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Multi-disciplinary approach for sediment dynamics study
of active floodplains

Approche multidisciplinaire de la dynamique sédimentaire
des plaines d’inondation actives

Emmanugle Gautier*, Jeannine Corbonnois**, Frangois Petit*** Gilles Arnaud-Fassetta****,
Daniel Brunstein*****_Stéphane Grivel*, Geoffrey Houbrechts***, Thierry Beck**

Abstract

This study reviews multi-disciplinary approaches developed on active floodplains in order to formulate their evolution model and sed-
iment budget, at different time scales, from historical evolution to hydrological event, and spatial scales (floodplain, active channels
and fluvial units). The main objective of the different case studies is to emphasize the need for coupling tools and methods in analysing
active floodplain patterns, deposition and erosion rates with regards to hydrological functioning and impact of human activities. The
first part of the paper is dedicated to methods that help us to characterize the construction of floodplains at a historical time-scale. The
second part examines the functioning of active floodplains at a detailed spatial and time scales. Different case studies selected in Euro-
pean and American floodplains aim at highlighting the contribution and the limits of methods developed at various temporal and spatial
scales. Multi-temporal analysis of fluvial planform allows to determine the recycling time of a floodplain (Beni River in Amazonia) or
to evaluate the impact of a large flood (Rhone River). Historical sedimentation of floodplain may be estimated on the basis of specific
elements present in sediments such as ironwork waste products in Belgian rivers. Different methods are used to evaluate sediment remo-
bilization in fluvial beds at different time scales. Bathymetric and topographic surveys, digital elevation models document vertical
movements of the fluvial bed (Beni, Moselle and Loire Rivers) at pluri-annual and annual scales; they allow the calculation of sedi-
ment budgets. At a longer time scale, bedload progression has been evaluated in Ardenne rivers using slag elements.

Key words : active floodplain, methodology, sediment budget.

Résumé

Cet article de synthése présente différentes approches multidisciplinaires mises en ceuvre sur des plaines d’inondation actives afin d’en
déterminer le modéle d’évolution, le budget sédimentaire a différents pas de temps (de I’évolution historique a I’événement hydrolo-
gique) et a différentes échelles spatiales (de I’ensemble de la plaine a celle du chenal actif et de I’unité fluviale). Le principal objectif
des études de cas présentées est de montrer la complémentarité des outils et méthodes dans I’analyse des schémas d’évolution des
plaines d’inondation, des taux d’érosion et d’accumulation, en lien avec le fonctionnement hydrologique et I'impact des activités
humaines. La premiére partie de l'article est consacrée aux méthodes permettant de caractériser la construction des plaines a des pas
de temps historiques. La seconde partie de ’article analyse le fonctionnement des plaines d’inondation actives sur des échelles spa-
tiales et temporelles fines. Les différentes études de cas sélectionnées dans des plaines européennes et américaines cherchent a mettre
en évidence les apports et limites respectifs des analyses mises en ceuvre. L’analyse des formes fluviales en plan permet d’estimer le
temps de recyclage de la plaine (exemple de la riviére Beni en Amazonie) ou bien encore, d’évaluer I'impact d’une grande crue (cas
du Rhéne en 2003). La sédimentation historique de la plaine et la vitesse de transfert de la charge solide dans le cours d’eau peuvent
étre estimées par l'utilisation de certains éléments spécifiques, comme les scories métalliques rejetées dans des rivieres de I’Ardenne
belge. L’évaluation annuelle et pluriannuelle de la mobilité verticale des lits fluviaux et de la remobilisation de la charge solide peut
s’appuyer sur des relevés bathymétrigues et topographiques, ainsi que sur I’élaboration de modéles numériques de terrain (Beni, Loire
et Moselle), qui permettent d’établir des bilans sédimentaires.

Mots clés : plaine d’inondation active, méthodologie, bilan sédimentaire.
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Version frangaise abrégée

On entend par plaine d’inondation active un espace régu-
lierement soumis aux inondations et aux dépots de sédi-
ments apportés par débordement du cours d’eau (Leopold et
Wolman, 1957 ; Lewin, 1978 ; Nanson et Croke, 1992). La
régénération des plaines d’inondation actives s’effectue a la
fois par des processus de destruction (érosion des berges,
ouverture de nouveaux bras) et de construction (colmatage
progressif des chenaux et dépots de débordement). La prin-
cipale difficulté de I'étude des dynamiques sédimentaires
réside dans le fait que les modes de transfert et les temps de
résidence des sédiments ne sont pas les mémes dans la plai-
ne s.s. et la bande active. L’article repose sur la présenta-
tion de quelques approches systémiques développées a pro-
pos de plaines inscrites dans des contextes physiques et an-
thropiques trés différents. L’objectif de ces approches est
d’établir le bilan sédimentaire des plaines d’inondation ac-
tives a différents pas de temps, de I’échelle historique a celle
de I’événement hydrologique, et d’espace, de I’ensemble de
la plaine a celle de la forme fluviale.

La premiére partie de I'article est consacrée aux méthodes
permettant de caractériser la construction des plaines a des
pas de temps historiques (pluri-décennaux, voire plurisécu-
laires). Le fondement de I’approche est I’analyse historique
de I’évolution des formes en plan ; 'intégration dans des
SIG des données obtenues a partir des images satellites et
des photographies aériennes a ouvert la voie a une quantifi-
cation beaucoup plus précise des surfaces érodées et sédi-
mentées, ce qui permet de calculer le « temps de recyclage
de la plaine » (notion centrale créée par L. Mertes et al.,
1996). Ainsi sur les plaines de I’Amazonie moyenne et infé-
rieure, ce temps de recyclage est de 1000 a 4000 ans, alors
qu’ il est de 40 a 100 fois plus rapide dans les plaines situées
a Uamont (fig. 1). Si elle est pertinente sur les systéemes flu-
viaux dominés par les processus latéraux (migration de la
bande active, accrétion latérale des systémes a style fluvial
en tresses ou 4 méandres), cette approche est peu adaptée
aux plaines caractérisées par des processus d’accrétion ver-
ticale et une bande active peu mobile.

D’autres méthodes et outils ont été mis en auvre pour
déterminer les taux d’érosion et de sédimentation sur des
pas de temps pluriannuels. Ainsi, les relevés topographiques
et bathymétriques apportent des données particuliérement
précises sur la mobilité verticale du lit fluvial et sur les taux
d’érosion et de sédimentation. Sur la Loire moyenne, des
levés topographiques espacés de 25 a 30 ans ont permis de
montrer que l'enfoncement du chenal principal depuis les
années 1970 s’est accompagné d’une forte accrétion verti-
cale sur les iles jeunes et sur les berges (fig. 2). Le profil en
long de la Moselle depuis les années 1980 témoigne d’un
enfoncement généralisé du lit, avec cependant des zones
trés contrastées (fig. 3). La connaissance des rythmes d’éro-
sion et de sédimentation des différentes unités fluviales est
une donnée indispensable a la gestion des corridors flu-
viaux. De nombreux hydrosystémes fluviaux, comme c’est
particuliérement le cas en France depuis les années 1950,
souffrent d’un abaissement accéléré du plancher alluvial

qui met en péril la ressource en eau, la biodiversité des
zones humides et aquatiques, mais aussi les digues de pro-
tection et les ponts. Ces levés topographiques ont cependant
quelques défauts, notamment leur durée et la difficulté de
Uentreprise. De plus, ils apportent des données trés locali-
sées qu'il sera difficile d’extrapoler a I’ensemble des unités
fluviales.

Pour analyser les bilans d’érosion et de sédimentation sur
des pas de temps plus longs, il est possible d’utiliser cer-
tains marqueurs, d’origine naturelle ou anthropique, comme
c’est le cas dans les riviéres de I’Ardenne belge. Les scories
métalliques rejetées dans ces riviéres depuis le 14¢ siécle ont
été érudiées dans plusieurs plaines d’inondation du bassin
de ’Ourthe et de la Meuse, ce qui nous a permis de mettre
en évidence des taux de sédimentation de 15 a 20 cm par
siécle. De plus, les dépots postérieurs au Moyen Age, plus
épais que les couches sous-jacentes, témoignent bien d’un
apport sédimentaire accru dans les plaines sous leffet de la
pression anthropique.

La seconde partie de l'article analyse le fonctionnement
des plaines d’inondation actives sur des pas de temps plus
courts. L’estimation des bilans sédimentaires porte plus spé-
cifiguement sur le fonctignnement des chenaux actifs, qui
Jjouent un rdle majeur dans les transferts de sédiments (Reid
et Dunne, 2003). La recherche répond alors a deux grands
enjeux. D’une part, il s’agit d’évaluer I’efficacité des écou-
lements et plus précisément le rdle des grandes crues qui
perturbent lourdement et durablement les corridors flu-
viaux. D’autre part, on cherche a connaitre la capacité de
réajustement morphodynamique des hydrosystémes fluviaux
aux perturbations anthropiques. Trois études de cas sont
présentées. L'analyse des surfaces inondées, des volumes
érodés et déposés lors de la grande crue de décembre 2003
du Rhone a demandé le croisement de plusieurs sources
d’information et de méthodes : images satellites pour I’ana-
lyse @ moyenne échelle et relevés de terrain (formes et sédi-
ments) pour la caractérisation a grande échelle. 1l apparait
ainsi que dans la plaine, les bilans sédimentaires ont été po-
sitifs, I’accumulation ayant excédé largement I’érosion. De
plus, les dépéts formés dans les deltas de rupture de levée
ont été les principaux responsables de cette sédimentation
(fig.4). Les mesures directes du transit sédimentaire sont dif-
ficiles a entreprendre sur les grands cours d’eau. Aussi peut-
on mettre en ceuvre une méthode alternative dite « approche
morphologique », qui postule que le déplacement des maté-
riaux entraine des modifications de la morphologie du che-
nal ; par conséquent la mesure de ces modifications peut étre
utilisée pour estimer le transport de la charge solide. Deux
exemples sont présentés : celui de la Moselle, ou I’objectif
était d’évaluer I’équilibre dynamique de la riviére d’amont
en aval, en comparant trois sites et la riviére Beni en Ama-
zonie bolivienne, ou l’on cherchait a caractériser Uefficacité
morphogénique des écoulements sur un méandre. A partir de
relevés bathymétriques et topographiques sont élabords des
modéles numériques de terrain (MNT). Sur la Moselle, les
résultats montrent une substitution de la charge solide et sa
redistribution sur chaque site ; une différence importante
entre les sites étudiés est également mise en évidence, cer-
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tains montrant les marques d’un nouvel équilibre dyna-
mique (fig. 5). Sur la riviére Beni, les MNT réveélent une trés
Jorte variabilité interannuelle des volumes érodés et dépo-
s€és, qui semble étre liée a la durée des écoulements liquides
(fig. 6). Enfin, la vitesse de transit sédimentaire a été éva-
luée sur les riviéres de I’Ardenne belge grdce aux scories
métalliques (fig. 7). On montre ainsi l'affinement granulo-
métrique des particules transportées par les riviéeres
d’amont en aval et une vitesse moyenne de progression des
éléments les plus grossiers de Uordre de 3,3 a 3,9 km par
siécle.

Introduction

Floodplains are complex assemblages of landscapes com-
posed of active landforms (such as channels) and ancient
stabilized units of various ages and origins (mainly abando-
ned channels, former islands and banks). Floodplains are
thus exceptional sites of palaeoclimatic and historical ar-
chives, recordinglong — and short — term hydro-climatic evo-
lution and human activities (land use, engineering works) af-
fecting the valley and catchment .

The periodicity of inundation of an active floodplain is a
matter requiring definitions. According to L. B. Leopold and
M. G. Wolman (1957), and L. B. Leopold et al. (1964) an
active floodplain is regularly flooded (every year or every
1.5 year). J. Alexander and S. B. Marriott (1999) have pro-
posed a definition of active floodplain adapted to the great
diversity of hydrologic functioning: ‘The active floodplain
is a relatively flat area adjacent to a stream that is periodi-
cally (over a period of 100-200 years) inundated by flood
water, at least part of which emanates from the channel’. In
the same way, a ‘genetic floodplain’ corresponds to the re-
cent overbank deposits (Nanson and Croke, 1992).

The regeneration of a floodplain is controlled by interre-
lations with the active channel: the lateral migration of an
active channel or the creation of a new channel (by avul-
sion) induces the local destruction of a floodplain, whereas
the floodplain construction is mainly associated with over-
bank deposits, progressive sedimentation in channels, or
rapid migration of the active bed (meander cut-off). Thus,
attempts of classification are based on the relations that exist
between the fluvial pattern and floodplain sedimentary units
(Brierley, 1991; Leopold and Wolman, 1957; Lewin, 1978;
Miall, 1996; Nanson and Croke, 1992). G. J. Brierley and
E. J. Hickin (1991) show that a range of floodplain types
exists, which do not directly correspond to channel plan-
form patterns. Another mean of interpretation uses the tex-
tural features of floodplain sediments. A number of field
studies have focused on grain size distributions, which can
help to determine spatial variability in response to the dy-
namic behaviour of sediment transport and deposition (Bra-
vard and Peiry, 1999; Brown, 1985; James 1985; Passega,
1957; Pizzuto, 1987; Walling et al., 1997; Warner, 1992;
Marriott, 1996).

The main difficulty lies in the precise quantification of
erosion — sedimentation rates in active channels and their
associated floodplain, factors that are controlled by different

processes and evolve at different time scales. Periods of -
sediment transport in channels are interspersed by longer
periods of sediment storage in the bed and bars. The resi-
dence time of sediment is much longer in floodplains, where
deposition rate depends on the concentration of suspended
sediment in water, and on frequency and duration of over-
bank flows, density of vegetation and topography.

The objective of this paper is to focus on multi-disciplina-
ry approaches developed on diverse active floodplains to
evaluate interactions between active channel and floodplain,
deposition and erosion rates and their spatial and temporal
heterogeneity. The recent advances are based on various
new field methods and equipments. The case studies pre-
sented here concern American and European rivers, in di-
verse environmental contexts and that are unequally affec-
ted by human impact. The selected rivers are analysed in a
systemic way, with regards to external factors controlling
fluvial dynamics, mainly hydrologic functioning (water di-
scharge variation in the case of the Beni River, Bolivian
Amazonia, and impact of a large flood in the case of the
Rhoéne River, France) and anthropogenic influence (Loire
and Moselle Rivers, France and rivers of Belgian Ardenne).
These case studies underline the need for coupling methods
that highlight floodplain evolution at different time scales
and spatial scales. They also emphasize the usefulness of de-
tailed investigations conducted in the field to further un-
derstand dynamic evolution of active floodplains.

Historical rate and pattern of
floodplain construction

‘Recycling time’ of floodplains

Historical analysis is an important means to study flood-
plains (Gurnell et al., 2003; Hooke, 1995; Petts et al., 1989)
with two main objectives: i) evaluation of spatial and tem-
poral variation of fluvial forms and ii) determination of an-
thropogenic impacts on fluvial landforms, such as enginee-
ring works (embankment, dams) and land uses. Recently,
the development of GIS for fluvial system study helped to
perform morphodynamic analyses and enabled to calculate
the ‘recycling time’ of a floodplain at historical or annual
time scale. Areas of erosion and deposition may be obtained
by mapping the active channel change on aerial photographs
and satellite images; in this way it is possible to calculate the
rate of destruction and construction of floodplains. On this
basis, L. Mertes et al. (1996) calculated a ‘recycling time’
for the anastomosed Solimdes-Amazon floodplain (Peru —
Brazil) ranging from 1000 years in the middle valley to
2000 years downstream, and this recycling time may exceed
4000 years near Obidos. Using the same method, the recy-
cling time of two meandering rivers of the upper Amazonian
lowlands was calculated: the Manu River in Peru (Salo et
al., 1986) and the Beni River in Bolivia (fig. 1; tab. 1). The
two tributaries rework between 1.0 and 2.5% of the area of
their floodplain each year, suggesting a recycling time of
40-100 years, i.e. an order of magnitude higher than on the
middle and lower valley of the main river. In the case of the
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tical aggradation and fluvial form
QW

13°30054

Fig. 1 — Recycling time of the
floodplain along the Beni
River (Bolivia, Amazonian
lowlands). A: method of deli-
neation of active bed (line),
sedimentation areas (points)

and erosion areas (white) on 0TS

change of low intensity.

Linking floodplain
deposition and channel
mobility at different time
scales

Aerial photographs, satellite images
and maps provide information on the
planform evolution of floodplains at a
pluri-decadal timescale; data on verti-
cal evolution are much more rarely
available. Precise topographic and
bathymetric surveys may be realized
in the active channel and plain (ge-
nerally for navigation or engineering
works), but they do not usually cover
the entire floodplain and they are ra-
rely re-surveyed. In the case of the
Loire River, several floodplain cross-
sections were measured in 1970 and
1995 by the Loire Basin Water Sur-
vey; we re-surveyed these cross-sec-
tions in 2004 with a RTK DGPS cou-
pled with a total station (fig. 2,

satellite images. B: recycling
time of the Beni River flood-
plain (1987 — 2001) (Adapted
from Gautier, 2006).

Fig. 1 — Temps de recyclage
de la plaine d’inondation
de la riviere Beni (Bolivie,

tab. 1). These cross-sections are used
to determine erosion and sedimenta-
tion rates for a pluri-decadal period,
on each unit of the floodplain: active
and abandoned channels, bars, is-
lands and lateral margins. In the

plaine amazonienne). A : pyn.
méthode de délimitation de la .

c7vew

middle Loire River, comparison of
cross-sections shows a high variabi-

bande active (ligne), surfaces
de sédimentation (points) et

surfaces d'érosion (blanc) sur les images satellites. B : temps de recyclage de la plaine d'inon-

dation de la riviére Beni (1987 — 2001) (d'aprés E. Gautier, 2006).

Beni River, the annual recycling time varies greatly in rela-
tion to the duration of the discharge exceeding the bankfull
level (Gautier et al., 2007).

This approach is limited by different factors. The first one
is the availability of documentation with a sufficiently high
resolution to reconstitute the floodplain history for a long
period, and to determine long-term average tendencies. His-
torical maps that allow a diachronic analysis since the 19th
century, are available in the Old World, but their accuracy
can be questioned (Gurnell ef al., 2003). In the 20th century,
before Landsat images, Corona declassified images (1959-
1972, with a resolution up to 1.8 m) and aerial photographs
provide information on countries where maps and aerial pic-
tures are rarely available. However, the method based on the
quantification of erosion and deposition areas is efficient for
evaluating specific fluvial patterns and dynamics: measure-
ment of sediment exchanges at a meso—scale is possible on
rivers where lateral mobility is predominant (meandering
and braided rivers). This approach, however, is not suitable
for floodplains of anastomosed rivers characterized by ver-

lity in erosion and sedimentation
rates. Since the 1970’s, the river ex-
perienced a significant incision of
the active channels (at a mean rate of
50 mm per year). A rapid vertical accretion (mean annual
rate of 50 mm) was also observed on two types of land-
forms, namely on young islands corresponding to former
bars that evolved to vegetated islands (cross-section a, on
fig. 2), and on banks characterized by thick deposits (see
cross-section b). Lower rates of sedimentation were measu-
red on ancient islands (i.e. formed before 1970, see cross-
section b). These older islands constitute complex fluvial
forms, due to their longevity; their development is mainly
associated with lateral aggradation on the island banks. On
distal parts of the floodplain, sedimentation is more reduced.
These contrasted erosion — sedimentation rates reflect the
topographic and sedimentary readjustment of the river to
socio-economic and hydrologic changes of the Loire River
since the 19th century, including engineering works, lack of
high floods, and massive gravel extraction in the fluvial bed
(Gautier, 2006; Gautier and Grivel, 2006; Gautier et al.,
2007). The results are important for river managers whose
objective is to limit or to stop fluvial bed entrenchment and
to improve sediment entrainment between deposition areas
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1. Time considered 2. Problem addressed

3. Source
(data and spatial resolution)

4. Methods

5. River case study

Floodplain sedimentation
rate

Floodplain recycling time
Lateral and longitudinal
migration of sediment

Long-time scale
(Pluri-centennal)

Specific element present in
sediment:
ironwaste product

Coring and slag
concentration
measurement

Size of slag elements
along rivers

Belgian Ardenne rivers :
Sedimentation rate of
floodplains, lateral mobility
of rivers, flooded areas
since the Middle Age

Bedload progression speed,
river competence

Intermediate time- Floodplain recycling time

scale Erosion — sedimentation
(Pluri-decadal to rate
pluri-annual) Human impact

Remotely sensed imagery: -
Corona photos (1960 s; 2 m)
Landsat images (>1980 s;
15-30 m)

Field survey:

topographic and bathymetric
measurements (>1970 s;
<0.50 m)

Planform evolution:
calculation of erosion and
deposition areas,
migration of active bend
Integration in GIS

Cross-sectional forms,
longitudinal profiles:
calculation of erosion and
sedimentation rate per
fluvial unit

Integration in GIS

Beni River (Bolivian
Amazonia)

Regeneration of floodplain,
meander dynamics

Loire and Moselle Rivers
(France): impact of gravel
extraction and engineering
works

Sediment movement in
active channels
Sediment exchange
between floodplain and
active channel
Efficiency of water and
sediment discharge

Short-time scale
(annual and specific
event)

Field survey:

topographic and bathymetric
measurements (<0.10 m)
Sediment facies
characterization

Remotely sensed imagery:
Spot image (2003, 10 m),
Field survey : forms and
sediment characterization

Morphological approach,
digital elevation model
Calculation of eroded and
sedimented volumes
Integration in GIS

Flooded areas, sediment-
body geometry, sediment-
facies characterization

Beni River: evolution of a
meander, influence of
external factors (water and
sediment discharge)
Moselle River: readjustment
to gravel extraction,
longitudinal variation of
sediment budget

Rhéne River (France):
impact of November -
December 2003 flood

Table 1 — Synthesis of
objectives, data and me-
thods

Tableau 1 — Synthése des
objectifs, données et mé-
thodes.

g

Elevation (m) IGN69
2

Lateral margin g,

1

Young island Right side
+80-200 mm yr-1
| Secondary channel

- 40-50 mm yr~
| Main channel
- 40-80 mm yr!

—
b
o

Fig. 2 — Evolution of flood-
plain along the middie
Loire River sector (Fran-
ce) since the 1970 s — with
example at two cross-sec-
tions. A: Bec d’Allier site; B:
Pouilly-sur-Loire site.

B

Left side

150

Fig. 2 — Evolution de Ia
plaine d’inondation de la
Loire moyenne (France)
depuis les années 1970 —
exemple de deux profils
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(mainly young islands and banks in the case of the middle
Loire River) and active channels.

In France, recent and rapid incision of the fluvial bed is ob-
served in numerous rivers, like the Loire or the Moselle rivers
and represents an important issue in terms of water resource,
infrastructure stability (bridges, dykes...), and ecology of
aquatic and wetlands biotopes (Bravard, 1994; Bravard et al.,
1997). For this reason, considerable attention has been paid
to the vertical stability of river beds. On a longitudinal profi-
le of the Moselle River, for example, it can be seen that the
upper section underwent important destabilization caused by
coupled effects of gravel bed extractions and artificial mean-
der cut-offs (fig. 3; tab. 1).

Longitudinal profiles and cross-sections are especially
adapted to pluri-annual studies, and they provide precise data
about vertical evolution of the fluvial bed (tab. 1). However,
their application is limited by numerous difficulties: i) the
need to locate the survey exactly at the same place, which is
relatively easy nowadays with a GPS, but the difficulty to
relocate the ‘old’ surveys remains; ii) in situ measurement
needs time and effort, especially in densely vegetated areas
where vegetation must be cleared before the survey. Further-
more, one cannot extrapolate the data across the entire fluvial
unit, because of variable deposition and erosion rates.

Recent advances in documenting historical rates and pat-
tern of floodplain sedimentation have included the use of
metal mining-sediments (Lewin and Macklin, 1987), iron-
work waste products present in sediments (Houbrechts and

Petit, 2006), or fall-out radionuclides 137’Cs and 219Pb (He
and Walling, 1996; Walling and He, 1998; Steiger et al.,
2001; Stokes and Walling, 2003). In Ardenne rivers in Bel-
gium, historical floodplain sedimentation has been evalua-
ted using slag elements (Sluse and Petit, 1998; Houbrechts
and Petit, 2003). These ironwork waste products come from
hundreds of blast furnaces and bloomeries built close to ri-
vers between the 14th and the 19th centuries. Slag was piled
onto the floodplains and frequently thrown out directly into
rivers. For centuries, slag elements were carried away du-
ring floods and spread out along rivers. Slag particles are ea-
sily recognisable, due to their visual characteristics. They
are vitreous and of distinct colours, such as blue or green.
Different kinds of slag were produced in ironworks (Hou-
brechts and Weber, 2007), and most frequently in blast fur-
naces.

The rate of floodplain formation in Ardenne valleys was
first estimated using microscopic slag as a stratigraphical
marker by J. Henrottay (1973). Several floodplains of the
Ourthe basin and the Meuse River downstream from Li¢ge
have been investigated. Since then, complementary obser-
vations have been undertaken in the Ourthe basin and a new
methodology for slag concentration measures has been defi-
ned (Houbrechts, 2005; Houbrechts and Petit, 2006). In
these rivers, the thickness of deposits with slag generally
exceeds 1 m, which indicates a rate of accumulation of 15-
20 cm per century. Everywhere the thickness of silt
deposited since the 14th century is greater than the layer of
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old silt deposited prior to slag deposition. Human activities
(deforestation, agricultural practices and extension of the
area under tillage) have probably played a dominant role in
silt accumulations in the valleys. P. Sluse and F. Petit (1998)
have also used slag to study floodplain evolution south of
the Ardenne. Sedimentation rates there are slightly lower
than to the north of the Ardenne. Two explanations for this
difference are proposed. Deforestation in south Ardenne
catchments has been less important, and land use of these
watersheds is now dominated by forests and pastures, such
that soil erosion is lower than in the northern part of the
Ardenne. Furthermore, loess deposits are thinner in the sou-
thern Ardenne and thus, there is less material to erode.
When slag elements are directly in contact with gravel de-
posits, it means that the river moved laterally since inception
of the iron industry, swept away older sediments and depo-
sited more recent sediments contaminated by slag. Coring
carried out along perpendicular cross-sections has allowed
estimations of the extent of lateral displacements of the
channel since about the Middle Age. Therefore, this method
also provides information concerning the recycling time of
floodplain and the delimitation of the ‘space of functional
lateral mobility’ as defined by the SDAGE Rhéne-Méditer-
ranée-Corse (Malavoi, 1998). Lateral erosion rates defined
by this method may be underestimated because the river
may have crossed the zone where old silt was eroded seve-
ral times, which may explain low lateral erosion values. The
presence of slag elements associated with overbank deposits
on low terrace levels can indicate whether these units are
flooded or not during extreme events. Consequently, slag
can also be used for mapping the extent of flooded areas.

Sediment budget in active channels

Sediment budget is a significant concept in fluvial geo-
morphology and varies in objectives and methodology (Reid
and Dunne, 2003). The estimation of a sediment budget wi-
thin the active bed is relevant for at least two main objec-
tives: i) determination of the effect of various forcing factors
(mainly water and sediment discharge) on spatial or tempo-
ral evolution of fluvial forms, and ii) evaluation of readjust-
ment of the system after an alteration (such as construction
of embankment or dam, gravel extractions, etc.). Determi-
nation of sediment transfer between active channel and
floodplain, and of longitudi-
nal progression of bedload

especially during high water levels. For this reason, many
studies develop an approach using a combination of direct
measurements (water discharge and suspended load) and in-
direct methods associating planform evolution, bedforms,
sediment features and tracing of specific sediment.

Impact of large floods on floodplain and
sediment budget

High floods strongly impact floodplains (see, for
example, the impact of the 1993 flood on the Mississippi
River; Gomez et al., 1997; Horowitz, 2006, or the effects of
a flood on ephemeral streams in Spain, Hooke and Mant,
2000), but assessing their effects is difficult and needs a
combination of various equipments and methodologies. In
November and December 2003, southern France received
exceptional rainfall that generated historical floods, espe-
cially in the Rhone basin. As a consequence of intense
rainfall, the lower Rhone River, with a peak discharge of
11,500 m3.s'! at Beaucaire-Tarascon, inundated ~500 km? of
its alluvial/delta plain and destroyed several dykes. The
most damaged zones were located between Beaucaire and
Arles, which were flooded by 16,000 to 18,106 m3 of water.
Fluvial landforms, sediment-body geometries and sediment-
facies characteristics were determined using a combination
of topographic maps, remote sensing data, field measure-
ments and laboratory analyses. In the flood basin and near
the channel, 170 samples were collected to reveal both mor-
phological and lithological variations in the subsurface. All
data were compiled on topographic maps enlarged to 1:5000
and covered by 1 m? squares. Finally, a SPOTLIGHT image,
supplemented by field survey, was analyzed to define the
flooded areas. In this manner, sediment budget was calcula-
ted (Arnaud-Fassetta, 2007).

On the left bank of the Rhone River, between Beaucaire-
Tarascon and Arles, the flooded area beyond dykes and
strictly linked to the Rhone flood waters was estimated at
22 km?2. The flood deposits are fine-grained, essentially
composed of silts (tab. 2). Their volume of 25,040 m3 re-
presents only 3% of the total volume deposited in the flood-
plain outside dykes. The eroded volume is limited (200 m?3).
Both in the northern and western parts of the delta, two
major breaches were opened in dykes on the right bank of
the Petit Rhone River, leading to formation of crevasse

are difficult on large rivers, Deposited sediment volume SE;?;Z:' Sediment
G |csMs|FsvFs| si c Total | volume | Palance
Table 2 ~ Sediment budget (in 25,040
m?3) of the Rhéne River (France) Arles 0 1783 6640 14,445 2172 39 -200
during the December 2003 Petit 469 535
flood, including the Arles flood- Argence 699 249,280 | 132,796 | 77,016 9744 58,% -113,804
plain and the western part of 160.307
the delta. Claire Farine 0 76,567 | 37,677 | 39,816 | 6247 20’0/ -22,198
o
Tableau 2 — Bilan sédimentaire 155.547 i
(en m3) du Rhéne (France) lors Other sites 0 3829 35,760 | 97,763 | 18,195 15;0/ 0
de la crue de décembre 2003, 699 | 331,459 | 212,873 | 229,040 | 36,358 -
comprenant la plaine d’Arles et | Total o ; o " 810,429 | -136,202 674,227
la partie occidentale du delta. 0.1% 41% 26% 28% 4%
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Fig. 4 — Example of high-resolution mapping of the December 2003 crevasse splay (DRL) of Petit Argence (western part of Rhdne
Delta, right bank of Petit Rhdne River). 1: Petit Rhéne channel and head of main crevasse channel; 2: floodplain stripping; 3: scarp; 4: gra-
dual boundary; 5: peat blocks; 6: fluvial shells (Corbicula fluminea) deposited upstream of breach axis; 7: crevasse channel; 8: erosion cavity;
9: lobe of crevasse splay at DRL (coarse sand + gravel near the breach); 10: lobe of crevasse splay (medium sand); 11: lobe of crevasse
splay (fine and very fine sand); 12: lobe of crevasse splay (silty sand); 13: proximal flood basin (sandy silt); 14: distal flood basin (coarse silt);
15: hydraulic dune; 16: flooding-area boundary; 17: direction of flood flows; 18: sampler number; 19: riparian forest and grove; 20: hedge
(cypress, poplar); 21: hedge breached by flood flows; 22: permanent settlement (“mas”) and outbuilding; 23: raised road; 24: tunnel; 25: brid-
ge; 26: Rhone dyke.

Fig. 4 - Exemple de cartographie haute résolution du delta de rupture de levée (DRL) de Petit Argence (partie occidentale de la plai-
ne deltaique rhodanienne, rive droite du Petit Rhone) lors de la crue de décembre 2003. 1 : chenal du Petit Rhéne et racine du chenal
principal de DRL ; 2 : zone de décapage supetficiel de la plaine d’inondation ; 3 : talus ; 4 : contact graduel ; 5 : blocs de tourbe ; 6 : coquilles
de faune fluviatile (Corbicula fluminea) déposées en amont de I'axe de la bréche ; 7 : chenaux de DRL ; 8 : cuvette d’érosion ; 9 : lobe de
DRL constitué de sables grossiers (+ graviers abondant surtout & proximité de la bréche) ; 10 : lobe de DRL constitué de sables moyens ;
11 :lobe de DRL constitué de sables fins a trés fins ; 12 : lobe de DRL limono-sableux ; 13 : épandage sablo-limoneux dans bassin d'inon-
dation proximal ; 14 : épandage de limons grossiers dans bassin d’inondation distal ; 15 : dune hydraulique isolée ; 16 : limite de I'inondation ;
17 : direction des écoulements de crue ; 18 : numéro d'échantillon ; 19 : ripisylve et bosquet ; 20 : haie d'arbres (cypreés, peuplier) ; 21 : trouée
dans les haies d'arbres par les flux de crue ; 22 : habitat permanent (mas) et dépendances ; 23 : remblai autoroutier ; 24 : tunnel ; 25 : pont ;
26 : digue du Rhéne.

splays and flooding of 414 km?. In the sector of Petit Ar-
gence’s ‘mas’ (traditional houses; fig. 4 and tab. 2), the se-
diment volume was estimated at 469,535 m3 (with 81%
sand), for an eroded volume of 113,804 m3: the sediment
budget is widely positive (355,731 m?3). In the sector of Clai-
re Farine’s ‘mas’, deposition is lower than at Petit Argence
(tab. 2), and the sediment budget is also positive. Downs-
tream of Sylvéréal, sediments accumulated in the sectors not
directly influenced by crevasse splays represent a volume of
155,547 m3 (with 63% silt).

Sediment yielded by crevasse channels in the floodplain
has enabled us to determine the sediment load transported
by the Rhéne channel (texture of splay deposits is similar to
bed load and channel deposits); the sand fraction is domi-
nant. Sand deposition on the delta by crevasse splays
generates a sediment deficit in the main channel of the Petit
Rhéne River and eventually at the river mouth. Therefore, a
positive sediment budget of the delta plain has negative
impacts on sand beaches of the deltaic fringe, which are cha-
racterized by a sediment deficit (Sabatier, 2001). The flood

72

Géomorphologie : relief, processus, environnement, 2009, n° 1, p. 65-78



Multi-disciplinary approach for sediment dynamics study of active floodplains -

B
L)
E%E %u -
mm wu e E
g S 2
o O« | m
3 * ~ 2
o M .m+.
' ¢ 5 <
o 2 : s g
£ 8 ¢ -
g3 E .m.w
w 2 3
wu
E E
. 2 E
3 g £
e g g
R 3 g
P mu 4
i
4] Wu *
x ® 4
. ®
! ;
=
ALE §f .
© AIHIEEEEELEERN
s o A .t et SRS
5 ’
’ '
1] # o
1] 5 e £
' ! it s
: ‘ ig o
[ i =
E | : 53 e
o © H : iR
£ Z . ? - ®
S g T €
d.wsmU z =) anum
..Mm H t Smmﬂ
Esir , 38
mg Fl i i L Fl
-
- 3m3 o & 8
£ 7 e o ..ﬂ
fos i d |
¥ , k
—-— n %
Ele 2. R
e MW qm | m m E H
S| 35 [ vV V&g

Fig. 5 — Sediment budget at three sites of the Moselle River (France) (2003 - 2004). 1: total volume; 2: corrected volume; 3: cross-section.

Fig. 5 — Bilan sédimentaire de trois sites de la Moselle (France) (2003 — 2004). 1 : volume fotal ; 2 : volume corrigé ; 3 : profil transversal.
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of December 2003 deposited 810,429 m3 of sediments on
the delta plain, but 544,332 m3 of sand were transported
towards the deltaic coast.

Active channel mobility

Processes controlling the lateral and vertical mobility of
active channels can be analysed by the morphological
method, and through the elaboration of digital elevation
models (DEM) that help to determine sediment movement
(Eaton and Lapointe, 2001; Fuller et al., 2003; Hooke and
Mant, 2000; Legleiter and Kyriakidis, 2008; Martin and
Church, 1995). The use of precise topographic and bathy-
metric equipment (Differential Global Positioning System,
automatic total station, echosounding system associated
with GPS, or Acoustic Doppler Current Profiler) has foste-
red research on fluvial systems and its progress during the
past ten years. In the field, a dense lattice of topographic and
bathymetric points (and/or cross-sections) is recorded on
watered and dewatered areas, before and after hydrological
events; different water levels (mainly bankfull and flood
level) are also registered. After kriging, DEMs are elabora-
ted and comparing them allows us to compute the sediment
budget of the study zone.

On the Moselle River, the

suggests river-bed re-equilibrium after a long period
(50 years) of destabilization.

Based on the same method, a study on the Beni River (Bo-
livian Amazonia) was conducted to better understand the
dynamics of a tropical meandering river and, more precisely
to quantify the erosion and deposition areas at an annual
scale, with regards to variability of water and sediment di-
scharge. Following a meso-scale approach based on satellite
images, a meander loop was selected. On the basis of bathy-
metric, topographic and sediment surveys, annual DEMs
were constructed; they provide information on sediment mo-
vement along the entire meander and on fine-scale deforma-
tion of the meander (fig. 6). Two inter-annual evolutions pre-
sented on fig. 6 highlight the marked variability in erosion
and sedimentation throughout the meander. The first year
(2002 - 2003, fig. 6a) is characterized by a negative sediment
budget: the channel was subject to general erosion, with
maximal values in the downstream zone. On the point bar,
erosion occurred mainly upstream in the outer part of the bar,
whereas accretion was maximal on the inner zone, on the
apex, and downstream. This negative sediment budget can be
associated with a relatively long duration of the discharge hi-
gher than bankfull level (9 days) and an important sediment

objective has been to evalua-

665:)00

te the readjustment of the
river to gravel extraction,
more than twenty years after
it ended. Three different sec-
tions were selected from the
upper to lower valley (fig. 3
and fig. 5). Two main results
are observed: i) the sediment
load substitution and its re-
distribution at every site, and
it) the important variation
between the three selected
sites during the study year
(2003-2004) (Beck and Cor-
bonnois, 2003 and 2004). At
the upper site (Gripport), re-
mobilisation of the sediment
load was three times higher
than at the middle and lower
valley sites. That sedimenta-
tion exceeds erosion and en-
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Fig. 6 — Sediment budget at a meander loop of the Beni River in Amazonian lowlands. A: 2002 -
2003; B: 2004 — 2005. Digital elevation models (1:6 -8 m;2:6 -2.5m;3:25 -1 m, 4 1—0m 5:0-
-1 m;6:-1 —-2.5m; 7:-2.5 — -8 m) and sediment budget at cross-sections (in m3).

Fig. 6 — Bilan sédimentaire d’une boucle de méandre de Ia riviére Beni dans la plaine amazo-
nienne. A : 2002 — 2003; B : 2004 — 2005. Modéles Numériques de terrain (1 :6 ~8m ;2:6-2.5m
3:25-1m;4:1-0m;5:0--1m;6:-1—- -25m;7:-2.5~-8 m) et bilan sédimentaire sur les

74 Géomorphologie : relief, processus, environnement, 2009, n° 1, p. 65-78

R



Multi-disciplinary approach for sediment dynamics study of active floodplains

load varying between thirty tonnes per second and seventy
tonnes during the flood period. In contrast the meander was
affected by an important deposition during the 2004-2005
period (Fig. 6b). The accumulation-on the point bar was
twice that of the previous inter-annual evolution. Accretion
reached 6-7 metres in the second half of the point bar, and
this created a scroll bar topography and a lateral deformation
of the meander. This important sedimentation phase is asso-
ciated with a weak hydrology: the year was dry and no flood
occurred and only one day of discharge exceeding the bank-
full level was recorded. The sediment load was low, with
maxima varying between 20 and 35 tonnes per second, but
the mean suspended concentration exceeded by 16% the
value of the 2002 — 2003 period. Thus, this study shows the
inverse correlation between deposition on the meander and
water discharge: a long duration of discharge higher than the
bankfull level induces a predominant erosion of the meander.

Even if the DEM provides less precise quantification of
the local sedimentation-erosion rate than topographic sur-
veys realized with a total station, analysis of planform
adjustment and estimation of the remobilized volume of
sediment are more reliable. Furthermore, DEM:s are particu-
larly adapted for comparison of the morphogenic effect of
different hydrologic events on fluvial forms (like the mean-
der of the Beni River) or for evaluating the longitudinal
variation of the impact of the same hydrologic events (as on
the different Moselle sites).

Bedload progression in the fluvial bed

Different methods are used to evaluate bedload entrainment
and its travel length: active (radio) tracers and passive tracers

(iron, magnetic), and colorimetric markers (Billi, 1988; Er-
genzinger et al., 1989; Ferguson et al., 2002; Schmidt and Er-
genzinger, 1992). These methods however document bedload
progression at a relatively short time scale, and it is difficult
to extrapolate results for a longer period.

Bedload progression has been evaluated in Ardenne rivers
using slag elements (Sluse and Petit, 1998; Houbrechts and
Petit, 2003). The size of slag elements was studied along
eighteen rivers of different size and properties. These data
serve to determine the effective competence of these rivers,
to analyse the hydraulic sorting downstream of metallurgic
sites, and to evaluate bedload progression speed. Figure 7
shows the trend of the size of the 10 largest particles mea-
sured by the b-axis (corresponding to the Dys) using a
cumulative distance from the closest iron factory along the
Rulles river course (site 1). Slag elements brought down by
tributaries shed light on the increase in the slag size in the
Rulles (sites 6 and 11). Downstream of input sites, we sys-
tematically observe a rough decrease in particle size, which
decreases approximately to 20 mm in diameter in less than
5 km (sites 2-3; 7-9; 12-14). This decrease does not result
from modification in hydraulic characteristics of the river
nor from a diminution of its competence, since the unit
stream power remains constant along its course (25-
30 W/m? at the bankfull discharge).

Downstream, the slag size remains almost constant wha-
tever the distance. It represents the effective competence of
the river (the particle size transported along substantial dis-
tances and evacuated out of the catchment). The particle size
(15-20 mm) is relatively small in comparison with observa-
tions from other Ardenne rivers. A relationship can be
established between the size of slag elements and unit

16- Fig. 7 — Size trend of the ten largest slag particles along the Rulles River course
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stream power of the rivers where samples were collected
(Houbrechts and Petit, 2003). Several slag elements (10-
14 mm in diameter or 9-12 mm using equivalent diameters)
have been found 12.5 km downstream of the nearest iron
factory dated from the mid 17th century (fig. 7). This
implies that the bedload wave progression is at least 3.3 km
per century. The most upstream site in the Semois River,
where no slag has been found, shows that the bedload wave
progression is less than 17 km (less than 3.9 km per centu-
ry). A similar progression has been observed in the Ourthe
River (between 1.8 an 2.3 km per century). These values are
low in comparison with others studies (between 10 and
20 km per century), but most of them have been obtained in
mountain rivers with stronger energy (Tricart and Vogt,
1966; Salvador, 1991).

Conclusion

This review paper focuses on various methods dedicated to
study sediment budget of active floodplains at different tem-
poral and spatial scales (tab. 1). It underlines the important
progress realized during the past ten years in terms of sedi-
ment exchanges between active channels and floodplain, of
longitudinal progression of bedload and more generally,
concerning the general sediment budgeting of active flood-
plains. At a temporal and spatial meso-scale, diachronic ana-
lysis of fluvial systems, based on aerial photographs and sa-
tellite images, has been reinforced by use of GIS that helps
to determine precisely the evolution rate of each functioning
reach and, at a finer scale, the readjustment of each type of
fluvial landform (active tract, abandoned channels, lateral
margins, islands). Specific elements trapped in floodplain de-
posits (such as iron slag in Ardenne rivers) supplement the
approach, documenting remobilization, deposition and ero-
sion rates on floodplains. The main recent advance concerns
the fine-scale approach of sediment budget, associated with
the elaboration of DEM. Because of the difficulty in measu-
ring sediment movement during floods, especially in large ri-
vers, the morphogical method indirectly provides orders of
magnitude of sediment transport and deposition volumes,
and information on their spatial and temporal variations. All
the presented case studies emphasize two main points: eva-
luation of efficiency of hydrological events (Rhone and Beni
Rivers), and resilience of the fluvial system after a disruption
(Moselle and Loire Rivers).
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