediment mixing depth at St. Georges beach was studied in
September 1999 (SWAMGIR 2) and May 2000 (SWAMGIR 4).
Four mixing depth experiments were carried out during
SWAMGIR 2 and 4 each. While these were performed on
consecutive low tides during SWAMGIR 2, only every second
low tide was studied during SWAMGIR 4. The set-up of the
experiments on the beach is sketched on Figure 2.

There are different methods to calculate sediment mixing
depths, be it by inserting rods with or without washers into the
sand (CLIFTON, 1969; GREENWOOD and HALE, 1980), by filling
holes with marked sands (KING, 1951; WILLIAMS, 1971), or by
assessing the re-distribution of previously placed sand tracers in

shallow beach cores (KRAUS et al., 1982; KrRAUS, 1985; ClavOLA
etal., 1997).

During SWAMGIR 2 5 columns of rods were aligned in a
crosshore direction at a distance of 10 m from each other, both in
long- and cross-shore direction (Figure 2). During SWAMGIR 4 4
columns were placed at a distance of 12.5 m. The first 4 rows at
the top of the beach were placed at a distance of 6 m; for all other
rows a distance of 10 m was used (Figure 2). The height of the
portion of the rods sticking out of the sand was measured after
each tide, to allow a determination of sand level variations over all
tides.

For the measurement of the mixing depths, sand was removed
from the beach before the experiments. The sand was washed and
dried. A dark blue aniline colour dissolved in alcohol was used as
dye. The sand and colour were thoroughly mixed and dried. The
dried sand was dry sieved using a 250 pm mesh sieve in order to
separate sand grains sticking together with dried dye.

The marked sand was placed in holes of known depth during
low tides at a distance of 0.3 m from each rod. The position of the
holes with marked sand was rotated by 90 degrees for each tide, in
order not to mix the marked sands with the sand of previous tides.
The marked sand was excavated after the tide, exposing the full
vertical section of the hole. The height difference of marked sand
before and after the tide gave the value of sand eroded during the
tide. The height of fresh sand accumulated on top of the marked
sand corresponded to the accretion. Of these two values (erosion
and accretion), the higher value defines the mixing depth. Because
of the high water table it was not possible to fill the two rows at
the bottom of the beach rows (I, and J in Figure 2) with marked

France
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Figure 1. Study area and experiment location.
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sand during any of the experiments.

One sand sample was collected at each row during
SWAMGIR 2, in order to determine grain sizes, and their cross-
shore variation. The samples were washed, dried at 50° C, and
dry-sieved at half phi intervals. As the amount of fines was very
small (<< 1%), these were not analysed separately. Mean grain
size, standard deviation, and skewness of the samples were
calculated using the moments method (KRUMBEIN, 1936).

Beach profiles using a theodolite were carried out every 24
hours during the first, and at every low tide during the second
experiment. The theodolite was always placed at the same origin
on top of the storm berm. The absolute height of this origin was
later determined using a differential GPS.

The slope at each position of holes filled with marked sand was
calculated using the average of slopes below and above these
positions, which were known from the beach profile
measurements with the theodolite. These averaged values were
later used to calculate the surf scaling parameter € (GUZA and
INMAN, 1975; WRIGHT and SHORT, 1984) defined as

e=(a ©°)/(gtan’P) (M

where a; is the incident wave amplitude (H/2; H being the wave
height), @ is the angular frequency of the incident wave (2n/T; T
being the wave period), and tanf is the beach slope; and the
Iribarren number & (BATTIES, 1974) defined as

&, = tanB /(Hy/Lo)0.5 )

where H, is the breaking wave height, and L, the offshore wave
length.

For SWAMGIR2 no wave data from the beach was available,
due to equipment failure. Instead, refracted values from the
RUNTI Lander (Remote Unit for Nearshore Transport
Investigation, see CIAVOLA et al., 2000), positioned about 1.5 km
away at a mean depth of 11 m on the eastern edge of St. Georges
Bank were used (see position on Figure 1). This instrument
measured 20 minute data bursts at 4 Hz every hour, generating

time series of current velocity, water level, and turbidity. The
processing of the time series was carried out using a suite of
Matlab routines, which included the computation of the
characteristics of surface waves using spectral analysis. The
significant breaking wave height H, was calculated using the
following formula:

Hy=gtanB/T 3)

Where g is the acceleration due to gravity, tanp is the beach
slope, and T is the wave period (GALVIN, 1968). The numerical
model of CAVIGLIA (1994) was used to obtain wave characteristics
in the surf zone (width of the surf zone), transferring the measured
deep-water data and assuming linear wave theory.

During SWAMGIR 4 three rigs, each one equipped with a
Valeport electromagnetic current meter, a pressure transducer and
a flux-gate compass were set up inside the field of rods (see
location on Figure 2). All sensors continuously gathered data at 2
s intervals. From these measurements only wave data relevant to
the experiments will be mentioned here. For a detailed discussion
of the measurements see CORBAU et al. (2002).

To calculate the significant breaking wave height at each
position, the tidal curve was intersected with the beach profiles.
This determined the time during which waves were active at each
location and their breaking height. A running average of computed
heights from one hour before to one hour after the determined
time was created to give some allowance for the variation of the
breaking position of waves on this very dissipative beach. Results
are shown on Figure 3.

Predicted mean sediment mixing depths Z, were calculated
using the formula by FERREIRA et al., (2000):

Zum = 1.86 Hy, tanp @)

where Hy is the significant breaking weave height, and tanf is
the beach slope.

During the last tide of SWAMGIR 4 a 20 m long trench was
filled with the remaining marked sand in order to obtain a

SWAMGIR 2

%)

0
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Current meters
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Figure 2. Experimental set-up for SWAMGIR2 and SWAMGIR 4. Both experiments were carried out at the same location. Grid-nodes
indicate the injection-points of marked sand for mixing depth experiments.
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continuous mixing depth profile (see location on Figure 2). To  m at high tide, from the dune scarp to the end of the low-tide
guarantee that the trench had the same known depth at all points,a  terrace. A steep vegetated dune ridge delimits the top of the
slat with the dimensions Im x 0.02 m x 0.04 m was hammered  backshore. The top of the swash zone is characterised by an about
into the sand and carefully removed, creating a 4 cm deep and 2 10 m wide berm (marking the top of beach profiles), and an only a
cm wide trench. The total length of the trench was 20 m, few metre wide storm-berm between the dune ridge and fair-
beginning at the top of the high water mark. The trench was only =~ weather berm. A well-developed low tide terrace with a width of
in operation for one tidal cycle. ca. 90 m dominates the foreshore morphology (Figure 4).
Additional observations carried out during rising tides include The sand at the locality of the experiments was found to be fine
the semi-quantitative estimation of run-up using the rods as visual  grained, with mean grain size diameters of 2.14 ¢ at the beach face
markers, and the visual estimate of breaking wave heights. These  and 2.00 ¢ towards the bottom of the low tide terrace. The sand

observations were carried out during both SWAMGIR 2 and 4. was usually well sorted at the top (standard deviation 0.34 ¢), and
moderately sorted at the bottom of the beach (standard deviation
RESULTS 0.62 ¢), where coarse grains skew the grain size curve negatively

(skewness at the bottom -0.34 ¢, compared to 0.06 ¢ at the top).
Wave regime An analysis of the four beach profiles for SWAMGIR 2 shows
that most morphological alterations occurred on the top of the
foreshore and the backshore. During the course of the experiment
the berm placed at the top of the low tide terrace was levelled, and
the sand transferred towards the lower backshore, leading to a
levelling out of the profile (Figure 4). Beach slopes were found to
be very low, with typical values between 0.02 and 0.04, only
showing higher values around 0.06 to 0.08 at the scarp between
storm- and fair weather-berm at the beginning of the experiment.
A calculation of the surf scaling parameter & shows that most of

Figure 3 shows the significant breaking wave heights at St.
Georges Beach at each row of rods. Breaking wave heights on St.
Georges Beach were found to vary with the tidal cycle as the
sheltering effect of St. Georges Bank is reduced with the rising
tide (Ciavola et al., 2002). Consequently, different areas of the
beach are affected by differing breaking wave heights.

Meteorological and oceanographic conditions worsened
considerably towards the end of SWAMGIR 2, as a storm
developed. Breaking wave heights had heights between 1 and 2 m ) . Rl .
for the first three tides, and heights between 1.6 and 2.6 m for the the beach is classified as ultra-@smpaﬂve (e > 200), with extreme
last tide. These values were significantly higher than during Values. near the crest of the fal.r weather-berm, where the beach
SWAMGIR 4, where breaking wave heights were between 0.7 and slope in the near row B of rods is near 0 (Figure 4). It can be seen
1.1 m, showing much less variation (Figure 3). that while the berm is eroded, values of € become less extreme,
while backshore values increase.

All waves occurring on the beach during the course of
SWAMGIR 2 were of spilling type, according to the values

Beach characteristics indicated by the Iribarren number & (Figure 4).

St. Georges Beach at the location the experiments were carried
out has a width of approximately 120 m at low tide and about 20
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Figure 3. Computed crosshore variation of breaking wave heights during the experiments. Note the high-tide increase of significant
breaking wave height, as the sheltering effect of St. Georges Bank is reduced with rising water levels (cf. CIAVOLA et al., 2002). Letters
on the graph indicate the injection-points of marked sand for mixing depth experiments.
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Figure 4. a) Beach profile evolution during SWAMGIR 2; b) corresponding surf
scaling parameters and c) Iribarren numbers for each tide and row in the

experiment.

Figure 5 shows the beach profiles for low tides 1, 3, 5, and 7 for
SWAMGIR 4, i.e. the low-tide periods where marked sand was
placed. Note that the swash during this experiment only reached
the bottom of the backshore, and the storm-berm was not affected.

The beach had a convex profile. A small depression within the
low-tide terrace was filled in during the first three tides, when
considerable amounts of sand accumulated on the beach. As
during SWAMGIR 2 the bottom of the low tide terrace showed
the smallest variations. Slopes ranged from 0.01 to 0.04, only
showing slightly higher values of 0.05 at the bottom of the beach.

Similar as during SWAMGIR 2 the surf scaling parameter &
indicates that most of the central portion of the low tide terrace
was ultra-dissipative during the experiment, while the top and
bottom portions were dissipative (Figure 5).

In contrast to SWAMGIR 2 the calculated Iribarren numbers &
for SWAMGIR 4 suggest that waves at the lower backshore and at
the bottom of the lower terrace were of plunging type, while they
were spilling on the central portion of the low-tide terrace.

Mixing depths

Mixing depths at St. Georges Beach were all found to lie
between 0 and 0.1 m, with the exception of Tide 1 during
SWAMGIR 2, when mixing depths between 0.05 and 0.15 m were
observed (Figure 6). The standard deviation for all values was
0.028 m.

Figure 7 shows a comparison between measured and predicted
values using the formulas by FERREIRA et al. (2000), both for
parameters averaged across the entire beach, and for varying
parameters. It was found that globally the predicted values are
within 0.05 m of the measured ones, irrespective of the fact
whether the parameters were averaged or not, although in most
cases the not averaged values show a slightly better fit with
measured data.
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The large majority of calculated values slightly overestimate the
real values. The lowest overestimations occurred at the lower
backshore and bottom of the low-tide terrace during
SWAMGIR 4. Here some values, especially during tide 1, were
actually slightly underestimated.

Larger differences between real and calculated values were
found with increasing proximity to the top of the beach during
SWAMGIR 2 (Figures 7 a, c). Not averaged and averaged
calculated values show an almost identical overall difference to
the observed values, with 0.056 m for non-averaged parameters
compared to 0.055 m using all averaged wave height and beach
slope values. The standard deviation for not averaged parameters
was at 0.045 m significantly higher than for averaged parameters
at 0.028 m.

However, if the data from the top 30 m of the beach is ignored,
the average difference for non-averaged parameters is 0.037 m,
showing a much better fit to the formula by FERREIRA ef al. (2000)
compared to 0.059 m for all averaged parameters. In both cases
the standard deviation lies at 0.016 m.

The differences between prediction and observation were
generally much lower during SWAMGIR 4, which featured more
moderate meteorological conditions. Here, the use of non-
averaged wave height and beach slope results in an average
difference of just 0.015 m, while being 0.017 m for averaged
parameters.

Trench analysis

Figure 8 shows the variation of mixing depth observed in the
continuous trench in the top 20 m of the beach. The top of the
trench was located just 0.3 m below the maximum observed run
up.

With the exception of the bottom 2 m of the profile the newly
deposited sand was always larger than the amount of eroded sand,
thus being the determining factor for the mixing depth. In general,
the mixing depth was found to be between 0.01 and 0.04 m.

Two mixing depth maxima can be observed in Figure 8. The
first is between 1 and 3 m, the second approximately between 9
and 11 m from the top of the trench.

The first mixing depth maximum coincides with an area where a
lot of sand was transported in the foam of waves and deposited as
the run up reaches the top of the beach. Observations on the beach
showed that the top 2 m of the beach were not reached by more
than 10 waves during the entire tide.

The second maximum coincides approximately with the
breaking point of waves at the maximum height of the tide. This is
simultaneously the area where most marked sand was eroded, but
also where most new sand was deposited.

DISCUSSION

In general, values predicted with the formula by FERREIRA ef al.
(2000) agreed well with the observed mixing depths. This
agreement was better for SWAMGIR 4 where the average
breaking wave heights were considerably lower (Figure 3). This
might be related to the fact that the breaking wave heights used for
SWAMGIR 2 were predicted values, derived from values
measured offshore, as opposed to those of SWAMGIR 4, which
were measured in situ. It is interesting to note that this experiment
included dissipative as well as ultra-dissipative portions of the
beach, and spilling as well as plunging waves. The only noticeable
impact of this seems to be a slightly larger spread of observed

mixing depth values for similar wave and morphological
conditions (Figure 6b).

The large differences between calculated and observed mixing
depth values at the backshore during SWAMGIR 2 are of
particular interest. The calculated mixing depths consistently
overestimate observed mixing depths. The breaking wave heights
during this period exceeded breaking wave heights observed by
other studies. The maximum breaking wave height observed to
date were of 1.6 m, observed by SUNAMURA and KRAUS during
their Hirono-1 experiment (for a full summary on breaking wave
heights considered by authors see FERREIRA et al., 2000).

The only reasonable agreement between predictions and

observations at the top of the beach during SWAMGIR 2 was for
values relating to the first tide. This can possibly be explained
with the observed transfer of sand from the eroding submerged
berm to the top of the swash zone at the beginning of the
experiment (see upper portion of beach profiles on Figure 4a).
While the first profile still showed a relatively well-developed
berm, the character of profiles during the following tides was
increasingly homogenous, without significant morphological
features.
Figure 6 shows clearly that during all tides after the first tide
mixing depths decrease with increasing wave height (cf. Figure 3),
contrary to the premise made since KING (1951) by several authors
relating mixing depth to breaking wave height (e.g. SUNAMURA
and KrRAUS, 1985; KRAUS, 1985; CIAVOLA et al., 1997; FERREIRA
et al., 2000). It could be speculated, that, at least on this type of
highly dissipative beaches, the slope has more weight as a
determinant parameter for the mixing depth than the breaking
wave height; contrary to the increasing wave height the slope
consistently decreased at this portion of the beach during the
course of SWAMGIR 2.

The trench experiments carried out during this study indicate
two other factors of importance. As already pointed out by KING
(1951) and KRAUS (1985), the mixing depth is greatest around the
breakpoint of waves in shallow water, which was confirmed by
the observations in the trench, showing a maximum in this area, at
about 10 m crosshore distance from the top of the trench
(Figure 8). KrAUS (1985) attributes such a maximum to the
mechanical scouring and intense turbulence generated in the
region of breakers and colliding waves in the swash zone.
Additionally, it could be speculated that the time during which
waves are breaking over a particular location might have some
influence in the mixing depth. Furthermore, as the trench analysis
on Figure 8 shows, the mixing depth values decrease slightly
below the maximum at 10 m crosshore distance from the top of
the trench. This might indicate that even though the significant
breaking wave height increases with rising tide level, the
effectiveness of this increase in increasing mixing depths is
reduced by the rising water level of the tide.

The second factor of relevance found in this study was the
transport of significant amounts of sand by foam in the top of the
swash zone, observed during run up estimations. This sand carried
to the top of the beach led to unexpected large mixing depth
values at the top of the beach during the trench experiments.
COOPER and JACKSON (2001) identified the transport of sand by
foam in the swash zone as a major agent for sand transport on
dissipative beaches. Other authors point indirectly to this,
although none mentions foam directly: FERREIRA et al. (2000)
include the run up extension as an important factor in their list of
factors influencing mixing depth, and KrRAUS (1985) indicates a
maximum mixing depth at the shoreline, creating a bi-modal
distribution of mixing depth maxima.
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hand, this was of advantage for the experiments carried out here,
as it could be ruled out as a variable influencing mixing depth (the
ultimate proof for the influence of grain size, thus, would be a
beach with varying grain size, little or no variation in slope, and
constant wave height).

It is interesting to observe that even on an apparently
homogenous beach with few distinct morphological features, the
spread of observed values at each row can be as much as
plus/minus 0.05 m, with standard deviations for all values of 0.022
m and 0.028 m for, respectively SWAMGIR 2 and 4. A possible
influence in this spread of values might be the occurrence of
horizontal circulatory ‘gyres’, creating weak rip currents. These
were well visible during the calmer conditions of SWAMGIR 4,
with long-shore cell diameters of about 50-70 m, but may also
have been present during SWAMGIR 2.

In contrast to other studies on mixing depth, this paper used
non-averaged parameters to analyse mixing depth variations
across the beach, and compared them to values calculated with
averaged parameters. Our approach indicates that breaking wave
height and slope are indeed dominant factors determining the
mixing depth, particularly on the low-tide terrace. Furthermore, it
is possible that other parameters such as shear stress, and the
transport of particles in foam, can cause more or less large
variations from expected values. Large variations from the
slope/breaking wave height model occur mainly at the top of the
beach. Here, the complex boundary conditions created by the
influence of breaking wave height, swash, runup, morphology,
shear stress, slope, and energy are no longer covered by the simple
equation relating breaking wave height and slope to mixing depth.
It is very likely that a high level of human activity - which was not
the case on St. Georges Beach - will further alter and influence
sediment mixing depths (probably increasing them), as footprints
loosen the top layer of sand, and create a highly irregular and
rough beach surface which can easier be remobilised by waves.

The experiments carried out on St. Georges beach show that
when trying to evaluate mixing depths, it is not enough to simply
consider the immediate area where mixing depths are to be
determined. The non-averaged approach clearly shows how the
surrounding area and external factors influence results, in this
particular case offshore sand bars and tidal level influencing
breaking wave heights.

CONCLUSIONS

Two mixing depth experiments were carried out on the
dissipative St. Georges Beach in the Gironde Estuary in
September 1999 (SWAMGIR 2) and May 2000 (SWAMGIR 4).
The mixing depths were found to reach maximum values of about
0.15 m during SWAMGIR 2, and 0.1 m during SWAMGIR 4.

In general, observed mixing depth values agreed well with the
values predicted using the formula by FERREIRA et al. (2000).
However, in most cases the formula overestimated mixing depths
slightly. The accuracy of predictions could be improved by using
non-averaged beach parameters, predicting the local mixing depth
using spatially varying topographic and hydrodynamic values.

It can be concluded that although the formula which combines
breaking wave height and beach slope works well, there are other
factors influencing mixing depths. Such factors include sand
transport via foam in the swash, relocation of local morphological
features, and bottom currents created by horizontal gyres.
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Data on the behaviour of dissolved (<0.45 pm) uranium isotopes in the Gironde estuary mixing zone, gathered in
the course of a research campaign in summer 1999, are presented in this paper. The data clearly show uranium in
the estuary to behave non-conservatively during periods of low river discharge, with removal taking place at
salinities in the range 0—16%o. Results from measurements of the evolution of **U concentrations at a sampling
location within the non-conservative region during a tidal cycle suggest that this removal is most pronounced at
low salinities. Ultrafiltration experiments revealed that the retention of **U by a 10 kDa ultrafilter was
negligible, indicating that there was little, if any, uranium associated with colloidal species in these waters. The
mechanism responsible for the transport of uranium through the estuary is seasonally variable being dependent

on the prevailing river discharge.

ADDITIONAL INDEX WORDS: Gironde estuary, mixing zone; uranium, non-conservative behaviour;

colloids

INTRODUCTION

Rivers represent the main source of dissolved uranium to the
oceans. The supply of this element through a particular estuary
depends, however, on the lithology of the drainage basin and on
the geochemical reactions taking place at the fresh water/seawater
interface. Further, data from various studies show that behaviour
of uranium can vary from ‘conservative’ to highly ‘non-
conservative’ within the mixing zone, being functionally
dependent on a number of factors including the prevailing
discharge rate (BOROLE et al., 1982; SARIN AND CHURCH, 1994;
SWARZENSKI et al., 1995; WINDOM et al., 2000).

In this paper, new data on the distribution of dissolved uranium
along the Gironde estuary (SW France), including its temporal
evolution during a full tidal cycle, are presented in an attempt to
better understand the physical and chemical transformations
controlling the fate of dissolved uranium within the estuary's
mixing zone.

The Gironde estuary is the product of the confluence of the
Garonne and Dordogne rivers. Mean annual water discharge is 24
% 10° m® yr!, and solid discharge 2.2 x 10'> g yr'. The Gironde
can be considered as a partially mixed, macrotidal estuary with a
relatively long flushing time (ranging from 20 days in flood to 86
days during low water discharge). Hydrodynamic mechanisms in
the Gironde estuary produce a well developed turbidity maximum,
with suspended matter concentrations ranging from 0.1 to 10 g I"".
During certain periods, a fluid mud layer, where turbidity reaches
400 g I"!, accumulates on the estuary bottom. The total sediment
mass of these two turbidity accumulations is twice the annual
riverine solid discharge and greatly favours solid-liquid
interactions (ELBAZ-POULICHET et al., 1984; KRAEPIEL et al.,
1997).

MATERIALS AND METHODS

Water samples were collected in the course of a sampling
campaign (SWAMGIR-1) in the Gironde estuary in late June
1999. The location of the sampling stations in the estuary are
shown in Figure 1. Following retrieval, near-surface water
samples (75 1) were promptly filtered through membrane filters
(0.45 um) and uranium pre-concentrated in 25 1 sub-samples by
co-precipitation with Fe(OH); for total dissolved uranium
determination. Measurement of colloidal uranium was carried out
on the remaining 50 1 of microfiltered water by tangential-flow
ultrafiltration using polysulphone membrane cassettes with cut-
offs corresponding to a nominal molecular weight limit (NMWL)
of 10 kDa. Uranium was separated from the Fe(OH); co-
precipitate and purified using standard radiochemical techniques
(LEON VINTRO AND MITCHELL, 2000; SMITH 2001). Each purified
sample was then electroplated onto a polished stainless-steel disc
and counted for a period of 10-20 days in a low-background alpha
spectrometric system equipped with 24 independently controlled
passivated ion-implanted planar silicon (PIPS) detectors.

Quality Control

Although the application of well tested analytical methods and
good laboratory practices are pre-requisites for the production of
high-quality data, they are not always a guarantee of their
reliability, and checks on the precision and accuracy of the results
should be carried out as an intrinsic part of any environmental
study. In the present study, internal quality control was achieved
by means of careful monitoring of reagent blank activities, regular
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background determinations, and periodical re-calibration of the
chemical yield monitors used.

Figure 1. Sampling stations in the SWAMGIR-1 campaign (21-29
June 1999).

(1977) and assuming a salinity of 35.6%o. It is consistent with the
value of 2.6 + 0.2 dpm 1! (326) recorded at a salinity of 34.0%o
just outside the estuary (Station 10) in the present study. It is also
consistent with the value of 2.52 + 0.26 dpm I"' (+20) recorded in
an earlier study in open waters in the North East Atlantic (Table
D).

A plot comparing U concentrations along the Gironde
salinity gradient with the theoretical dilution line obtained by
joining the zero salinity and open ocean end-members, clearly
shows that, at the time of sampling, dissolved uranium in the
Gironde estuary behaved non-conservatively, with removal taking
place at salinities in the range 0-16%o (Figure 2). This contrasts
with previous observations by MARTIN et al. (1978), which found
uranium in the Gironde estuary to behave conservatively. It is
important to note, however, that while our sampling took place
during a period of relatively low river discharge (Figure 3),
sampling by MARTIN et al. took place during late winter, when
discharges are significantly greater. Indeed, other studies have
shown that the non-conservative behaviour of uranium along
estuaries is a seasonal feature related to the river discharge regime
prevailing at the time of sampling (MAEDA AND WINDOM, 1982;
SARIN AND CHURCH, 1994).

Table 1: Uranium quality assurance data (+ 20).

The accuracy of the methodology employed in this work has
been tested in previous studies by comparing the results of
measured uranium concentrations in seawater with the well
established and widely used uranium-salinity relationship of KU et
al. (1977), ie. [P®U] = 0.07081 x Salinity (%o). Specifically,
analyses were carried out in triplicate on a water sample collected
in the Irish Sea, and on a large volume sample collected in the NE
Atlantic. The results are summarised in Table 1. The accuracy of
our measurements is evident from the consistency of the >*U/***U
activity ratio which, at 1.14, is the expected value for seawater.
Further confirmation of the validity of the method was obtained by
the analysis of two samples taken in the course of the present
study within the Gironde estuary mixing zone. The samples were
taken at the same time in two consecutive tidal cycles and show
excellent correspondence (Table 1).

RESULTS AND DISCUSSION

281 and **U concentrations at each of the sampling stations,
together with the corresponding 2*U/**U activity ratios, are given
in Table 2. The dissolved **U concentration measured for the
Garonne River (Station 13), at 0.63 + 0.06 dpm 1! (+26) is within
the range of various world-wide riverine ‘end-members’ reported
by CARROLL AND MOORE (1994). The only previously reported
value for the Garonne River, at 0.49 dpm 1" (MARTIN et al.,
1978), is not, strictly speaking, relevant to the present study as it
was taken in springtime during a period of high river discharge.
We have taken our measured value at Station 13 (significantly
upstream of the known maximum saline incursion) to be
representative of the zero salinity ‘end-member’ for the Gironde
estuary during low river discharge. The open-ocean 'end-member’
concentration adopted, at 2.52 + 0.02 dpm "%, has been calculated
in the conventional manner using the relationship of Ku et al.

Sample  Salinity 28y (dpm I Biy/dy
(%o0) Measured  Calculated*

Irish Sea:
#1 345 2.50+£0.12  2.44+0.02 1.15+0.04
#2 345 242+0.08 244+0.02 1.15+0.02
#3 345 2.47+0.08 2.44 +£0.02 1.14 +£0.04

Atlantic:
#1 35.6 25240267 252+002 1.14+0.02

Gironde:
#1 4 0.61 £0.04 - 1.14 £0.06
#2 4 0.63 +£0.04 - 1.14 £0.04

¥ Using the relationship of KU et al. (1977)
T Source: SMITH (2001)

In other estuaries which exhibit non-conservative behaviour,
salt-induced coagulation of riverine colloidal material has been
proposed as the main mechanism responsible for the removal of
uranium at low salinities (BOYLE et al., 1977; SWARZENSKI et
al.,1995; SANUDO-WILHELMY et al., 1996). However, the
application of tangential-flow ultrafiltration (UF) to examine the
possible influence of colloids in this removal mechanism showed
that there was little, if any, 281 associated with colloidal matter in
our samples (Table 3). Specifically, there was no discernible
difference between the concentration of **U in the UF retentate
(10 kDa < x < 0.45 um) and that in the UF permeate (x < 10 kDa)
at any of the 18 stations studied. Our experimental conditions (i.e.,
sample volume, counting time, etc.) were such that the presence of
a small colloidal component (ca. 5—8 % or less) was unlikely to be
detected.

Above a salinity of approximately 16%o, dissolved uranium
concentrations are essentially indicative of conservative mixing.
Such behaviour extends to open ocean salinities and has been
observed in other estuarine systems (SARIN AND CHURCH, 1994;
SWARZENSKI et al., 1995). A likely explanation for this
observation lies in the 'cessation' of particle surface reactions (i.e.,
precipitation and coagulation) at intermediate salinities.
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Table 2: 28U and #*U concentrations (+ 26) in filtered water sampled along the salinity gradient of the Gironde estuary (SWAMGIR-1

campaign).

Station Code Latitude (N) Longitude (W) Salinity (%o) 28y (dpm I 24y (dpm I By 3y
13 44°39.123' 0°21.016' 0 0.63 +0.06 0.67 +0.06 1.07 +0.08
16 45°11.220" 0°43.156' 1.4 0.44 £ 0.03 0.49 +0.03 1.12 £ 0.06
15 45°11.179' 0°43.156' 1.8 0.53+£0.04 0.58 +0.04 1.08 £ 0.06
17 45°11.220" 0°43.156' 22 0.50 £ 0.03 0.57 +0.04 1.14 £ 0.06
14 45°11.179' 0°43.156' 4.0 0.61 £0.04 0.72 £ 0.04 1.14 £ 0.06
18 45°11.179' 0°43.156' 4.0 0.63 £0.04 0.70 £ 0.04 1.14+£0.04
07 45°19.886' 0°46.993' 7.7 0.83+£0.05 0.91 £ 0.06 1.10 + 0.06
12 45°21.861" 0°45.071' 8.5 0.81£0.06 0.90 + 0.06 1.11£0.04
11 45°21.342' 0°47.820' 9.5 0.95+0.06 1.07 £ 0.06 1.13 £0.06
08 45°24.980' 0°51.475' 11.6 0.93+£0.06 1.10£0.08 1.18 £ 0.06
03 45°30.502' 0°59.169" 14.5 1.28 £0.10 1.45+0.12 1.13 £ 0.06
04 45°32.264' 1°01.300" 16.0 1.33+£0.12 1.57+0.14 1.18 £0.06
06 45°33.455' 1°02.038' 19.0 1.77+£0.14 2.02+0.16 1.14 + 0.04
01 45°33.049' 1°01.006' 20.6 1.92+0.12 2.18+0.14 1.14 £ 0.04
02 45°34.413' 1°04.612' 22.0 1.92+0.16 2.17+0.18 1.13+£0.04
05 45°33.938' 1°06.224' 253 1.80+£0.20 2.10+0.20 1.17 £ 0.06
09 45°38.830' 1°07.717" 27.9 2.05+0.10 2.26+0.12 1.11 £ 0.04
10 45°38.471"' 1°20.106' 34.0 2.60£0.20 3.0+03 1.15+£0.04

- - - 35.6 2.52+0.02 2.87+0.02 1.14 + 0.04
Mean ratio (n = 18): 1.13+£0.03

88U (dpm 1)

Salinity (%o)

Figure 2. Dissolved **U plotted against salinity in the Gironde
Estuary, illustrating non-conservative behaviour at salinities below
16%o.

Although we did not detect colloidal uranium, it is worth
noting that in a period of high river discharge, KRAEPIEL et al.
(1997) found that a significant fraction of the trace metal content
in the Gironde estuary was associated with riverine derived
colloidal particles (30% on average) and that this fraction passed
conservatively through the estuary. Moreover, they found that iron

is removed at low salinities. They, accordingly, proposed two
categories of submicron particles in the Gironde: non-conservative
inorganic colloids (e.g., iron oxyhydroxides) and conservative
organic colloids (e.g., humic substances). Anticipating a five-fold
difference in the river discharge regime between the late June
sampling period of the present work (Figure 3) and the February
sampling of KRAEPIEL et al. (1997), we would expect only about
6% association of trace metals with colloidal particles. Given also
that uranium is not very particle reactive and assuming a
diminished riverine colloidal input, it is not surprising that we did
not detect any colloidal uranium.

To account for the observed removal under conditions of low
river discharge, we suggest adsorption onto larger particles (>0.45
um) as the concentration of suspended particles remains high in
the salinity range 0 to 20%o, above which the concentration
decreases (GIBBS et al., 1989; KRAEPIEL ef al., 1997).

The two categories of submicron particles suggested by
KRAEPIEL ef al. (1997) may also explain the conservative
behaviour of uranium in the Gironde estuary reported by MARTIN
et al. (1978) for conditions of high river discharge. In such
circumstances transport of any colloidally-bound uranium would
be controlled by the presence of conservative organic colloids.In
order to study the evolution of dissolved ***U concentrations over
a tidal cycle, samples were taken at a fixed sampling point within
the turbidity maximum zone (Stations 14 — 18, inclusive) over a
period of 12 hours. The results, presented in Figure 4, show a clear
removal of dissolved uranium over the whole tidal cycle, with
measured concentrations always inferior to those expected on the
basis of the theoretical dilution line.
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Table 3. **®U concentrations (+ 2c) in different size fractions upon
ultrafiltration of Gironde estuary water (SWAMGIR-1 campaign)

28y (dpm 1)

Station  Salinity
Code (%o) UF retentate UF permeate

10 kDa<x<0.45pm x<10kDa
13 0 0.57 £ 0.04 0.62 £ 0.05
16 14 0.50 £ 0.07 0.49 £0.02
15 1.8 0.53 £0.02 0.54 £0.02
17 2.2 0.55+£0.02 0.53 £0.02
14 4.0 0.58 £ 0.04 0.62 £0.02
18 4.0 0.64 £ 0.04 0.62 £0.08
07 7.7 0.89 £0.04 0.88 £0.04
12 8.5 0.88 £0.06 0.93 £0.06
11 9.5 1.10+0.12 1.03 £0.10
08 11.6 1.04 £ 0.04 1.19 £ 0.06
03 14.5 1.27 £0.08 1.34£0.06
04 16.0 1.57£0.08 1.38 £0.08
06 19.0 1.77+£0.14 2.16 £0.16
01 20.6 1.95+0.12 1.78 £0.14
02 22.0 2.09£0.16 2.08£0.16
05 25.3 2.08£0.14 2.30£0.20
09 27.9 2.03£0.20 243 +£0.25
10 34.0 245+0.18 247+0.26

Comparison of measured and expected concentrations indicate
that, at high tide (salinity 4%o), approximately 25% of the **U is
removed from the dissolved phase. The extent of this removal is
even more pronounced at low tide (salinity 1.4%o), with dissolved
28U concentrations almost 40% lower than expected. These
observations support the view that removal of uranium from the
dissolved phase takes place preferentially at low salinities, where
coagulation/flocculation processes are more active (GIBBS et al.,
989).

CONCLUSIONS

Our data indicate that dissolved uranium in the Gironde estuary
behaves non-conservatively, at least during periods of low river
discharge, with preferential removal at low salinities. This
contrasts with previous observations carried out during periods of
high river discharge, which showed a conservative behaviour for
this element (MARTIN et al., 1978). Together, these two sets of
data reinforce the view that the non-conservative behaviour of
uranium along estuaries is a seasonal feature related to the river
discharge regime.

To account for the observed removal, we suggest adsorption of
38U onto larger particles (> 0.45 pm) as the concentration of
suspended particles remains approximately constant from 0 to
20%o, after which the concentration decreases (GIBBS et al., 1989;
KRAEPIEL et al., 1997). Ultrafiltration experiments at each of the
stations revealed that, during our sampling period, there was little
if any colloidal **U in the Gironde estuary. It is likely that in high
river discharge periods conservative organic colloids (e.g., humic
substances) dominate the transport of uranium through the estuary.
The non-conservative inorganic colloids (e.g., iron oxy-
hydroxides) appear to be unimportant in this process.
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Figure 3. Fresh water discharge from the Garonne and
Dordogne rivers into the Gironde estuary during 1999 (data
courtesy of the Port Autonome de Bordeaux).

0.9
B Ideal Dilution ..
0.8 1 Line \b
~ 074 HighTide B~ g High Tide
£
£ 06
2
S 0s
4
0 Low Tide
0.3 ‘ ‘
4 1.8 1.4 22 4
Salinity (%o)
. . . 2
Figure 4. Evolution of dissolved (<045 pm) 2%U

concentrations over a tidal cycle in the Gironde estuary
(SWAMGIR-1 campaign).
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ABSTRACT |
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Acquisition of in-situ images of real estuarine mud flocs is a recent (during the past ten years) development.
Furthermore, images coupled with the corresponding floc characteristics offer distinct advantage over previous
studies. Therefore, an improved understanding of floc structure (e.g. size and shape) and composition (e.g.
porosity and mass) could provide scientists with a greater insight into the flocculation of mud particles and their
characteristics. Using simultaneous measurements of the distribution of floc sizes and settling velocities
collected during the European Commission funded SWAMIEE project, this paper draws on a selection of visual
floc images and illustrates the types of aggregates (i.e. flocs), together with their relevant floc properties, which
typically comprise a floc population at various points in the tidal cycle. Measurements were carried out in the
lower reaches of the Gironde estuary during neap tides, where the near bed region turbulent shear stress ranged
between 0.06-0.6 N m™, but the near bed suspended particulate matter concentration did not generally exceed
200 mg I"". The floc size and settling velocity were measured primarily by the low intrusive INSSEV (In Situ
Settling Velocity) instrument, with additional optical floc data provided by the Braystoke tube based VIL (Video
In Laboratory) system. The study found that either very low turbidity or very high turbulence tended to produce
slow settling macroflocs (floc size > 160 um) with settling velocities of about 1-1.4 mm s™'. Flow periods which
generated moderate rates of turbulent shear stress between 0.4-0.47 N m? were found to produce the most
productive environment for flocculation. These ambient conditions resulted in the formation of low density
“comet-shaped” macroflocs about 0.5-1 mm in length and settling at a rate of 2-3 mm s'. These macroflocs
displayed settling velocities up to 5-6 times greater than those typically applied in flocculation parameterisations
for inclusion in vertical mass settling flux simulation modelling. When the optimum shear stress was combined
with a sampling run suspended particulate matter concentration peak of 139 mg 1", the macrofloc fraction only
represented 35% of the ambient suspended particulate matter. However, the resultant high macrofloc settling
velocity meant that this fraction actually contributed 66% of the mass settling flux. Representation of the
Gironde estuary floc characteristics in terms of a constant fractal dimension, did not adequately represent the
varied distribution of flocs observed in-situ. The faster settling macroflocs and microflocs had respective fractal
dimension values of 2.3 and 2.6, whilst the very porous slower settling macrofloc displayed a fractal dimension
of only 2. The sample mean fractal dimensions ranged from 2.1-2.5 for all Gironde estuary floc populations.

ADDITIONAL INDEX WORDS: Floc size, settling velocity, effective density, INSSEV instrument,
flocculation, suspended particulate matter, Gironde estuary, turbulent shear stress.

INTRODUCTION

The problems associated with mud accretion and erosion
generally tend to be on a large scale, both in terms of the volume
of mud being transported, and the financial costs incurred to
counteract sediment movement which are often exacerbated by
anthropogenic development. It is therefore some what ironic, that
the underlying root of these estuarine problems tend to stem from
the microscopic scale of the muds composition. Estuarine mud is
composed of both individual clay minerals and organic matter
(WHITEHOUSE et al., 1999). This makes the sediment cohesive,
and in turn permits it to coagulate into aggregates called flocs,
which are larger and settle faster than the individual mud particles
from which they are composed. However, flocs are less dense than

their primary particles. When placed in suspension, the state of
flocculation continually changes in response to factors, which
include: salinity, turbulent shearing (MANNING, 2004a),
suspended particulate matter (SPM) concentration and the amount
of Dbiogenic adhesives (in particular mucopolysaccharides
produced by bacteria, algae and higher plant species) present.
Since flocs are very fragile entities, high quality site specific in-
situ floc data, required for numerical sediment transport model
calibration, has been very difficult to obtain.

The complex nature of estuarine systems means that there
remains a number of gaps in the understanding of sediment
dynamics, in particular the effect flocculation has on the vertical
mass fluxes. DYER (1989) hypothesised that subtle changes in the
distribution of floc properties, in particular settling velocity and
density, can significantly alter the mass fluxes of the matter in
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suspension. This hypothesis has been confirmed by both recent
field studies (DYER e al., 2002; FENNESSY and DYER, 1996)
and controlled laboratory simulations (MANNING and DYER,
1999; GRATIOT and MANNING, 2004). Thus, with the brief of
furthering the understanding of water movement and the
interaction it has with sediments within specific industrialised
locations, the European Commission funded the SWAMIEE
(Sediment and Water Movement in Industrialised Estuarine
Environments) research project. The first SWAMIEE international
field experiment (SWAMGIRI) was conducted in the lower
reaches of the Gironde Estuary (south-west France). The aim was
principally to measure how the in-situ size and settling velocity
spectra of flocculated mud, in a tidal estuary, evolved in response
to changes occurring in the flow velocity and SPM concentration
gradients.

The acquisition of in-situ images of real estuarine mud flocs is a
fairly recent development, and to obtain images coupled with the
corresponding floc characteristics is a distinct advantage over
previous studies which have acquired floc data by employing
instruments such as: in-situ photography (e.g. EISMA et al.,
1990), field settling tubes (e.g. OWEN, 1976) and laser particle
sizers (e.g. BALE and MORRIS, 1987; LAW et al., 1997). An
improved understanding of floc structure and composition would
provide scientists with a greater insight into the agglomeration of
mud particles and their resultant characteristics.

Therefore, using the floc distribution measurements made
during SWAMGIR1, (MANNING, 2001; MANNING et al, 2001)
it is the objective of this paper to draw on a selection of visual floc
images and illustrate the types of aggregates, together with their
relevant floc properties, which typically comprise a floc
population at various points in the tidal cycle. Particular attention
is given to how the floc characteristics are influenced by combined
changes in turbulent shear stress and SPM concentration.
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Figure 1. Location diagram of the Gironde estuary showing the
positions of sampling stations at Le Verdon (4) and Talmont (B).

METHODOLOGY

Experimental Site

The Gironde estuary is the largest estuary in France, with a tidal
area of 625 km” The estuary is generally well mixed, and it is
very regular in shape, varying exponentially from the mouth to the
tidal current limit, which is located 140 km upstream. The Gironde
estuary drains a total catchment zone of 81,000 km?, of which
55,000 km? is represented by the 580 km long River Garonne
(LATOUCHE, 1971). Combined, the Rivers Garonne and
Dordogne produce an annually-averaged river discharge of 760 m®
s"'. The Gironde has semi-diurnal tides and a spring tidal range at
the mouth of 5.5 m, which gives the estuary a macrotidal
classification (DAVIES, 1964).

From a two year observational programme, ETCHEBER (1978)
estimated the mean estuary suspended concentration of particulate
matter to be 1000 mg I'". Within the mouth region of the estuary
the bed is predominantly covered in sand. However, the
SWAMGIR1 experiment was particularly interested in the 10-20
km long deposits of mud which are found between Bordeaux and
Talais (Figure 1). JOUANNEAU and LATOUCHE (1981) have
stated that these 2-3 m deep patches of cohesive sediment are
significant to the estuary’s sediment transport regime, as they
move either landward or seaward in response to the run-off.
Therefore, two deployment locations were chosen in the proximity
of these mud patches in the lower reaches of the Gironde estuary,
where the estuary width is approximately 12.5 km. Measurements
were made at site A situated 1 km from the shore at Le Verdon
(see Figure 1) on the 21% and 23™ June 1999, and on the 22™ and
24™ June 1999 sampling was conducted closer to the northern
shoreline near Talmont (site B). At these locations throughout a
typical tidal cycle, the water column would remain predominantly
saline (ranging between 16-25), with the maximum water depth
not exceeding 12 m.

Data Acquisition

All measurements were made from the CNRS research vessel
Cote D’Aquitaine, which was anchored fore and aft during each
sampling run. Sampling was conducted on a sub-tidal cycle time
scale to focus on a range of velocities and allow frequent
instrument calibration.

The flocs described in this paper were primarily examined
optically using the INSSEV — IN-Situ SEttling Velocity —
(FENNESSY et al., 1994) instrument, which is a low intrusive
system and causes minimal disturbance to the flocs both during
sampling and whilst being observed. The INSSEV sampling unit
was mounted on a heavy metal frame which was lowered to the
estuary bed by a stern mounted winch. Additional optical floc
measurements were made using the Braystoke tube based VIL —
Video In Laboratory system (DEFOSSEZ, 1996) developed at the
University of Rouen (France).

INSSEV can obtain a representative floc population every 10-20
minutes (depending approximately on the ambient SPM
concentration) from a ~3 litre sample of the water column 0.7 m
above the estuary bed. Flocs, present in a volume of estuarine
water, are trapped in the upper decelerator chamber by the closing
of flap doors located at each end of the chamber, which shut at a
rate proportional to the ambient current velocity. After allowing a
period of 20-30 seconds for the turbulence in the chamber to
decay, a slide door is electronically opened for a duration, which
varies as a function of the SPM concentration, and this permits
captured flocs to fall into a lower settling column. This column
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was charged with filtered water of a salinity approximately 4-6
greater than the highest expected estuarine salinity value. During
the initial development of the INSSEV instrument, FENNESSY
(1994) and FENNESSY et al. (1994) found that the positive
density contrast minimises the transfer of turbulence from the
decelerator, and the formation of either secondary circulations or
Rayleigh-Taylor instability occurring.

The flocs falling in the settling column were observed by an

underwater monochromatic Pasecon tube video camera and were
recorded in real-time using an S-VHS video recorder. This results
in a lower resolution limit of 20 um. The image quality was
improved by using a built-in annulus of red LEDs to back-
illuminate the flocs. This reduced image smearing by making the
aggregates appear as dark objects set against a white background
(i.e. a silhouetting technique). Using the optical technique
described means that, unlike conventional field settling tubes or
laser particle sizer instrumentation, INSSEV provides a
simultaneous measurement of floc size and settling velocity (Ws)
for each floc. Corresponding filtered SPM concentrations were
obtained from water samples collected 0.7 m above the bed using
a Niskin bottle.
To enable direct comparisons of floc properties to be made with
the estuarine hydrodynamic conditions, simultaneous high
frequency measurements of current velocity and turbidity were
obtained using the POST - Profile Of Sediment Transport - system
(CHRISTIE et al., 1997). This consisted of four, two-channel
miniaturised electro-magnetic current meters (EMCM), five
optical back-scatter (OBS) sensors, and a pressure transducer to
measure the water depth. All sensors recorded continuously at 18
Hz and were low pass filtered at 5 Hz. The sensors were mounted
on a vertical pole laterally off-set from the INSSEV sampling unit.
The EMCM pairs measured the three orthogonal components of
the flow only at the nominal INSSEV sampling height. As with
the INSSEV instrument, the POST system was developed at the
Institute of Marine Studies, University of Plymouth.
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Figure 2. Instrumentation rig deployment from the stern of Cote
D’Aquitaine during the June 1999 SWAMGIRI experiment (image
taken from site A near Le Verdon).

The rig was aligned (+ 100) with the ambient current flow by a
fin on the rear of the rig, and the orientation was determined by a
tilt / roll sensor and a fluxgate compass housed within the POST
seabed electronics. The seabed electronics mounted on the rig (i.e.
stepper motors which operated the INSSEV sampling apparatus,
EMCMs and OBSs) were controlled by computers located
onboard the surface vessel. Figure 2 illustrates the complete rig
configuration.
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Figure 3. Time series of variations in: salinity, flow velocity, suspended particulate matter (SPM) concentration, and turbulent shear
stress (TSS) for the neap tide on the 23" June 1999. All observations were made 0.7 m above the bed (with the exception of the surface
velocity), from a site A, near Le Verdon on the lower Gironde estuary (south west France).
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DATA PROCESSING

Turbulence Data

The high frequency three dimensional flow velocity data
measured by the EMCMs enabled the turbulent shear stress (TSS)
to be calculated at the INSSEV sampling height using the
Turbulent Kinetic Energy method (SOULSBY, 1983):

Tss=0.19 (0.5 p, [wZ+vi+w?)) o

where pw is the ambient  water

u'2,v'2 and W' 2 are the three turbulent variance computed
from a 3 minute 47.55 second duration file.

density  and

Floc Data

All of the flocs viewed by the INSSEV video camera, for each
sample, were measured. These observed flocs came from a known
volume of trapped water. By implementing a sequence of
algorithms developed by FENNESSY et al. (1997), the dry mass
of a floc population could be compared with the measured
estuarine SPM concentration. This gave an estimate of the
efficiency of the sampling procedure, and provided corresponding
rates of mass settling flux (MSF). Hence, the data obtained from
INSSEV is both qualitative and quantitative.

Floc settling velocities and aggregate dimensions were obtained
directly from the video recordings (manually) and translated into
the real size dimensions by applying a video image calibration
factor (MANNING and FENNESSY, 1997). Dimensions were
measured both along the axis in the direction of settling (Dy), and
the axis normal to it (Dx), from which a height:width ratio could
be determined. To aid in the interpretation of the floc size data and
permit future comparisons to be made with floc size
measurements made by instruments such as laser particle sizers
(e.g. LAW et al., 1997), the two orthogonal dimensions were then
converted into a spherical equivalent floc diameter, D:

D= (D, . D))"’ @

The settling velocity of flocculated cohesive sediment is a
function of both the floc size and effective density. The direct
analysis of floc density by settling flocs in sucrose solutions is not
possible, in that, even if the very fragile aggregates survive the
sampling process, the floc porewater may be replaced by the
sucrose solution. Therefore the effective density ([Je) of each floc
(also referred to as density contrast), which is the difference
between the floc bulk density, [1f) and the water density ([w), was
obtained by applying a Stokes' Law relationship:

_ Ws 18u

3)
D? g

p. == p,)

where [] the dynamic molecular viscosity of the water and g is
gravity. The water density was calculated from measured salinity
and water temperature data using the International Equation of
State of Sea Water, 1980 (MILLERO and POISSON, 1981).
Stokes’ Law has been widely used by instruments which measure
only one floc component, either size or settling velocity, and apply
Stokes’ Law to estimate the non-measured characteristic. This
requires making a very crude assumption of the floc effective

density. However, the use of a Stokes’ relationship for video-
based instruments such as INSSEV is entirely valid as these
systems provide measurements of all components of equation 3,
with the only exception being the floc bulk density. Thus, Stokes’
Law is the only option which is currently available to estimate [le
with the current technology, and has been successfully applied in
numerous flocculation studies (e.g. GIBBS, 1985; BRUN-
COTTAN, 1986; BURBAN et al., 1990; WEST et al., 1990; AL
ANI et al., 1991; LICK et al, 1993; TEN BRINKE, 1994;
FENNESSY and DYER, 1996; EISMA et al, 1997;
DEARNALEY, 1997; FENNESSY et al., 1997; MANNING et al.,
2001; MANNING and DYER, 2002a; GRATIOT and
MANNING, 2004). Also, the settling aspects of
WINTERWERP’s (1998) fractal dimension floc model are based
on the classic Stokes’ equation.

To apply Stokes’ Law, it is assumed that each sampled floc
which fell through the still water enclosed within the INSSEV
settling column was within the viscous Reynolds region; i.e. when
the individual floc Reynolds number, Re, < 0.5-1:

- Ws-D
Re = IL)M— (4)
Y7,

For instances where the R, exceeded 0.5 the Oseen modification
(SCHLICHTING, 1968), as advocated by TEN BRINKE (1994),
was applied to equation 3 in order to correct for the increased
inertia created during settling. Stokes’ also assumes that the
settling particle is a small sphere, and observations have shown
that flocs are often by no means spherical. Some of the large flocs
have a very irregular shape, and are often joined into stringers by
threads of biological matter (e.g. EISMA, 1986; MANNING and
DYER, 2002b). However, by direct measurement ALLDREDGE
and GOTSCHALK (1988) found that organic aggregates whose
shape varied from spherical, including long comets, had settling
rates very similar to those of nearly spherical particles. Similarly
GIBBS (1985) showed that flocs from Chesapeake Bay had an
average height:width ratios of to 1.6:1 which gave a spherical
value of 0.91. Therefore, the implementation of a spherical
equivalent diameter (eqn. 2) is valid.

Floc porosity (Py) can provide an indication of the level of
compactness of a floc, and was calculated by taking the ratio of
the volume of interstitial water, V;, (eqn. 6), contained within

each floc to that of the spherical equivalent floc volume, V; (eqn.
7):

V.
P, =——x100 5)
f
and
Viw = (L-pe ) V¢
Penp ©
Vi = 4n D?
3 (7
Where  pep = Pmo - Pw 5 Pmo i the mean dry density of the

primary particles, and p. ,, is the mean effective density for solid
(non-porous) aggregates. Estuarine flocs generally have a mineral
to organic mass ratio of 90:10 respectively, and a mineral to
organic volume ratio of 78:22 (FENNESSY, 1994). Gravimetric
analysis of suspended sediment samples revealed the average
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mineral dry density was 2600 kg m™ and the organic matter had a
mean dry density of 1030 kg m™. This means the p,, equates to an
average value of 2256 kg m™. It is assumed the interstitial fluid
density is equal to p.

To aid in the interpretation of the floc data, each data set was
segregated into sub-groupings of floc size. Also, in accordance
with previous publication, this paper utilises the general floc size
descriptive terms of macrofloc and microfloc. MANNING (2001)
classifies macroflocs as those aggregates which exceed a
spherically equivalent diameter of 160 pum, whilst the microflocs
D <160 pm.

RESULTS

Master Variables

Sampling near Le Verdon (Station A) on 23™ June 1999
provided a six hour record, and provides the main source of the
data presented in this paper. A complete time series of the main
variables measured at the nominal INSSEV sampling height of 0.7
m above the estuary bed on the 23™ June 1999 are summarised in
Figure 3. The sampling programme was conducted during neap
tide conditions when the bed region turbulent shear stress ranged
between 0.06-0.6 N m™, but the near bed SPM concentration did
not generally exceed 200 mgl™. A peak vertical turbidity gradient
tended to occur in the lower water column at around the mid-tide
period, where the flow velocity was ~0.15-02 m s'. In
comparison, the corresponding surface current attained velocities
ranging from 0.75-1.2 m s™'. Salinity values ranged from a low of
16, through to a peak of about 25 at high water.

Floc Characteristics

A total of 35 floc population samples were collected. The original
monochromatic INSSEV images were recorded on analogue S-
VHS video cassette tape, and the floc images were obtained by
digitisation through a PC video image capture card.

This produced a file 1216 KB in size (for a complete screen
image) in an uncompressed windows bitmap (.BMP) file format,
with a total screen resolution of 720 x 576 pixels.

Figure 4 shows the distribution of spherical equivalent floc size
and settling velocity for sample G23-4 obtained from the Le
Verdon site at 11:17 hr on the 23™ June 1999, which was mid-way
through the flood (high water -3:14 hr). These conditions were a
sampling run maximum TSS of 0.52 N m™ at 0.7 m above the
bed, and 101 mg 1" of particulates were in suspension. The sample
displayed a size spectrum of flocs ranging from 43 um microflocs
up to macroflocs 435 um in diameter. However 56.8% of the dry
mass (83.4% of the 79 individual flocs observed) was contained in
the flocs under 160 um in size.

The diagonal lines on Figure 4a show contours of effective
density (calculated by equation 3) and indicate that there are many
flocs of different size, but with the same density. Also there are
flocs present with the same settling velocity, but with a wide range
of sizes and densities. This point is well illustrated by the two
flocs observed 34 s into the INSSEV sample G23-4 recordings.
The largest floc (Figure 5a) was a low density (0. = 33 kg m™)
cluster-type macrofloc with a D =399 um and a settling velocity
of 2.8 mm s™. The accompanying aggregate (Figure 5b) was a
microfloc only 98 um in size, but also had a settling velocity of
2.8 mm s as the result of an effective density of 533 kg m™. This
was an effective density difference of 500 kg m™ between the two

flocs. The very compact structure of the smaller microfloc was
demonstrated by a porosity value of 72%. In comparison the more
loosely constructed macrofloc (Figure 5a) had many more voids
and was 95% porous.

Figure 6 illustrates a slower settling (Ws = 1 mm s') macrofloc
from the same sample, which was observed after an elapsed
recording duration of 116 s. The macrofloc was irregular in shape,
having Dx and Dy dimensions of 194 um and 350 um,
respectively. This produced a resultant spherical equivalent
diameter of 260 um. With a porosity of 97.5% and p, = 27 kg m?,
this particular composition of macrofloc was presumed to be far
more fragile than those observed earlier in the record.
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Figure 4. Summary of floc characteristics for Gironde estuary
neap tide sample G23-4 obtained at high water —3:14 hr. Where
(a) illustrates the relationships between floc size and settling
velocities of individual flocs; (b) shows the size band distribution
of settling velocity; and (c) shows the size band distribution of
SPM concentration.
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Figure 7. Summary of floc characteristics for Gironde estuary
neap tide sample G23-8 obtained at high water —2:10 hr. Where
(a) illustrates the relationships between floc size and settling
velocities of individual flocs, with diagonal full lines showing the
effective density (kg m™); (b) shows the size band distribution of
settling velocity; and (c) shows the size band distribution of SPM
concentration.

Figure 6. A slow settling, low density irregular shaped
macrofloc (sample G23-4, 116 s into record).
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Figure 8. A large low density “comet-shaped” macroflocs
(sample G23-8, 79 s into record).
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Figure 9. A slender, slow settling, low density “comet-shaped”
macrofloc (sample G23-8, 125 s into record).

A further hour into the flood (high water -2:10 hr) saw the SPM

increasing to a peak of 139 mgl”', whilst the TSS fell by 0.06 N m’
% to 0.46 N m™. At this point in the tidal cycle sample G23-8 was
captured by INSSEV and the floc characteristics are summarised
in Figure 7.
The individual settling velocities (Figure 7a) spanned almost three
orders of magnitude from 0.05-2.85 mm s and the effective
densities ranged between 40-812 kg m™. The largest macroflocs
(D =370 um) had generally adopted a “comet-shaped” appearance
with height to width ratios (Dy / Dy) of 1.5-2.5. An example is
shown in Figure 8 by the macrofloc observed 79 s into the record
(settling at 2.85 mm s™') with a Dx = 300 um and Dy = 500 pm,
and a corresponding effective density of 48 kg m™. These
macroflocs displayed Ws rates up to 5-6 times greater than those
values typically applied in the parameterisation for inclusion in
vertical mass settling flux simulation modelling (J. Spearman,
pers. com; D. Prandle, pers. com.).

0.25 mm

Figure 10. An irregular shaped, slow settling macrofloc composed
of three key parts: (a) a high density microfloc, (b) a slender
organically based floc, both attached to a (c) small near-spherical
cluster-type macrofloc core (sample G23-8, 138 s into record).

Progressing a further 46 s into the record of sample G23-8,
Figure 9 shows that a number of the smaller (D = 160-240 um),
slower settling (Ws ~ 1.8-2 mm s™') macroflocs also resembled
comets. However, as Figure 10 illustrates, the remainder were
irregular in shape. The latter of these two flocs, observed after a
total elapse time of 138 s, was a composite of three principle
components. By using flocs (from the G23-8 record) of a similar
size as a bench mark, it was possible to estimate the individual
properties of each of the three components of the larger composite
aggregate. The first was an 85 pum first order (KRONE, 1963) high
density (p. probably greater than 600 kgm™) microfloc (Figure
10a); the second was a slender (Dx = 35 um and Dy = 80 pum),
predominantly organic-based floc (Figure 10b) possessing an
effective density of probably under 15 kg m™. Both of these
component flocs were attached to a core aggregate (Figure 10c)
which was a near-spherical cluster-type macrofloc approximately
170 pm in diameter, and as a solitary entity it would have an
effective density of about 90-100 kg m™ and settling velocity of
approximately 2 mm s™'. The resultant irregular macrofloc had a
Ws = 1.4 mm s’ and p, = 51 kg m>, which was distinctly
different from the characteristics of the three individual
component aggregates.

Sample G23-13 (Figure 11) was acquired during the period
approaching high water (high water -0:42 hr). The current speed
had slowed and this brought about a decrease in the turbulent
shear stress (TSS = 0.16 N m™), and thus ambient SPM fell to ~40
mg 1", probably due to a cessation in bed erosion.

The majority of these flocs had reverted to a more regular
shape, with height to width ratios tending to range from 0.8-
1.2. Figure 12 shows an example of one of the faster settling (Ws
~5 mm s™") clustered macroflocs from the 160-200 pm size band.
This particular floc had an effective density of 313 kg m™ and a
porosity of 62%, a structural composition more akin to that of a
microfloc than a macrofloc. One can observe what appears to be a
short tail of probably organic composition to the rear (in respect to
the orientation of settling) of the flocs outer surface.
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Figure 11. Summary of floc characteristics for Gironde estuary
neap tide sample G23-13 obtained at high water —0:42 hr. Where
(a) illustrates the relationships between floc size and settling
velocities of individual flocs, with diagonal full lines showing the
effective density (kg m™>); (b) shows the size band distribution of
settling velocity; and (c) shows the size band distribution of SPM
concentration.

The scatter plot (Figure 11a) of the distribution of individual flocs
shows that for the floc settling velocities, there is approximately
an order of magnitude spread within each of the size band sub-
divisions, although the majority of flocs are seen to favour the
slower settling rates (i.e. only 21% of the floc population
had Ws > 1.3 mm s™). This subsequently produces a skewness and
high standard deviation for each of the calculated size band mean
Ws values (Figure 11b). For this sample, SBs 3 (80-120 um) and
5 (160-200 pm) contained 73% of the particulate matter by equal
division. However with the former size band having a settling
velocity of 0.54 mms™ and the latter having a Ws = 1.8 mm s,
this highlights the greater contribution the macroflocs can offer to
the mass settling flux.

<4 “—>
0.18 mm

Figure 12. A small clustered macrofloc, with a short
tail presumed to be composed of organic matter
(sample G23-13, 53 s into record).

At local high water slack (15:13 hr), the SPM had fallen below
10 mg I"" and the turbulent shear stress was only 0.06 Nm™>. At
this point in the tidal cycle, only 17 individual flocs were captured
in sample G23-19 (Figure 13), and only two flocs had a settling
speeds greater than 1.5 mm s™'. This implies that most of the G23-
19 flocs were probably created higher in the water column, and
with their lower rates of fall, it had taken longer for them to reach
the sampling height. The two large flocs (D = 270 and 277 pum)
which had Ws ~ 3 mm s, may have been the product of particle
scavenging through differential settling. As they had a settling
velocity of 2.85 mm s, they were falling at a rate significantly
faster than the rest of the captured population.

DISCUSSION

Flocculation is a dynamically active process which is
influenced by numerous physical, chemical and biological
factors. Traditionally, the floc size has been used as a
parameter by which to gauge the effectiveness of mud particle
flocculation. Many studies (ARGAMAN and KAUFMAN,
1970; TAMBO and HOZUMI, 1979; PANDYA and
SPIELMAN, 1982) have attempted to relate modal floc size
with turbulent energy dissipation rates. Unfortunately, an
aggregate diameter does not provide a numerical simulation
model of sediment transport within an estuarine location, with
enough information about the floc dynamics, to sufficiently
improve the parameterisation of the vertical concentration
profile.

Since the 1970’s field settling tubes (OWEN, 1971; 1976)
have been widely used to collect in-situ floc samples from
estuarine waters for the purpose of parameterising floc settling
and calibrating estuarine numerical models. These instruments
have indicated the median settling velocity to vary
exponentially solely as a function of SPM concentration.
Results from a number of estuaries are summarised by DYER
(1989) and show considerable differences in the exponential
relationship between estuaries. DYER (1989) suggests that these
variations are probably a result of floc density variations, and
differences in hydrodynamic conditions (both naturally occurring
and due to the floc-disruptive nature of the sampling device) at the
time of data acquisition.
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Figure 13. Summary of floc characteristics for Gironde estuary
neap tide sample G23-19 obtained at high water —0:05 hr. Where
(a) illustrates the relationships between floc size and settling
velocities of individual flocs, with diagonal full lines showing the
effective density (kg m'3); (b) shows the size band distribution of
settling velocity; and (c) shows the size band distribution of SPM
concentration.

However, the floc size and settling velocity distributions
presented in this paper have illustrated that individually neither the
largest D or median Ws value can be regarded as providing a
reliably accurate parameterised representation of a floc population.
Also, DYER (1989) explains that the rheological properties of
SPM are governed by volume concentrations, as opposed to mass
concentration. Therefore, a true measure of flocculation can only
be assessed by examining the combined factors which effect the
mass settling flux rates. This requires initial measurements of both
D and Ws, together with floc effective density variations. This
point will be demonstrated by comparing sample G23-8 (acquired
during peak SPM) and sample G23-4 obtained earlier in the tide
during more turbulent conditions.

Although not readily apparent from the floc size vs. settling
velocity plot (due to numerous flocs possessing similar size and
settling characteristics; see Figure 7a), a size band analysis of the
floc distribution of sample G23-8 revealed a more bi-modal
distribution had developed (in comparison with sample G23-4
obtained earlier in the flood) in both the population of individual
flocs and mass distributions (see Figure 7¢), with the peaks in both
the variables being SBs 3 (80-120 um) and 6 (200-240 pm). By
employing the microfloc:macrofloc segregation of 160 um, this
gave 86 flocs encompassing 65% of the dry floc mass in the
smaller floc size group, compared to 20 flocs constituting the
remaining 35% of the mass in the latter macrofloc group. This was
a 4:1 population difference and a 2:1 SPM distribution ratio
between the small floc group and the larger fraction. Although
this indicates an SPM difference of 8.2% for the macrofloc
division compared to sample G23-4, further examination shows
that 66% of the mass settling flux (the product of the
concentration and settling velocity) for G23-8 (compared to 54%
for sample G23-4) was contained in the macrofloc groupings. This
was as a result of the macrofloc settling velocities being an
average of 0.5 mm s~ faster for sample G23-8.

MANNING (2004b) has integrated the SWAMGIRI1 floc data
with floc data sets acquired from other European estuaries, to
quantifiably assess how suspended matter is distributed between
the microfloc and macrofloc fractions. Also, using a multiple
parametric statistical technique, MANNING (2001) has produced
algorithms which quantify estuarine macrofloc settling velocity
distributions, with regards to SPM concentration and TSS
variations, and extend the range of the SWAMIEE results obtained
in the Gironde estuary. Such results provide the basis for more
reliable parameterisation of flocculation and mass settling for
inclusion in sediment transport mathematical modelling
applications.

The wide variation in floc size and effective density present
within floc samples such as G23-4, suggests that a considerable
amount of aggregation and/or break-up was potentially occurring
within the population. The wide range of floc properties within
such a floc population was probably a consequence of the high
turbulence (TSS = 0.52 N m™) creating an increased frequency of
orthokinetic inter-particle collisions. This sample demonstrates the
complexity of both the distribution of the floc primary
characteristics (i.e. D, Ws and p.) which comprise the particulate
matter in suspension, and the mass settling flux dynamics at any
one instance in a tidal cycle. It is difficult to represent such
naturally occurring processes by purely theoretical approaches,
and therefore high quality in-situ floc measurements are a
prerequisite for sediment transport modelling calibration.

An interesting observation was made from sample G23-13,
which was acquired in the 42 minutes prior to high water. Simple
flocculation theory based on two-body collisions (GLASGOW
and KIM, 1989) advocates that the lower abundance of
particulates in suspension (38 mg 1™"), coupled with a reduction in
the turbulent energy (TSS = 0.16 N m™) required to bring the
particles into contact, creates a much lower inter-particular
collision frequency.

However, inspection of the porosity values shows that size band
average porosities ranged from 70-88% (Figure 14). This suggests
that the majority of the microflocs and small macroflocs were
actually created during more turbulent events earlier in the tidal
cycle. These small flocs are formed from particles which are
tightly packed together, instigated by a high frequency of
orthokinetic inter-particular contacts. This can produce a low
porous aggregate. EISMA (1986) has suggested that the reason
these strongly constructed flocs can maintain their structural
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integrity and retain their formation history, by resisting future
break-up with increasing turbulent activity, is probably attributed
to the presence of highly adhesive biogenic glues (in particular
extra polymeric substances — EPS) which have coated the surfaces
of the floc constituent particles. Therefore, these flocs would be
the base components of more loosely constructed (i.e. higher
porosity) larger aggregates, at a point in the tidal cycle where the
turbulent stirring and concentration were more conducive for
flocculation.
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Figure 14. Size band averaged floc porosity variations for sample
G23-13.

As these flocs settle into a higher shear field closer to the bed, they
would be broken-up, until the individual aggregate structure that
remained were in equilibrium with the estuarine shear stress, and
then they would be re-entrained. MEHTA and PARTHENIADES
(1975) have theorised that it is this continuous process of
disruption and aggregation of mud flocs in a near bed turbulent
flow, that control the maximum size of suspended estuarine mud
flocs.

From a theoretical perspective, the simplest model of floc
formation is derived from fractal theory. This depends on the
successive aggregation of self-similar flocs producing a structure
that is more or less independent of the scale considered. This is
expressed as a fractal relationship between the flocs (KRONE,
1986; KRANENBURG, 1994). Many mathematical sediment
dynamical models, such as those of HILL (1996) and
WINTERWERP (1998), represent flocculation using fractal
growth by stipulating a constant fractal dimension (nf) coefficient
for all ambient conditions. However, in-situ floc data collected by
the INSSEV instrument has shown that this approach very rarely
applies to the diversity of a natural floc population. Using sample
(G23-4 as an example, the faster settling macroflocs and microflocs
(see Figures 5a and 5b) had respective nf values of 2.3 and 2.6,
whilst the very porous slower settling macrofloc (see Figure 6)
displayed a nf of only 2. The sample mean fractal dimensions
ranged from 2.1-2.5 for all Gironde estuary floc populations.

It was noticeable from the data records that there was a distinct
lack of stringer type flocs at the sampling sites in the lower
reaches of the Gironde estuary. Stringers comprise a number of
small to medium sized macroflocs interlinked by fine organic
strands (MANNING and DYER, 2002b). This has the net result of
producing an aggregate with a much faster settling velocity than
the component smaller macroflocs. This suggests that the organic
fraction of the Gironde mud deposits in the Le Verdon and
Talmont regions, which averaged at 11.4% for the floc samples

acquired, was probably present primarily as a surface coating to
the mineral clay fraction, as opposed to sticky fibrous strands. In
turbidity maximum regions of estuaries such as the Tamar estuary
(UK), where organic contents typically range from 15-30%,
stringers have been shown to significantly influence and enhance
the mass settling flux rates (MANNING and DYER, 2002b).

CONCLUSIONS

This study shows that either very low SPM concentration or
very high turbulence tended to produce slow settling macroflocs
with settling velocities of about 1-1.4 mm s™'. Flow periods which
generated moderate rates of turbulent shear stress between 0.4-
0.47 N m, were found to be the most productive environment for
flocculation. These estuarine conditions resulted in the formation
of low density “comet-shaped” macroflocs approximately 0.5-1
mm in length (Dy) and settling at a rate of 2-3 mm s"'. These
macroflocs displayed settling velocities up to 5-6 times greater
than those values typically measured by field settling tubes, and
settling rates generally used to calibrate the vertical mass settling
flux component of 2-DV and full 3-D numerical estuarine
sediment transport models (J. Spearman, pers. com; D. Prandle,
pers. com.). When the optimum shear stress was combined with a
high abundance of suspended matter, the macrofloc fraction only
represented 35% of the ambient SPM. However, the resultant high
macrofloc settling velocities meant that this fraction actually
contributed 66% of the mass settling flux.

Representation of the Gironde estuary floc characteristics in
terms of a constant fractal dimension, did not adequately represent
the varied distribution of flocs observed in-situ.
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The inability to adequately measure floc properties, due to their fragility, has posed a distinct problem in the
understanding of the flocculation process. Therefore, within the framework of three recent European
Commission funded projects — COSINUS, SWAMIEE and INTRMUD - in-situ measurements of floc size and
settling velocity were made using the video-based INSSEV (In-Situ SEttling Velocity) instrument. This
acquisition technique enabled the calculation of floc effective density values by using a Stokes” Law relationship.
This paper utilises in-situ data collected from experiments conducted in the Tamar (UK), Gironde (France) and
Dollard (The Netherlands) estuaries, with the purpose of examining how floc properties vary in tidal waters and
identifying the factors which influence their resultant characteristics. Floc populations were seen to exist as
combinations of macroflocs (floc size > 160 mm) and microflocs, with the macroflocs tending to represent 38-
70% of the suspended particulate matter (SPM) concentration during periods of low turbidity. For higher
concentration suspensions in excess of 5 g 1-1, the microflocs constituted less than 10% of the SPM. The
distribution of particulate matter throughout the macro- and microfloc sub-populations showed a direct
correlation with the suspended solids concentration. To quantify this inter-relationship, the dimensionless SPM
ratio parameter is introduced and is calculated by dividing the percentage of macrofloc SPM, in a single floc
population, by the remaining percentage of microfloc SPM. An SPM ratio of unity would represent an equal
apportioning of the floc mass between the two floc sub-populations. An empirical relationship representing the
SPM ratio in terms of SPM (mg 1-1) is: SPM ratio = 0.815 + 0.00318 SPM — 0.14x10-6 SPM2. Qualitatively,
macroflocs are seen to exist as: “cluster”, “stringer” or “comet” types, which collectively demonstrate effective
densities of less than 90 kg m-3. Average macrofloc settling velocities ranged from 2 mm s-1 for the low SPM
concentrations, such as those experienced in the Dollard estuary during neap tides, up to 4-6 mm s-1 for floc
populations observed within a concentrated benthic suspension (CBS) layer in the Tamar estuary. In contrast the
microflocs, from which the macroflocs are primarily composed, demonstrated effective densities ranging
between 30 to 1000 kg m-3. From the data two main types of microfloc can be identified. The first is a high
density microfloc fraction predominantly mineral in origin. Whilst the second microfloc type is a more
organically-based, slower settling, lower density aggregate. Throughout a flocs evolution, the distribution of the
two microfloc sub-classes from which macroflocs are composed would be quite different for a cluster-type, as
opposed to a more organic stringer-type macrofloc.

ADDITIONAL INDEX WORDS: Flocculation, floc size, settling velocity, effective density, INSSEV
instrument, suspended particulate matter, turbulent shear stress, Tamar estuary, Gironde estuary, Dollard
estuary.

INTRODUCTION

To optimise the management and development of estuarine
waterways, for purposes which include: dredge spoil removal and
disposal, the construction of port and harbour infra-structure, and
the reclamation of intertidal areas, the movement of the fine
cohesive sediment requires accurate prediction principally through
the use of computer simulation models. A major problem arises
from the cohesive muds having the ability to flocculate and create
flocs (i.e. aggregates), which are larger but less dense than the
primary particles they are composed from. An individual floc may
constitute up to 10° individual particulates. LICK (1994) found
that the floc size can range over four orders of magnitude within

any one floc population; from clay particles of 1 um to macroflocs
of several centimetres. EISMA et al. (1983, 1990) have observed
large mud flocs in numerous European estuaries using in-situ
photography. Similarly, the settling velocities can also span over
four orders of magnitude, from 0.01 mm s up to several
centimetres per second (GIBBS, 1985; FENNESSY et al., 1994a).
A factor which further complicate matters, is that flocculation is a
dynamically active process which readily reacts with changes in
the aquatic environmental conditions.

The inability to adequately measure floc properties, due to their
fragility, has posed a distinct problem in the understanding of the
flocculation process. Therefore, within the framework of three
recent European Commission funded projects — COSINUS,
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SWAMIEE and INTRMUD - in-situ measurements of floc size
and settling velocity were made using the video-based INSSEV
instrument. The type of multi-parameter aggregate data provided
by such a system, is regarded as a prerequisite for improving the
understanding of floc structural compositions and enables a
greater insight into how mud particles agglomerate. The aim of
each field experiment was principally to derive how the size and
settling velocity spectra of flocculated mud evolved in response to
changes occurring in both particle concentration and flow velocity
gradients. The acquisition of in-situ images of real estuarine flocs
is a rarity, and to obtain such images coupled with the
corresponding floc characteristics, is a distinct advance on
previous in-situ flocculation studies which tended to employ either
field settling tube (OWEN, 1976) devices or laser particle sizer
systems (e.g. BALE and MORRIS, 1987).

This paper utilised in-situ data collected from experiments
conducted in the Tamar (UK), Gironde (France) and Dollard (The
Netherlands) estuaries, with the purpose of examining how the
distribution of floc properties, in particular: floc size, settling
velocity, floc mass and fractal dimensions, varied with changing
water column conditions. The aquatic environmental factors which
influence the floc characteristics are identified. Examples of floc
images, together with their respective floc properties, will be used
to qualitatively illustrate specific floc types. The empirical
relationships between some aspects of the floc settling flux are
quantitatively assessed.

DATA ACQUISITION and PROCESSING

The flocs described in this paper were all examined using the
INSSEV — In-Situ SEttling Velocity - instrument (FENNESSY et
al., 1994). It comprises a sampling / deceleration chamber from
which collected flocs are then allowed to fall into a lower settling
column which contains still water of a higher salinity than the
ambient (Figure 1).
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Figure 1. A schematic of the INSSEV sampling unit — version 1.3.
The side elevation shown with flaps closed.

Simultaneous floc size (where Dy is the floc dimension in the
vertical settling direction and Dx is the adjacent floc size

dimension) and settling velocity (Ws) distributions were obtained
at 10-30 minute intervals; the sampling frequency being dependent
on the turbidity.

The two orthogonal floc dimensions describe the floc shape,
however for comparative purposes the floc sizes referred to in this
paper are predominantly spherical-equivalent sizes (D), unless
otherwise stated, where:

D =(Dx-Dy)>? (1)

Due to the two-dimensional nature of the floc images provided by
the video camera, it is assumed that the floc depth dimension, Dz,
was equal to Dx.

By assuming that each floc is settling within the viscous
Reynolds region (i.e. when the Reynolds number, R, < 0.5-1), the
effective density (p.) for each floc could be obtained by applying a
Stokes’ Law relationship:

~ Ws 18

p. =(p:—p,)= D, @

where p the dynamic molecular viscosity and g is gravity. The
effective density, also referred to as density contrast, is the
difference between the floc bulk density (o)) and the water density
(py)- The water density was calculated from measured salinity and
water temperature data using the International Equation of State of
Sea Water, 1980 (MILLERO and POISSON, 1981). For instances
where the R, exceeded 0.5 the Oseen modification
(SCHLICHTING, 1968), as advocated by TEN BRINKE (1994)
and BRUN-COTTAN (1986), was applied to equation 2 in order
to correct for the increased inertia created during settling.
The volume of a spherical-equivalent floc (Vy) is given by:

Vi = 4nD? ?3)
3

Thus, the interstitial water (V ;) contained within each floc is
calculated by:

Viw = (1-pe ) V¢
Penp 4)

where  Penp = Pmo- P ws P mo iS the mean dry density of the
primary particles, and p . ,, is the mean effective density for solid
(non-porous) aggregates. Estuarine flocs generally have a mineral
to organic mass ratio of 90:10 respectively, and a mineral to
organic volume ratio of 78:22 (FENNESSY, 1994). Gravimetric
analysis of suspended sediment samples revealed the average
mineral dry density was 2600 kg m™ and the organic matter had a
mean dry density of 1030 kg m™. This meant the p,, equates to
an average value of 2256 kg m . Assuming the interstitial fluid
density to be