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Preface

This volume is a product of the Sixth International
Conference on Fluvial Sedimentology, held 22-26
September 1997 in Cape Town, South Africa. The con-
ference was attended by approximately 300 delegates
from 34 countries, and 236 scientific presentations were
given, either orally or as posters. This volume contains 31
papers by authors from 13 countries. Twenty-nine of
these papers developed directly from the Cape Town con-
ference, and two were submitted independently of the
meeting. Their contents represent a wide variety of fluvial
subjects, as has become customary for the proceedings
volumes arising from these conferences (see references).
The International Conference on Fluvial Sedi-
mentology (ICFS) has been held every four years since
its inception in Calgary in 1977. It operates without
regular sponsorship or institutional affiliation. Each con-
ference is organized by a volunteer host selected by dele-
gates at the previous meeting, which has so far resulted
in a widespread geographical distribution of conference
venues — Calgary (Canada), Keele (UK), Fort Collins
(USA), Sitges (Spain), Brisbane (Australia), and Cape
Town (South Africa). The next conference is scheduled
for 2001 at the University of Nebraska in Lincoln, USA.
The scope of the ICFS meetings has grown steadily
over their 20-year existence: from a 3-day, single-session,
one-field-trip meeting in Calgary to the 5-day, multiple-
session, multiple-field-trip event in Cape Town. An addi-
tional feature of the Cape Town conference, and one
that affects the contents of this volume, was that for the
first time, several special symposia were introduced into
the meeting. One of these symposia, ‘Avulsion — origins,
processes and depositional responses’, resulted in seven
papers in this volume appearing under the heading of
‘Avulsion: Modern and Ancient’. A symposium entitled
‘Placer formation through time’ produced several papers,
which will appear in a special issue of Economic Geology
(1999, Vol. 94 no. 5), marking the first time that at least
one placer-related paper has not appeared in an ICFS pro-
ceedings volume. Four papers were developed from a
third symposium, ‘Textural variability and grain-size dif-
ferentiation in gravel-bed rivers’, now published in the
Journal of Sedimentary Research (1999, Vol. 69, no. 1).
A word about the title of this volume is in order. Be-
cause of the loose organization of the ICFS enterprise, the

editors of the previous five proceedings volumes chose
their own titles, with the result that each previous volume
is named substantially differently from the others despite
a substantial similarity in their contents (Calgary: Miall,
1978, ‘Fluvial Sedimentology’; Keele: Collinson &
Lewin, 1983, ‘Modern and Ancient Fluvial Systems’; Fort
Collins: Ethridge et al., 1987, ‘Recent Developments in
Fluvial Sedimentology’; Sitges: Marza & Puigdefabregas,
1993, “Alluvial Sedimentation’; Brisbane: Fielding, 1993,
‘Current Research in Fluvial Sedimentology’. Given the
success of the Cape Town meeting and the current plans
for a seventh ICFS in Lincoln in 2001, it would appear
that these conferences and their resulting proceedings
volumes may be settling in for a long run. It therefore
would seem prudent to attempt to achieve some uni-
formity in the volume titles, if for no other reason than
the prospect that unique titles in the future will become
increasingly difficult to invent. The title of this volume,
‘Fluvial Sedimentology VI’, was selected because it
duplicates the title of the initial volume (Miall, 1978) as
well as the conference title, and furthermore it identifies
the position of the volume in the whole series.

We thank the authors for their cooperation with dead-
lines and their willingness to make requested modifica-
tions to their manuscripts with firm upper lips. We are
especially grateful to the numerous reviewers whose
comments and recommendations were invaluable in
bringing this volume forth. They are: J.F. Aitken,
J. Alexander, A. Arche, P. Ashmore, P.J. Ashworth,
W.J. Autin, J.L. Best, M.D. Blum, R.G. Brakenridge,
C.S. Bristow, D.W. Burbanks, M. Church, E. Cotter,
R.W. Dalrymple, P. DeCelles, J. Diemer, G.B. Doyle,
K.A. Eriksson, P.G. Eriksson, F.G. Ethridge, W.K.
Fletcher, L. Frostick, S.L. Gabel, D. Germanowski, M.L.
Goedhart, B. Gomez, M.J. Guccione, D.J. Harbor, E.J.
Hickin, J. Isbell, H.M. Jol, L.S. Jones, A.D. Knighton,
R.A. Kostaschuk, M.J. Kraus, M.F. Lapointe, D.A.
Leckie, G.H. Mack, S.D. Mackey, F. Magilligan, S.B.
Marriott, S.J. McLelland, L.A.K. Mertes, J.R. Miller,
G.S. Morozova, G.C. Nadon, G.C. Nanson, J. Peakall, M.
Pérez-Arlucea, J.E. Pizzuto, R.L. Slingerland, D.G.
Smith, L.C. Smith, I.G. Stanistreet, T.E. Térnqvist, B.R.
Turner, P. Whiting, B.J. Willis, M.C. Wizevich, K.J.
Woolfe and M.J. Zaleha. Many thanks to them all.
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Plate 1. Examples of fine and coarse-
grained depositional niches from the
Ashburton field site (this page) and
1:50 Ashburton scale model (overleaf’).
Labels superimposed on the
photographs correspond to depositional
niches described in the text. Scale bar is
1 min the field. Palaeoflow is towards
the camera in the field and away from
the camera in the flume. In the flume,
coloured sand was mixed with the
feeder sand to provide time horizons

of flume deposition and to help
distinguish internal structure. White
silica flour is used to simulate fine-
grained deposition and represents
silt—fine-sand in the field. More details
on the scaling principles and
experimental protocol are given in the
text. (Continued overleaf)

[Facing p. 334]



Plate 1. Continued
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Turbulent sand suspension over dunes

R. KOSTASCHUK®* and P. VILLARDT

*Department of Geography, University of Guelph, Guelph, Ontario, N1G 2W1, Canada
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tDivision of Science and Technology, Department of Geography, Tamaki Campus, University of Auckland,

Private Bag 29019, Auckland, New Zealand

ABSTRACT

Processes of sand suspension in rivers are poorly understood, but flume studies suggest that large, turbulent, coher-
ent flow structures generated over dunes may play an important role. This study links field and flume studies by
visualizing sand suspension over large dunes in the Fraser Estuary, Canada. An acoustic profiler provides nearly
instantaneous ‘snapshots’ of strongly intermittent suspension events, and velocity and sand-concentration profiles
are used to create time- and space-averaged contour maps of velocity and sand suspension. The acoustic images
show suspension structures originating at crests and at lower stoss sides of dunes. The contour maps reveal turbu-
lent structures, characterized by low velocity and high turbulence intensity, at the dune trough, the lower stoss side,
the crest, and above the lee side downstream of the crest. High sand concentration and flux on the contour maps
occur in a zone that originates close to the bed on the stoss side of the dune and extends downstream of the dune
crest. A secondary zone occurs further above the bed. The acoustic images and contour maps show that sand is
suspended in coherent flow structures characterized by low mean velocity and high turbulence intensity. These
structures are interpreted as upwelling ejections generated at crests and lower stoss sides of dunes. The results
of this study improve our understanding of sand suspension processes and have important implications for sand
transport in large rivers.

INTRODUCTION

Background and purpose

Turbulence is a fundamental characteristic of alluvial flows
and is linked to many geomorphological processes and
features, such as sediment transport (Drake et al., 1988;
Rood & Hickin, 1989; Thorne et al., 1989; Lapointe,
1992; Babakaiff & Hickin, 1996), bedform development
(Jackson, 1976; Best, 1992; Muller & Gyr, 1996a), and
the origin of stream meanders (Levi, 1991; Rhoads &
Welford, 1991; Yalin, 1992). Recent laboratory and field
evidence suggests that large, turbulent, coherent flow
structures, generated by dunes in unidirectional water
flows, are fundamental agents of sediment suspension
(for detailed reviews see Best (1993) and Nezu &
Nakagawa (1994)). The experimental approaches used in
laboratory and field studies are very different, however,
and the data are often not directly comparable. Many
laboratory studies in small flumes, for example, use flow

Fluvial Sedimentology VI Edited by N.D. Smith and J. Rogers

visualization and high-frequency vertical and horizontal
velocity measurements, techniques not easily extrapolated
to large dunes in the field. Muller & Gyr’s (1986, 1996b)
laboratory flow visualizations showed that coherent flow
structures occur as vortices that originate at the dune crest
and develop above and within the lee-side flow-separation
zone. These structures can interact with the bed at the point
of flow reattachment on the next dune downstream and
may propagate to the surface. Strong potential for sedi-
ment suspension is suggested from detailed velocity meas-
urements over fixed bedforms (e.g., Nezu & Nakagawa,
1989; Nelson et al., 1993; McLean et al., 1994, 1996;
Bennett & Best, 1995, 1996), which reveal high levels of
turbulence at the point of reattachment of flow separation
and along the shear layer originating at the crest. The
mobile-bed flume experiments of Iseya & Ikeda (1986)
support the hypothesis that bed sediment is suspended in
coherent structures generated at reattachment.

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Studies of river flows have often identified ‘boils’,
circular patches of upwelling fluid at the flow surface
(e.g., Matthes, 1947; Jackson, 1976; Rood & Hickin,
1989; Babakaiff & Hickin, 1996). Boils usually contain
higher suspended bed-material concentrations than the
ambient flow (Rood & Hickin, 1989), implying that they
are linked to sediment-entraining events at the bed.
Matthes (1947) proposed that boils are the surface mani-
festation of coherent flow structures that he called
‘kolks’, an interpretation later supported by Jackson
(1976). Jackson speculated that kolks originated in the
lee-side flow-separation zone, although he had no data
to support this. Kostaschuk & Church (1993) and
Kostaschuk & Villard (1996a) used acoustic flow visual-
izations to identify coherent flow structures containing
high suspended-sand concentrations.

This research expands on earlier work by Kostaschuk
& Church (1993) and Kostaschuk & Villard (1996a)
and aims to link field and flume studies by visualizing
sand suspension over dunes in the Fraser River estuary,
Canada. Dunes in the Fraser are long, low bedforms
without lee-side flow reversals (Kostaschuk & Villard,
1996b) and represent many dunes in large rivers domin-
ated by sand transport in suspension (e.g., Smith &
McLean, 1977; Ashworth er al., 1996). We use an
acoustic profiler to provide images of suspension struc-
tures being generated over dunes and velocity and sand-
concentration profiles to examine the effect of these
structures on mean-flow and sand-suspension patterns.
We show that sediment suspension is linked to coherent
flow structures, typified by low mean velocity and high
turbulent intensity, which are interpreted as upwelling
fluid ejections.

Dunes in the Fraser Estuary

The Fraser River has a mean annual discharge of
3400 m® s7!, with maximum flows over 11 000 m> s,
and discharges into the Strait of Georgia, a mesotidal
marine basin on the west coast of Canada (Fig. 1). The
Main Channel of the Fraser Estuary has a sand bed that
experiences maximum sediment transport during low
tides when river discharge is high (Kostaschuk et al.,
1989a,b). Dunes in the estuary range from 0.1 mto 4 min
height and 2 m to more than 100 m in length (Kostaschuk
et al., 1989a). The largest dunes have a curved, concave-
downstream planform geometry with circular depressions
on crests and associated pits in troughs (Kostaschuk &
MacDonald, 1988). Dunes migrate around low tide when
sandy bed material is in transport (Kostaschuk et al.,
1989a,b; Kostaschuk & Church, 1993; Kostaschuk &
Villard, 1996b).

Kostaschuk & Villard (1996b) describe two main dune
types in the Fraser Estuary. Symmetric dunes have stoss
and lee sides of similar length, mean stoss and lee slope
angles < 8°, and rounded crests. Lee slopes of symmetric
dunes reach maximum angles of 11-18° near the dune
trough. Asymmetric dunes have superimposed small
dunes on stoss sides, long stoss sides with slopes < 3°, and
short, straight lee slopes up to 19°. Kostaschuk & Villard
(1996b) conducted a detailed examination of velocity
profiles and found no evidence for lee-side flow reversal
in any of their measurements. Kostaschuk & Villard
(1996b) speculate that symmetric dunes are equilibrium
features, but asymmetric dunes are transitional forms
between symmetric dunes and smaller dunes adjusted to
lower flow velocity.

British
Columbia

=—a Survey line
---- Depth (m)

Tidal flats
Delta plain
Anchor station
Dyke

1000 m

Fig. 1. Study area showing locations of
anchor station (1989) and survey line
(1990).
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METHODS

A Datasonics DFT 25kHz acoustic profiler (e.g.,
Kostaschuk & Church, 1993) was used in June 1990 to
visualize suspended sand structures over large dunes in
the Fraser Estuary. The profiler transducer was mounted
on a launch that ran along a survey line in the centre of the
estuary channel (Fig. 1). Data were collected during the
2-3 h period surrounding low tide when flow is steady,
bed sediment is in suspension, and boils are apparent at
the surface. A run usually required 10-15 min to com-
plete and several replicate runs were made during each
survey period. Profile lines varied from 465 m to 1690 m
in length. Measurements of flow velocity and other condi-
tions were not possible during these surveys because the
vessel was travelling in the channel.

Measurements of velocity and suspended sediment
were taken over seven symmetric dunes in June and July
1989 during the 2-3 h period around low tide. Kostaschuk
& Villard (1996b) provide a detailed analysis of velocity
and concentration profiles over three of these dunes — this
study also includes unpublished data from four additional
dunes. Velocity and suspended bed-material concentra-
tion profiles were measured from a launch anchored at
a single station (Fig. 1). A 200-kHz echosounder was
used to measure water depth and to position the vessel
over each dune. Velocity was measured with a Marsh
McBirney Model 527 speed-direction electromagnetic
current meter with a sampling radius of 0.2 m and a
listed accuracy of +1 cms™'. A pump sampler was used
to obtain suspended sediment samples. Velocity was

Velocity

18

16 .

14 . . . ' .
Tl . .o . . .
= .

B0 . T, . "

<« . - -

@

T 6 - Toa

k= ow r " a

S R Pifo-
2] = % i: -
N SRR B I
45 05 0 05 1 1.5

Distance from dune crest (x/L.}

typically measured at 10 points above the bed for each
profile, and suspended sediment was measured at five
points. Measurements started at 0.5 m above the bed and
finished at 8.5 or 10 m above the bed, depending on flow
depth. Velocity was sampled at 1 Hz for a 90 s period at
each point, and the pump sample usually required around
30 s to complete. Particle-size analysis was used to sep-
arate the wash load concentration (particles < 0.125 mm:
McLean & Church, 1986) from the sand concentration in
suspended-sediment samples.

Point velocity and sand concentration were normal-
ized, so that data from individual dunes could be com-
bined and used to construct contour maps of point
horizontal mean velocity, point horizontal turbulence
intensity, point suspended-sand concentration and point
suspended-sand flux. The vertical position of each point
in the flow column (y) was measured relative to the
trough of each dune, then divided by dune height () to
normalize it. The horizontal position of each point (x) was
measured relative to the crest of each dune and divided by
the dune stoss-side length (L,) for normalization. Each
mean velocity measurement (x#) at a point in the flow
was normalized by the average near-surface velocity for
that dune (). Normalized turbulence intensity is the
standard deviation of the point velocity (s) divided by the
mean point velocity. Point suspended-sand concentration
(c) was normalized by the average near-surface suspended-
sand concentration for each dune ( ). Point sand flux (g,
where g =uc) was normalized by the average near-surface
sand flux for each dune ( g5).

A total of 240 point velocity and 98 point sand-concen-
tration measurements were obtained (Fig. 2). All of the
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Fig. 2. Sampling locations for normalized velocity and concentration measurements. See text for explanation of symbols and

normalization procedures.
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observations were used for the contouring procedures,
but the maps focus on the lower and central portion of
the flow where the data are concentrated. Linear kriging
(e.g., Davis, 1986), a simple moving-average interpola-
tion method, was used to produce the sampling grid for
the contour maps. Kriging estimates points on an evenly
spaced grid by calculating a weighted average from a
group of the nearest observations. We selected this pro-
cedure over alternative trend-based methods because it
avoids extreme estimates when data are sparse. A disad-
vantage of kriging is that some resolution is lost in the
filtering process. As the contour maps are intended to
provide an aggregate and general representation of flow
and sediment dynamics, this is not a serious limitation.

RESULTS

River discharge, cross-sectional velocity and flow depth
were lower during the 1989 field season compared with
1990, but tidal height was similar (Table 1). The lower
cross-sectional velocity in 1989 reflects the lower river
discharge. Flow depth is less in 1989 because surveys
were conducted along the edge of the navigation channel,
compared with acoustic profiles collected in the deeper
mid-channel area in 1990, and discharge was lower.
Mean dune length, height and symmetry ratio are all
smaller in 1989 compared with 1990, but dune steepness
and lee-side slopes are larger (Table 2). The 1990 dunes
have stoss slopes, maximum lee slopes, and symmetry
ratios characteristic of symmetric dunes. Some 1990
dunes also have smaller superimposed dunes on the stoss
side (Fig. 3), a morphology that Kostaschuk & Villard
(1996b) describe as characteristic of asymmetric dunes.
Acoustic flow visualization revealed distinct sand-
suspension events on all surveys, but not all dunes act-
ively generated acoustic events. Replicate profile lines
showed that individual dunes were consistently active

over the survey period on each date, and in one case even
on consecutive days. Acoustic structures usually origin-
ated on the lower stoss sides of dunes, but some occurred
directly above dune crests (Fig. 3). The upward-facing
surface of many structures ‘bends’ in a downstream dir-
ection, rising at angles from 12 to 36° near the bed and
decreasing to 5-11° above. Some structures extend more
than 10 m above the bed, but most are confined to the
lower 6—8 m of flow.

Figure 4 illustrates the general patterns of mean veloc-
ity, turbulence intensity, sand concentration and sand flux
with height above the bed. Mean velocity increases non-
linearly with height above the bed, whereas turbulence
intensity, sand concentration and sand flux all decrease.

Table 1. Flow conditions in 1989 and 1990. Q is mean daily
discharge from the Water Survey of Canada for Fraser River at
Hope (130 km upstream of the study site), 7'is low tide height
from the Canadian Tide and Current Tables for Point Atkinson
in Strait of Georgia (30 km north of the study site), U,, is the
mean cross-sectional channel velocity at Steveston predicted
from the Fraser River Mathematical Model, /4 is mean flow
depth over each dune in 1989 and for the acoustic survey profile
in the centre of the channel in 1990.

Survey om’s™) 7 (m) Uyms™)  h(m)
16/06/39 6780 0.9 1.3 11.0
19/06/89 6790 1.1 15 103
20/06/89 6480 0.4 1.4 10.4
21/06/89 5960 0.4 1.4 10.0
01/07/89 4980 0.3 1.6 10.3
02/07/89 4720 0.2 1.6 12.0
03/07/89 4510 0.2 1.6 11.0
20/06/90 8770 0.2 1.9 10.9
21/06/90 8590 0.1 1.8 12.0
24/06/90 8620 0.2 1.8 113
27/06/90 8820 1.4 1.7 11.6
1989 mean 5750 0.5 1.5 10.7
1990 mean 8700 0.5 1.8 11.5

Table 2. Dune morphology in 1989 and 1990. Dunes from 1989 are those over which velocity and suspended-sediment data were
gathered, 1990, are active dunes with acoustic events, 1990; are inactive dunes without acoustic events, p is the independent #-test
probability comparing the morphology of active and inactive dunes groups in 1990, » is the number of dunes, L is mean dune length,

H is mean dune height, H/L is mean dune steepness, 0. is mean lee-side slope angle, o

is the mean value of the steepest lee-side

max

slope angle, S is the mean symmetry ratio (stoss-side length divided by lee-side length). Values in parentheses for 1989 are maxima

and minima.

Year n L (m) H (m) HIL o) O (0
1989 7 27 (18-34) 1.33(0.68-1.93) 0.049 (0.031-0.072) 7.4(6.8-8.3) 11.1(8.9-18)
1990, 15 64 1.95 0.031 6.6 102
1990, 15 74 2.20 0.030 6.4 12.8

P 15 0.44 0.25 0.76 0.87 0.71
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Fig. 3. Acoustic flow visualization along the survey line (Fig. 1): A, 27 June 1990; B, 21 June 1990.
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Fig. 5. Contour plots of normalized mean velocity and normalized turbulence intensity. Sample positions are shown on Fig. 2. See text
for explanation of symbols and normalization and contouring procedures.

Spatial variations in these patterns are illustrated on the
contour maps (Figs 5 & 6). The upper portion of the flow
(>4y/H) is a reasonably homogeneous region of high
velocity, low turbulence intensity, low sand concentra-
tion and low sand flux, although there are localized
zones of higher mean velocity and turbulence intensity
above the lower stoss side. The lower region of the flow
(< 4y/H) has lower velocity, higher turbulence intensity
and higher sand concentrations and flux.

Well-defined zones of high turbulence intensity occur
near the bed in the dune trough (a on Fig. 5), on the lower
stoss side (b on Fig. 5) and at the dune crest (c on Fig. 5).
Similar zones occur further above the bed downstream of
the dune crest (d on Fig. 5) and the lower stoss side (e on
Fig. 5). A poorly defined zone of moderate turbulence
intensity also exists higher in the flow above the crest
(f on Fig. 5). Some zones of high turbulence intensity
are also characterized by low mean velocity (a, d, e and
fon Fig. 5). All velocities measured on the lee side are
directed downstream, with no evidence for lee-side flow
reversal.

Discrete zones of high sand concentration and flux
occur in the lower flow region. The largest zone begins
close to the bed on the lower stoss side and extends
slightly downstream of the crest (a on Fig. 6). Smaller
zones of high concentration and flux extend downstream
of'the crest above the bed (b on Fig. 6) and above the bed
over the upstream trough (c on Fig. 6). A zone of high
concentration also occurs in the downstream trough (d on
Fig. 6).

DISCUSSION

The smaller dunes in 1989 compared with 1990 (Table 2)
reflect the shallower flows and lower flow velocities in
1989 (Table 1). Lower dune steepness (height/length),
lower lee-side angles and higher symmetry ratios for
dunes in 1990 may be the result of higher suspended-
sand transport rates produced by higher flow velo-
city. Kostaschuk & Villard (1996b) found that high
flow velocity caused ‘rounding’ of the dune crest and
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Fig. 6. Contour plots of normalized sand concentration and normalized sand flux. Sample positions are shown on Fig. 2. See text for

explanation of symbols and normalization and contouring procedures.

enhanced deposition of suspended sediment in the dune
trough, both of which would contribute to lower steep-
ness and gentler, but longer, lee-side slopes in 1990. They
also found that these processes cause lower symmetry
ratios, but our data show lower ratios in 1989. We have
no physical explanation for this, but it could be biased by
the small sample size in 1989. Some dunes in 1990 have
superimposed dunes similar to the asymmetric dunes
described by Kostaschuk & Villard (1996b), even though
all other morphological characteristics resemble sym-
metric dunes. This suggests that a few 1990 dunes may
be in the process of transition to asymmetric forms.
Acoustic flow visualization showed that some dunes
were consistently generating suspension structures and
others were not. We examined possible morphological
controls on event generation by using independent #-tests
to compare characteristics of acoustically active and in-
active dunes (Table 2). The tests showed no significant
difference in any of the morphological variables between
the two groups, indicating that two-dimensional dune
morphology does not influence suspension activity. It is
possible that planform characteristics of Fraser dunes,

such as crest depressions and trough pits (Kostaschuk
& MacDonald, 1988), may serve as foci for sediment sus-
pension, but we have no way to test this for our data set.

It is well-known that velocity and sand concentration
can vary considerably over time periods of several min-
utes (e.g., Lapointe, 1992) and our sampling intervals of
90 s for velocity and around 30 s for concentration cer-
tainly do not capture all temporal variability inherent in
the Fraser data. In addition, the maps of concentration and
flux are based on a lower sampling density than velocity.
These sampling considerations suggest that the contour
maps are useful as general representations of flow and
sediment fields over dunes, but detailed interpretations of
patterns must be treated with some caution. Additional
caution must be used in comparing acoustic images with
patterns on the contour maps because of the very different
temporal and spatial scales of the data. The contour maps
represent time-averaged and dune-averaged velocity
and suspended-sediment concentration. In contrast, the
acoustic images are nearly instantaneous ‘snapshots’ of
strongly intermittent suspension events. The measurements
used for the contour maps, however, certainly capture and
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Fig. 7. Scatter plot of sand concentration versus turbulence
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‘average’ the instantaneous structures illustrated on the
acoustic images.

The contour maps (Figs 5 & 6) show that discrete zones
of low velocity and high turbulence intensity generally
correspond with zones of high sand concentration and
flux, an appearance supported by a moderate but highly
significant correlation between turbulence intensity and
sand concentration (Fig. 7). This correlation indicates that
sand is held in suspension by events associated with high
turbulence intensity in the flow. The largest zone of high
sand concentration and flux on the contour maps (a on
Fig. 6) occurs close to the bed on the stoss side of the dune
and extends above the lee downstream of the crest. High
turbulence intensity near the bed, however, occurs in
zones in the trough (a on Fig. 5), the lower stoss side (b on
Fig. 5), the crest (c on Fig. 5), and above the lee side
downstream of the crest (d on Fig. 5). More data were
used in construction of the velocity contour maps com-
pared with the sediment maps, and the sand sampling
pattern may not be sufficiently dense to reveal different
zones. It is also possible that sand eroded on the lower
stoss side and transported in suspension over the stoss
obscures sand-suspension sites further downstream.
Although it is difficult to locate the origin of the portion of
the sand-suspension zone that extends beyond the dune
crest on the contour map (a on Fig. 6), it is probably the
product of suspension structures apparent on the lower
stoss sides of dunes on acoustic images (Fig. 3). The zone
of high turbulence intensity on the lower stoss side (b on
Fig. 5) is probably responsible for the erosion and suspen-
sion of the sand.

The secondary zone of high concentration and flux
above the bed on the contour map (b on Fig. 6) most likely
is associated with the zone of high turbulence intensity
situated on the crests of the dunes on the contour map
(c on Fig. 5) and on the acoustic images (Fig. 3). The zone
of high sand concentration and flux above the upstream
trough (c on Fig. 6) is probably from dunes located
upstream. Low mean velocity and high turbulence inten-
sity in the dune trough (a on Fig. 5) are related to high
sand concentration (d on Fig. 6), but not high flux. High
sand concentration in the trough results from sediment
settling from above that is kept in suspension by high
turbulence intensities. The absence of significant sand
flux in the trough is the result of low horizontal velocities.

Figure 8 is a preliminary, conceptual model for flow
and turbulent suspended-sediment structures over large,
low-angle, unseparated-flow dunes dominated by sedi-
ment transport in suspension. This model is speculative in
nature and is designed to serve as a guide for further
investigation. Flume experiments and field measure-
ments of dunes with flow separation (e.g., McLean &
Smith, 1986; Nelson et al., 1993; Bennett & Best, 1995)
show that the mean flow consists of an outer flow, a wake
region that expands downstream of the crest, a lee-side
separation zone of flow reversal and an internal boundary
layer. Our contour maps of mean velocity and turbulence
reveal a region of outer flow characterized by high veloc-
ity and low turbulence intensity (Fig. 8A), but over these
low-angle dunes the separation zone is replaced by a lee-
side deceleration zone of downstream flow (Fig. 8A). The
upper boundary of the wake region is indicated by the
zone of high turbulence intensity that extends down-
stream of the crest on our contour maps (Fig. 8A). An
internal boundary layer probably exists on the stoss side
downstream of the reattachment point (Fig. 8A), but our
measurements are too far from the bed to define it.

Bennett & Best (1995) found high horizontal turbu-
lence intensity in dune troughs, a pattern similar to our
contour plots, but did not find the zone of high horizontal
turbulence intensity at the dune crest. Their experiments,
however, showed that turbulent ‘sweep’ events (inrushes
of fluid toward the bed) were concentrated near the dune
crest and at reattachment. They also found that turbulent
‘ejection’ events (upwellings of fluid toward the surface)
occurred along the shear layer between the wake and
outer flow regions. More recently, Bennett & Best (1996)
suggested that ejection events also originate at reattach-
ment, where sweeps are concentrated. Reattachment
ejection structures could originate from large vortices
that develop in the wake region (Muller & Gyr, 1986,
1996b), or instabilities that originate along the shear
layer above the deceleration zone (Itakura & Kishi,
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Fig. 8. Preliminary conceptual model for flow (A: modified from McLean & Smith, 1986), and suspension structures (B: proposed
sweep positions from Bennett & Best, 1996) for large dunes dominated by sand transport in suspension. See text for explanation.

Not to scale.

1980). These flume experiments show that ideal condi-
tions for generation of upwelling, ‘ejection-like’ suspen-
sion structures exist at dune crests and at reattachment.
Large turbulent sweep structures over dunes could erode
bed sediment (e.g., Best, 1992) that is then suspended in
the ejection structures (Fig. 8B). Our acoustic data (Fig.
3) provide dramatic images of these events in the Fraser
River. Kostaschuk & Church (1993) found that acoustic
suspension structures in the Fraser River have strong
positive upward vertical velocities and horizontal velo-
cities lower than the mean—features characteristic of
ejections.

Most large rivers have fine-grained beds in their lower
reaches, and sand transport is overwhelmingly in suspen-
sion (e.g., Kostaschuk & Ilersich, 1995). Acoustic time
series (Kostaschuk & Church, 1993; Kostaschuk &
Villard, 1996b) show that coherent suspension structures

occupy most of the flow and are likely the dominant
mechanisms of sediment transport in these systems.
Although many formulae are available for sediment
transport in fluvial systems, most rely on time-averaged
flow properties and do not attempt to account for the
fundamental role of coherent flow structures (Nezu &
Nakagawa, 1994). Recently, Hogg et al. (1994, 1996)
have proposed models to simulate the transport of bed-
load by sweeps and suspension transport by ejection
structures. We believe that the model of Hogg er al.
(1994) should be developed to provide a more complete
simulation of sand suspension by coherent flow struc-
tures. Such a model is crucial to understanding sedi-
mentary processes and to reliable prediction of sediment
transport rates, especially in rivers dominated by sediment
transport in suspension. Our understanding of the fluid
and sediment dynamics of turbulent suspension structures
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remains poor, however, and will improve only with com-
bined field and flume investigations.

SUMMARY

An acoustic profiler provides nearly instantaneous ‘snap-
shots’ of strongly intermittent suspension events, and
velocity and sand-concentration profiles are used to
create time- and spatially averaged contour maps of flow
and sand-suspension structures over dunes in the Fraser
River. Acoustic flow visualization shows suspension
structures originating at both dune crests and at the lower
stoss sides of dunes. The contour maps reveal turbulent
structures, characterized by low velocity and high turbu-
lence intensity, in the dune trough, the lower stoss side,
the crest and above the lee side downstream of the crest.
High sand concentration and flux on the contour maps
occur in a zone that originates close to the bed on the stoss
side of the dune and extends downstream of the dune
crest, and in a zone further above the bed on the stoss side.
The acoustic images and contour maps show that sand is
suspended in coherent flow structures characterized by a
low mean velocity and high turbulence intensity. These
structures are interpreted as upwelling ejections gener-
ated at dune crests and on the lower stoss sides of dunes.
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ABSTRACT

During February—March 1997, measurements were carried out on the growth and decay of bedforms in the Rivers
Rhine and Waal throughout an entire flood. During the rise, peak and fall of the flood, detailed echosoundings were
made of two sections: one section upstream where the Rhine divides into the Waal and the Pannerdensch Kanaal
and the river bed is a mixture of sand and gravel, and one section in the sandy part some 30 km downstream. These
echosoundings were made on a daily basis. The soundings in the upstream section were made using a single-beam
echosounder. In the downstream section both a single- and a multibeam echosounder were used. From this time
series of echosoundings, bedform dynamics throughout the flood were quantified. These results aim to quantify
bedload sediment transport from the day-to-day migration of bedforms daily (dune tracking).

The results show very clearly the growth, decay and migration rates of dunes on the river bed. These dunes cov-
ered most of the bed for a couple of days before and after peak discharge at the sand—gravel-bed section, and for the
entire period of echosoundings at the sand-bed section. The dunes in the sandy part of the river were much longer
and higher than those upstream. Dunes kept growing even after the water level dropped; daily average dune height
and dune length in the sand-bed section were up to 1.2 m and 52-59 m, respectively, with smaller dunes of some
50 cm height and 15 m length superposed on the large ones. Dunes at the sand—gravel-bed section were gener-
ally 20—60 cm high and 10—15 m long. At the sand-bed section dune patterns were very similar from day to day,
enabling the use of correlation techniques to quantify dune migration rates. At the sand-gravel-bed section,
however, the migration rate of the dunes was too fast for the same dunes to be recognized from day to day. Bedload
sediment transport at the sand-bed section, like the dune properties, showed hysteresis when plotted versus dis-
charge. Bedload transport was highest before the discharge peak.

INTRODUCTION

In a densely populated country such as The Netherlands,
rivers serve many purposes, such as shipping, fresh water
for agriculture and drinking water, habitat for aquatic life,
and safety against flooding. Serving these, sometimes
conflicting, purposes at the same time requires a thorough
understanding of natural and human-induced morph-
ological processes. These processes are related to the
behaviour of alluvial sand and gravel beds in a country
largely made up of fluvial deposits in the delta of the
Rhine and Meuse rivers. Clearly, knowledge of bedform
dynamics and sediment transport is an important issue in
The Netherlands. The River Rhine-Waal is by far the
largest river in The Netherlands. This river is part of the
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Rhine river system (Fig. 1). In fact, the Rhine—Waal is
the most important river in western Europe. Its shipping
density is highest of all the inland waterways of the world.
Over centuries the character of this river, as all Dutch
rivers, has been strongly influenced by humans. Human
impact includes dredging and excavation work, groynes
and, locally, rip-rap on the river banks. The present Dutch
Rhine riparian landscape is characterized mainly by pas-
tures, separated from the main channel by groynes (Fig. 2).
The present policy of the Dutch authorities is to return
riverine pastures to natural riparian zones without com-
promising the river’s other functions. Engineering work,
such as the excavation of secondary channels, therefore,

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Fig. 2. Schematic cross-section of a
Dutch river floodplain.

should be designed such that bed-level changes in the
main channel are limited. Numerical morphological mod-
els calibrated with field data, therefore, are needed. These
field data relate to bed-level behaviour and sediment

transport at relatively high discharges. A campaign on
bed-level behaviour and sediment transport was carried
out during a flood in February—March 1997. The outcome
of'this research is presented in this paper.
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The measurements aim at:
1 quantifying bedload sediment transport from the migra-
tion rates and properties of the dunes (dune tracking);
2 quantifying the temporal and spatial variability of bed
roughness during floods.
Studies predicting the hydraulic roughness based on dune
dimensions (and grain size) will be part of an other
project.

DUNE PROPAGATION AND
BEDLOAD TRANSPORT

Bedload and suspended load in the Dutch Rhine
river system

Over the past decades, sediment transport in the Dutch
Rhine system has been studied by several researchers in
different ways. The sediment is transported as suspended

load and bedload and generally is referred to as sand-
sized because gravel is only a small part of the transported
load (Table 1).

The oldest data available are from Van Til (1956). He
carried out several in situ measurements of suspended
and bedload sediment transport in all branches of the
Rhine for a large range of discharges, and used these data
to test sediment transport formulae. He calculated the
sediment transport for an average yearly discharge curve
and for the large-magnitude flood of 1926 (Fig. 3). In the
1980s and early 1990s again a series of in situ sediment
transport measurements was carried out, also for different
discharges and addressing both suspended load and bed-
load. From these measurements, relationships between dis-
charge and sediment transport were determined, and from
these relationships and the yearly discharge curves the
yearly sediment transport was calculated for the period
1980-1995 (Kleinhans, 1996). Van Dreumel (1995) pro-
duced a sediment budget for the downstream, estuarine

Table 1. Bed material sediment transport in the Waal according to several studies. The data of Van Til and Kleinhans refer to the
upstream and those of Van Dreumel to the downstream part of the Waal. The data of Droge refer to a position 10 km upstream

of the Waal.
Conditions Reference Bedload Suspended load Total (x 1000 m® yr™")
1901-1950 Average year Van Til (1956) 175 110 285
1926 Year with flood Van Til (1956) 265 245 510
1980-1995 Average year Kleinhans (1996) 287 368 655
1988 Year with flood Kleinhans (1996) 319 535 854
1995 Year with flood Kleinhans (1996) 314 518 832
1982-1992 Average year Van Dreumel (1995) 700%*
Average year Droge (1992) 4127
* A dry density of 1500 kg m ™ was assumed.
+ Data refer to particles > 200 pm.
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Fig. 3. The highest Rhine discharges for each year since 1900 and the peak discharge of March 1997 (in black).
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part of the Rhine—Meuse river system, based on a detailed
study of soundings, dredging works and sediment trans-
port measurements in this area over the period 1982—-1992.
From this budget the yearly sand output from the River
Waal was calculated. Droge (1992) quantified the sedi-
ment transport output volume of the German Niederrhein
from transport measurements and echosoundings in this
area. This material is input into the Dutch Rhine—Waal.
Table 1 shows that average yearly transport of bed
material in the Waal is roughly 500 000 m® yr™". The sed-
iment transport during a large-magnitude flood can also
be estimated from the data in Table 1 by subtracting the
data for an average year from the data for a year with a
flood, as provided by both Van Til and Kleinhans. Thus
for the Waal, sediment transport volumes of 225 000,
199 000 and 177 000 m® flood™" can be calculated for the
floods of 1926, 1988 and 1995 (Fig. 3), respectively.

The principles of dune tracking

Among the first to use the propagation of bedforms to
quantify bedload sediment transport were Engel and Lau
(1980). Following Havinga (1982) a formulation for bed-
load transport from the migration of dunes can be derived.
Continuity of mass implies

8qp &z _
ox Ot
where g, is bedload (m? s™"), x is horizontal distance (m),

z is bed level (m) and ¢ is time (s). Assuming undisturbed
propagation of the dunes at a celerity ¢ = Ax/At
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Combining eqns (1) and (4) leads to
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Hence
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where z; is the height of the dune where ¢,(x) =0. The
average bedload over one dune wavelength A results from
the integration of eqn (7)

A A
9o =5 Jan (0= o) - 200 (®)
0 0

When dunes are large and gentle, the flow follows the bed
topography and z,, is the level of the dune trough. Then
eqn (8) becomes

9y =c/H ©)

where H is dune height (= dune crest — dune trough) (m)
and /' is a dimensionless form factor.

The form factor f'is defined as /= V/HA, where V is
dune volume per running metre. This factor fis 0.5 in the
case of triangular dunes. Generally, however, the dunes
are too steep for the flow to follow the bed topography.
The flow separates at the dune crest and reattaches at a
point on the stoss side of the next dune. The sediment
particles below this point of reattachment, therefore, are
not transported. Thus, sediment transport takes place over
adepth of (1 — ov)H instead of H, where o is the part of the
dune height below the point of reattachment. Adding this
term to eqn (9) results in

gy =/(1 — 0)cH = BcH (10)

where [ is the so-called bedload discharge coefficient.
This coefficient is to be determined by comparing the
bedload transport according to eqn (10) with the sediment
transport quantified from measurements with bedload
samplers. In that way, B combines the effect of the form
factor, the point of reattachment, and additional effects
resulting from suspended particles settling in the dune
troughs, being suspended at the dune front, or jumping
from crest to crest and therefore not taking part in the bed-
load calculated from the migration of the dunes. This bed-
load discharge coefficient has been determined by several
researchers from flume experiments, field conditions and
a combination of both (Table 2).

The value of  according to data from Havinga & ‘t
Hoen (1986) is relatively high. They compared the bed-
load transport from dune tracking with the volumes of
sand deposited in a trench dug in the River IJssel (Fig. 1).
During a 2-week period bedload calculations were made
by subtracting the soundings for two consecutive days
throughout these 2 weeks. Remarkably, most of their
values for o in eqn (10) were negative, implying that the
point of zero transport is below the dune trough, which is
physically impossible. In a discussion between Havinga
(1983) and Engel & Lau (1983) about these results, Engel
& Lau attributed these deviating results to the settling of
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Table 2. Published bedload discharge coefficients (J3).

Reference Conditions B
Simons et al. (1965; in Van den Berg, 1987) Flume experiments 0.5

Engel & Lau (1980, 1981) Flume experiments 0.33
Havinga (1982) 1Jssel River 0.6
Havinga & ‘t Hoen (1986) 1Jssel River 0.99
Hansen (1966; in Van den Berg, 1987) Skive-Karup River 0.49
Jinchi (1992) ShenShui River 0.53
Mardjikoen (1966; in Van den Berg, 1987) Flume experiments + Hii River 0.6+0.21

sediment from suspension in the trench, which results in
an overestimation of the bedload transport into the trench.
On the other hand, part of the bedload transport is not in
the form of the displacement of dunes but results from
sediment jumping from crest to crest. If this part of the
bedload is significant, a comparison of bedload transport
based on dune tracking and siltation rate would result in
negative values for a.. These values should not be inter-
preted as the point of zero transport being lower than the
dune trough. It merely indicates that the depth of bedload
transport is higher than the dune height.

Most of the values for B in the literature are between
0.5 and 0.6. Pending more information about the process
of bedload transport in Dutch rivers, in this paper a bed-
load discharge coefficient § for the River Waal of 0.55 is
assumed.

STUDY LOCATION

The River Rhine originates in the Alps and flows through
Switzerland and Germany to The Netherlands (Fig. 1A).
The Rhine river system in The Netherlands consists of
a set of three distributaries originating from the River
Rhine at two bifurcations, just after the Rhine has passed
the Dutch—German border (Fig. 1B). These three distri-
butaries are the Waal, Nederrijn-Lek and IJssel. These
branches have embankments constructed along their
entire length. The discharge ratio between these distri-
butaries is approximately 6:2:1.

The average discharge of the Rhine near the
Dutch-German border is 2300 m* s™', stemming from
both rain and snowmelt. In December 1993 to January
1994 and January to February 1995 the river Rhine expe-
rienced maximum discharges of 11 000 and 12 000 m*s™,
respectively, among the highest Rhine discharges ever
recorded (Fig. 3). With respect to these discharges the
high discharge of 1997 with a peak value of 7000 m® s™,
which is the subject of this paper, was relatively modest.

A peak discharge of >7000m’s™' is experienced on
average every 4 yr.

The branches of the Dutch Rhine are generally sand
bed rivers with median particle sizes for bed material of
about 0.5-4 mm. In 1995 the upper 5-10 c¢cm of the bed of
the River Rhine—Waal in The Netherlands was sampled at
three positions across the river with cross-sections at reg-
ular distances of 1 km down its length, and the grain-size
composition was determined by nested sieving (Fig. 4).
The sediment of the bed is mainly sand for most of the
river length downstream of the Dutch-German border.
Upstream, near the border, the bed is a mixture of sand
and gravel. The average water depth of the Rhine—Waal
is in the order of 5 m. The length and width of the study
reach are 104 km and 260-340 m, respectively. Bed
gradient is 1.1 x 10™. The research was carried out
at two locations on the Rhine—Waal: at the bifurcation
of the Rhine into the Waal and Pannerdensch Kanaal
(sand—gravel bed), and some 30 km downstream in the
Waal (sand bed) (Fig. 1c). At both locations the river is
relatively straight (sinuosity = 1.1).

METHODS AND ANALYSES

Single-beam and multibeam echosounding

Near the bifurcation of the Rhine into the Pannerdensch
Kanaal and the Waal echosoundings were made connect-
ing 1-km subsections in each of these rivers (Fig. 1C).
These subsections were sounded along 1 km tracks paral-
lel to the banks. These tracks were distributed over the
entire wetted cross-section between the groynes, 10 m
apart for the Waal subsection and 20 m apart for the other
two subsections. The survey vessel was equipped with a
digital reading single-beam echosounder (ATLAS DESO
25) and a two-dimensional horizontal positioning system
(differential global positioning system — DGPS), con-
trolled by a desk-top computer. Deviations from the
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Fig. 4. The grain-size distribution of the bed of the Dutch Rhine and the River Waal, farther downstream, versus distance along the

river, based on three samples across the river at each 1-km section.

programmed course are computed and presented to the
helmsman of the ship to enable him to correct the course
immediately. The actual position, together with the
related water depth data, are stored on tape and processed
on a main frame computer at the office.

The sand-bed section halfway down the Waal was
sounded along 1-km tracks parallel to the banks with two
different types of echosounders. From one vessel a sim-
ilar single-beam echosounder was used as for the section
near the bifurcation. These tracks were 10 m apart and
covered the wetted cross-section between the groynes.
From another vessel a multibeam echosounder was used.
This multibeam SIMRAD echosounder consists of a set
of 128 echosounders underneath the centrepoint of the
vessel that scan the bed topography in a line perpendicu-
lar to the boat’s track. Generally, the results of the outer
eight sensors (four on each side of the vessel) are not con-
sidered for reasons of accuracy. Each sensor transmits a
95 kHz signal with a beam width of 1.5°. The beam width
of all sensors combined is 150°. This way the river bed is
scanned over a width of five times the water depth. The
entire bed area in between the groynes was sounded by
sailing 14 tracks, including ample overlap. All move-
ments of the vessels (pitch, roll, heath, heading) are cor-
rected automatically, as are the influences of salinity and
temperature on sound velocity. Positioning is by means of
DGPS. The combined accuracy of the determination of

position and elevation is such that bed topography can
be determined with an absolute accuracy of 20 cm.
Considering the high density of data (6—7 depth values
m), the average bed level per square metre can be calcu-
lated far more accurately.

Dune tracking using GIS-based software

In order to perform the calculations of the bedload trans-
port by making use of dune propagation, several dune
characteristics have to be measured. Because of the large
amount of data that was obtained by echosounding, this
could be done only through a computer program. The
DT2D (dune tracking in two dimensions) program per-
forms most of the calculations without interaction with
the user. The user is prompted to give only some of the
thresholds that are needed during the calculations and
during dune fitting.

Data (from single-beam and/or multibeam echosounders)
are loaded into an internal data base. Then the program
calculates the dune migration distance for every echo-
sounding track by using a cross-correlation technique.
The match for the echosoundings of a certain track at time
T, and T, for which the maximum cross-correlation is
calculated is the dune migration distance from 7 to T5,.
The dune migration rate is this distance divided by AT =
T, — T,. Cross-correlation is calculated from
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where r; is the cross-correlation for matching position j, n
the number of points, Z,; the z value in the track at 7= T
and Z,, the z value in the track at 7 = T7,. The program also
calculates a digital elevation model (DEM) using an
inverse distance technique.

After these first calculations the program shows the
position of all the tracks in a map window and the depth
profiles of one or two of these tracks in another window.
The depth profile of a specific track at a specific time
can be selected from the tracks on the map. The user can
locate dunes on the tracks interactively. This is done by
giving the lower limit of the length of bedforms that may

February 27

February 28

Pannerdensch Kanaal

¥

March 2
Discharge peak

March 3

be considered dunes, which is the smallest distance be-
tween two successive troughs of a bedform. Additionally,
a filter may be used to smooth outliers that are not con-
sidered to be dunes.

When the dunes are located the program determines
the dune length, height, volume and slope of the stoss-
and lee-side for each dune. Next these dune characteris-
tics are averaged for each track and exported as ASCII
files for further calculations in a spreadsheet.

RESULTS

Dune pattern and planform

On 27 February the Rhine discharge exceeded 3500 m* s™
and the campaign of daily echosoundings of the selected
transects in the Rhine river system was started. On this
day the upstream section was already partly covered with
dunes (Fig. 5). In Fig. 5 the variations in bed topography

\\ March 6

March 1 March 4
Waal
A
Bovenrijn
no dunes 2 km
B o b e

Fig. 5. The presence of dunes in the upstream sand—gravel-bed section of the Dutch Rhine, the River Waal and the Pannerdensch

Kanaal during the rise and fall of the flood of February—March 1997.
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are considered to be dunes when the ratio between
bedform length and bedform height is less than 70. When
discharge increased towards its peak on 2 March the area
covered with dunes increased, with an almost complete
coverage at the time of peak discharge. Just a few days
after the discharge had started to decline the bed flattened.
A week after the peak discharge the pattern of dunes had
almost completely disappeared.

For the downstream section somewhat different results
were obtained. Again, the bed was already almost com-
pletely covered with a pattern of dunes on the first day of
echosounding (27 February; Fig. 6) but this pattern did
not change throughout the campaign. After 2 weeks the
pattern of dunes was similar to the pattern at the begin-
ning of the campaign. Owing to the use of a multibeam
echosounder in this area this pattern can be displayed in
great detail, showing large dune crests perpendicular to

\4

Lee side slope
LR}

Fig. 6. The pattern of dunes in the
middle sand-bed section of the Waal
during the rise of the flood of
February—March 1997, visualized as a
depth map with respect to Dutch
Ordnance Datum (A), and by
presenting the slope of the bed (B).

the bank and smaller dunes superposed on these large
dunes. Although the large dunes covered the entire cross-
section of the bed, they were highest and steepest in the
northern half of the bed.

Dune height, length and steepness

For the sand—gravel bed section the dune geometry
changed remarkably going from the Rhine into the Waal
and Pannerdensch Kanaal. Figure 7 shows the average
dune properties in the subsections of the Rhine and Waal.
For each day an average value for the length, height and
steepness of the dunes was calculated for the entire 1-km
subsections. The dunes in the Pannerdensch Kanaal were
comparable to the ones in the Waal. Dune height and dune
length decreased where the Rhine divides into the Waal
and Pannerdensch Kanaal, from average values up to
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Fig. 7. Dune height, length and steepness versus time in the upstream sand-gravel-bed section of the River Rhine-Waal during the

flood of February—March 1997.

60 cm height and 15 m length to average values up to
40 cm height and 13 m length. The dunes were largest
after the peak discharge. Dune steepness closely followed
the variation in discharge. Dune steepness was highest at
peak discharge and was up to 4-5° for the stoss side and
up to 7-8° for the lee side. The hystereses between the
dune properties and the discharge curve are shown in
Fig. 8, where these properties are plotted versus dis-
charge. The hystereses are strongest for the Rhine subsec-
tion, with anticlockwise loops for dune length (Fig. 8A)
and dune height (Fig. 8C) and clockwise loops for dune
steepness (Fig. 8E). The hysteresis for dune steepness is
small or negligible for the Waal subsection (Fig. 8F).

For the sand-bed section a distinction is made between
large dunes and small dunes, the latter being the small
bedforms superposed on the larger ones. An average
value for the length, height and steepness of the dunes
was calculated for each day for the entire 1-km section,
for both the large and the small dunes. The results are pre-
sented in Fig. 9 together with the discharge curve.
Remarkably, the length of the large dunes was highest
during the rise of the flood and decreased at peak flood
and during the fall of the flood (Fig. 9A). The length of the
small dunes, however, was highest during the fall of the
flood (Fig. 9B). The height of both the large and small
dunes increased on the falling limb of the discharge curve
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Fig. 8. Dune height, length and steepness versus discharge in the upstream sand—gravel-bed section of the River Rhine—Waal during

the flood of February—March 1997.

(Fig. 9C&D). Dune steepness was relatively constant
throughout the 2-week period (Fig. 9E&F). The smallest
dunes were steepest. Generally, lee sides were about
twice as steep as the stoss sides.

The hysteresis of dune growth and decline with
changes in discharge is shown in Fig. 10, where dune
properties are plotted versus discharge. For the large
dunes the direction of the loop for dune length (Fig. 10A)
is contrary to the direction of this loop for the smaller
dunes (Fig. 10B) and the dunes of Rhine (Fig. 8A)
and Waal (Fig. 8B), and also contrary to the direction
of the loop for dune height (Fig. 10C&D). For dune
steepness the hysteresis is anticlockwise for the large
dunes (Fig. 10E) and negligible for the small dunes
(Fig. 10F).

Dune migration

For the sand-bed section the downstream displacement of
the dunes can be visualized very clearly by plotting the
planform of the dune crests, derived from the multibeam
echosoundings, in successive time steps. In Fig. 11 this
reconstruction is shown for the entire period for which
multibeam data are available. The black areas at regular
distances along the margins of the plots are groynes. The
dune planform is visualized by plotting the steepest part
of these dunes. The position of one of these dunes is
indicated by an arrow. Although the dunes could be
traced very easy from day to day, the planform gra-
dually changed, resulting in dune crests on day 12 that
were completely different from those on day 1.
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Fig. 9. Dune height, length and steepness versus time in the middle sand-bed section of the River Waal during the flood of

February—March 1997.

The migration of the dunes resulted from erosion of the
stoss sides and deposition on the lee sides. This is visual-
ized by subtracting the echosoundings of two successive
days (Fig. 12). The pattern of erosion and sedimentation
is quite regular, following dune crestlines orientated per-
pendicular to the river banks. A plot such as Fig. 12 was
obtained for all successive days of echosounding. The
migration rate of the dunes was not constant in time.

When plotted versus discharge the hysteresis in the
migration rate is obvious (Fig. 13). In the sand—gravel-
bed section the migration rate and the change of dune
properties appeared too fast to successfully apply our
techniques for dune tracking. Probably, the displacement
of the sediment itself was not so much faster than in the
sand-bed section, but with the wavelength of the dunes
being so much smaller, the displacement of the sediment
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Fig. 10. Dune height, length and steepness versus discharge in the middle sand-bed section of the River Waal during the flood of

February—March 1997.

in number of wavelengths per day was too fast in the
sand—gravel-bed section to be resolved on daily data.
Generally, the same dunes could not be traced from day
to day by cross-correlation. For only a limited number
of dunes, however, the dunes could be recognized from
day to day visually. For these dunes, the migration rate
was quantified, and these were plotted versus dune length
together with the results for the sand-bed section
(Fig. 14). Although based on two clusters far apart, the
results in the figure follow an exponentially reducing
migration rate versus dune length.

Bedload transport

For the sand-bed section, cross-section-averaged bedload
sediment transport is shown in Fig. 15. Bedload transport

was highest on the rising limb of the discharge curve, result-
ing in a clockwise hysteresis of bedload versus discharge.

The single-beam echosoundings were made along
25 1-km transects, 10 m apart. For each of these transects
the bedload transport based on dune tracking was
quantified and averaged over the entire period of meas-
urements. The results are shown in Fig. 16D, together
with the results on the time-averaged dune properties
(Fig. 16A—C). The remarkably high values for dune
height near the northern and southern river banks reflect
scour holes downstream of the groynes. As these scour
holes do not migrate, these features do not influence the
quantification of bedload transport. Bedload transport
variability across the river is quite small. Bedload is
largest in the northern half of the cross-section, which is a
very gentle inside bend.
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Fig. 11. The downstream displacement of the dune crests in the middle sand-bed section of the River Waal in successive time steps.

Fig. 12. The difference of two
successive multibeam echosoundings
(time step is 24 h) in the middle sand-
bed section, showing erosion on the
stoss sides and deposition on the lee
sides.
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DISCUSSION

Dune growth and decline in the Dutch rivers

The results presented in this paper show that even relat-
ively small floods induce bedforms that cover the bed
of the entire wetted cross-section. Considering the short
duration of the flood, these bedforms have dimensions
that are quite large when compared with the dimensions
of'the river. The use of a multibeam echosounder is a most
powerful tool to tackle the temporal and spatial variabil-
ity of these bedforms.

There is a strong difference in the dune properties and
the way the dunes responded to the discharge curve for
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Fig. 15. Bedload sediment transport versus time (A) and discharge (B) in the middle section of the River Waal during the flood

of 1997.
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the sand—gravel-bed section and the sand-bed section. In
the sand—gravel-bed section the bed responded more
closely to the discharge curve. Four days before the peak
discharge some parts of the bed were still flat. At peak dis-
charge the entire bed of the wetted cross-section was cov-
ered with dunes, whereas 1 week later the bed was flat
again. The response of bedforms to discharge variations
depends on the ratio between dune volume and bedload
sediment transport. The smaller this ratio the faster
bedforms will respond. Clearly, this is the case for the
sand—gravel-bed section when compared with the sand-
bed section. The fast response of the sand—gravel bed-
forms to the hydrodynamic forcing seems to be reflected
also in the changing dune properties going from the Rhine
into the Waal and Pannerdensch Kanaal. Unfortunately
no information on changes in flow conditions near the bed
is available to clarify this coupling between hydro- and
morphodynamics.

In the sand-bed section, dunes were present during all
days that echosoundings were made. Remarkably, dunes
in this section were relatively long (and low) on the rising
limb of the discharge curve and became shorter (and
higher) with time. Laboratory experiments have shown
that with increasing discharge, bedform length increased
whereas bedform height remained more or less constant
(Termes, 1986; in Julien & Klaassen, 1995). Results for
the 1984 flood of the River Meuse in The Netherlands

showed that for a given discharge, both the dune height
and wavelength were larger under falling discharge than
increasing discharge. Starting with a flat bed, one would
expect dunes to grow in all dimensions, as was observed
in the sand—gravel-bed section. In the sand-bed section,
however, relatively long bedforms were present at relat-
ively low discharges on the rising limb of the discharge
curve. The presence of these bedforms at such an early
stage of the flood points at either dunes originating
rapidly once shear stress increases or dunes being present
at relatively modest discharges (such as before the flood).
Earlier investigations of dunes in the River Rhine (Van
Urk, 1982) showed a time lag in dune development (dune
height) responding to the discharge curve of approxim-
ately 4 days. It was also shown that the time lag of the
dune heights was much smaller than the time lag of the
dune lengths. Results presented here confirm the shorter
time lag of dune height when compared with dune length.
In fact, it is very difficult to determine this time lag for
dune length because dune length did not really increase
and decrease in time responding to the discharge curve. In
the sand—gravel-bed section, dune length remained rel-
atively large until the end of the campaign. It looks as
though dunes disappear after peak discharge by decreas-
ing in height, whereas dune length stays the same until the
bed has become flat again. During this flood dune height
responded to the discharge curve with a time lag of only 1
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(sand—gravel-bed section) to 2 days (sand-bed section),
which is much shorter than earlier results by Van Urk
(1982). Probably these time lags depend strongly on the
size and duration of the peak discharge.

Whether or not time lag for dune growth depends on
the form and amplitude of the discharge curve, the dune
properties themselves do. Julien & Klaassen (1995) pre-
sented results on dune properties of the Rivers Rhine and
Meuse in The Netherlands during the large-magnitude
flood of 1988 (Fig. 3). They determined average values
for dune length and height for the Dutch Rhine near the
Dutch—German border of typically 20 and 1.5 m, respect-
ively. These dunes also refer to the sand-gravel-bed
section, where the dunes in 1997 were up to 15 m long
and 60 cm high. Julien & Klaassen related dune wave-
length A and dune height A to flow depth and median
grain size and found, as a first approximation, A = 6.5 h
and A=2.5h"" 43’ Following this relationship, aver-
age dune length and height should be 69 m and 1.78 m for
the sand-gravel-bed section (2 =10.6 m, ds, = 1.3 mm)
and 53 m and 1.26 m for the sand-bed section (4 = 8.1 m,
dsy=10.77 mm). Clearly, for the dunes in the sand-
gravel-bed section this is not the case. This probably
results from the fact that the peak discharge was relatively
small and lasted for a couple of days only. It takes time
for dunes to grow, especially when the bed material is
coarse grained. Most likely, a high discharge that lasts for
at least a week is needed for the large dunes to be formed.
In the winter of 1993—1994 and in the early spring of 1995
two of the largest Rhine floods ever recorded occurred
(Fig. 3). These floods lasted for about a month and
resulted in dune properties that were well in line with the
results of Julien & Klaassen (1995).

Dune steepness and implications for flow separation

Dune-length and dune-height variation versus discharge
showed anticlockwise hysteresis except for the large
dunes in the sand-bed section. In this sand-bed section,
the hystereses of dune length (clockwise) and dune height
(anticlockwise) strengthen one another as far as dune
steepness is concerned, which results in a slight anti-
clockwise hysteresis for dune steepness versus discharge.
Changes in dune length and height seem to be equally
important in determining changes in dune steepness. In
the Rhine subsection, dune height and dune steepness
show similar variations in time but opposing hystereses
owing to the combined effect of variations in height and
length.

Kostaschuk & Villard (1996) studied dunes in the
lower reach of the Fraser River, a sand-bed river with
discharge conditions comparable to the River Rhine

(Qmean annual, Fraser — 3400 1’1’13 S_la Qmean annual, Rhine —
2300 m3 s_l; Qmax, Fraser — 11000 m3 S_I’ Qmax, Rhine =
11 000-12 000 m* s™"). They found symmetric dunes
with equal stoss- and lee-side slopes < 8° and asymmetric
dunes with stoss-side slopes < 3° and lee-side slopes up to
19°. In both sections of the River Rhine dunes were asym-
metric with lee-side slopes < 8°, being about twice as
steep as the stoss sides. One might expect the formation of
dunes to depend upon both the value of the discharge
peak and the duration of the flood. Julien & Klaassen
(1995), however, also found relatively low slopes for the
dunes in the Dutch Rhine during the larger, longer lasting
flood of 1988: height:length ratio = 0.02-0.04. In 1997
this ratio was 0.03—0.04 for the dunes in the sand—gravel-
bed section and 0.02—0.03 for the dunes in the sand-bed
section. Possibly, a strong interaction with the suspended
load plays a role. During the echosoundings of 1997
both suspended and bedload sediment transport were
measured in detail near the sand—gravel-bed section
(Kleinhans, 1997). These results showed that at least 60%
of the total sediment transport (suspended + bedload) was
suspended load. Kostaschuk & Villard (1996) indicated
that the lower slopes of the lee sides of their symmetric
dunes, especially, resulted from the settling of suspended
sediment in the dune troughs. This may seem to be an
explanation for the relatively low slopes of the dunes in
the Rhine distributaries. The theory seems unlikely, how-
ever, considering the constant difference between the
slopes of lee and stoss sides. Possibly, the definition of
dune slope in the dunetrack software is inappropriate.
This slope is defined as the slope of the line connect-
ing the highest (top) and lowest (trough) bed levels.
Probably, the steepest tangent to the lee-side slope of
the dunes provides angles more in line with the results
of Kostaschuk & Villard (1996). It is not clear yet
whether dunes are steep enough for the flow to separate at
or near the crests, and thus whether the dunes contribute
to the bed roughness. According to Dyer (1986) dunes
are likely to have separated flow at height:length ratios
> 0.067.

Sediment transport

For the data of the sand-bed section, dune tracking was
applied succesfully. The dunes could be recognized on a
day-to-day basis very well. In fact, in future campaigns a
time lag of 48 h instead of 24 h may be used without com-
promising the success of dune tracking as bedload is cal-
culated from the displacement of the larger dunes, which
do not change that much from day to day. In cases where
the data are to be used for research on bed roughness,
however, the echosoundings should be made on a daily
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basis because bed roughness depends on the smaller
dunes where flow separation is more likely. For the data
on the sand—gravel-bed section, dune tracking could not
be used because these dunes migrated more than one
wavelength per day and cross-correlation could not be
used to track the same dunes from day to day. In addi-
tion, deformation of dunes is a greater problem when
dunes are small (Gabel, 1993). In future campaigns the
sand—gravel-bed section must be sounded twice a day.
The hystereses of the dune properties when plotted versus
discharge are reflected in the bedload sediment transport.
Bedload transport is highest during the rise in discharge.
This is in line with the theory that the current associated
with a certain discharge loses more energy as a result of
friction on the falling limb, the dunes being higher and
steeper, so less energy is available for moving sediment
particles (Richards, 1982). Similar results were shown by
Kuhnle (1992).

The great advantage of using dune tracking for the
determination of bedload transport is the possibility to
quantify the variability of this transport across the river
in great detail in a short period of time. Generally, this
period is short enough to assume constant discharge con-
ditions. Quantifying this spatial variability across the
river from Helley Smith type bedload samplers takes a
couple of days owing to the great number of samples that
have to be taken to account for random (inaccuracies in
the instrumentation) and systematic (along and across
dune) variations. During the flood of 1997, as part of the
same project, suspended and bedload sediment transport
was also determined directly by using an acoustic device
for suspended sediments and a Helley Smith sampler for
the bedload. This was done in the 1-km part of the Waal in
the sand—gravel-bed section. It took 3.5 days to complete
one set of measurements across the river. Naturally, dis-
charge conditions changed such that sediment transport
varied owing to a combination of spatial and temporal
variability of processes that are hard to unravel. These so-
called direct sediment transport measurements, however,
have to be carried out in combination with dune tracking
because dune tracking also has a major disadvantage,
namely that only a certain part of the sediment transport is
quantified. A large part of the total load is suspended load
or bedload that moves across the bed without taking part
in the displacement of bedforms. From the direct sedi-
ment transport measurements the total sediment transport
in the 1-km part of the Waal was quantified for a period of
8 days (two complete sets of measurements) covering the
discharge peak and the falling limb. Total transport was
32000 m’, of which 12800 m® was bedload. Bedload
resulting from the migration of dunes must be less than
12 800 m®. Unfortunately, this cannot be checked in this

section. In the sand-bed section, bedload according to
dune tracking during the same period was 7300 m>. It
seems that bedload in the form of migrating dunes is
a small part of the total load. Also, the choice of bed-
load discharge coefficient may be too small. A good
quantification of this coefficient, therefore, is of utmost
importance.

CONCLUSIONS

The results show very clearly the growth, decline and
migration rates of dunes in the distributaries of the Dutch
Rhine. These dunes covered most of the bed for a
couple of days before and after peak discharge at the
sand—gravel-bed section and for the entire period of
echosoundings at the sand-bed section. The dunes in the
sandy part of the river were much longer and higher than
those upstream. Dunes still kept on growing once the
water level dropped: dunes in the sand-bed section were
on average up to 1.2 m high and 52-59 m long, with
smaller dunes of some 50 cm height and 15 m length
superimposed on the large ones. Dunes at the sand—
gravel-bed section were generally 20-60 cm high and
10-15 m long. When compared with data from the litera-
ture, the dunes during the flood of 1997 were relatively
small. This probably is the result of the short duration of
the peak discharge. At the sand-bed section, dune patterns
were very similar from day to day, enabling the use of
correlation techniques to quantify dune migration rates.
At the sand—gravel-bed section, however, the migration
rate of the dunes was too fast for the same dunes to be
recognized from day to day.

The time lag of dune growth responding to the dis-
charge curve was relatively small, especially for the
sand—gravel-bed section. This time lag was in the order
of 1 day for the sand—gravel-bed section to 2 days for
the sand-bed section. The hystereses of dune properties
versus discharge were generally anticlockwise.

Remarkably, dune length versus discharge showed a
clockwise hysteresis for the large dunes in the sand-bed
section. From the variation of dune length with time, it
may be inferred that either dunes in the sand-bed section
originate rapidly once shear stress increases, or dunes are
present at relatively modest discharges. Changes in dune
height and dune length seem to be equally important in
determining changes in dune steepness. The combination
of the hystereses of the dune properties results in a clock-
wise hysteresis for bedload sediment transport at the
sand-bed section: bedload transport was highest before
the discharge peak. Bedload transport quantified through
dune tracking is probably a small part (< 40%) of the total
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load. A good quantification of the bedload discharge
coefficient, therefore, is of utmost importance.
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ABSTRACT

The distribution of bedforms in part of the middle reaches of the macrotidal Tay Estuary, Scotland, has, for the first
time, been surveyed systematically using side-scan sonar. The main bedform types recorded were dunes of various
sizes and morphologies, with small wavelength dunes occupying most of the channel areas. Dunes of three wave-
length classes (small, 0.6—5.0 m; medium, 5.0-10.0 m; large, 10.0-100.0 m) were recorded on Middle Bank, a
major sand bank that divides the study area into the main Navigation Channel to the south and Queen’s Road
Channel to the north. Medium height dunes (0.25-0.50 m) are the dominant dune height class in the study area,
characterizing Middle Bank as well as most channel areas. Dune dimensions measured from sonographs were
examined in terms of intercorrelations of wavelength, height and corresponding water depth. Although some
researchers have found significant correlations between these variables in flume experiments and in field studies of
intertidal environments, dune height and wavelength were not correlated or weakly correlated with water depth in
this study. It is suggested that the relationships between these parameters established previously are not generally

applicable in estuarine environments.

INTRODUCTION AND SETTING

This study was undertaken with two principal aims. The
first was to survey the hitherto unknown spatial distribu-
tion of subtidal and intertidal bedform types in part of
a major, macrotidal estuary using side-scan sonar. The
second was to investigate relationships among the geo-
metrical parameters of bedforms and water depth.

The study area, the Tay Estuary, is the northern of two
major estuaries on the east coast of Scotland. The estuary,
which receives its freshwater from a 6500 km? catchment
area, has a complex origin resulting from a combination
of geological constraints, Pleistocene glaciation, river
erosion and sea-level change. The major draining systems
are the Rivers Tay and Earn, which contribute the great-
est volume of freshwater of any river basin in the UK,
with a long-term mean discharge of about 180 m® s™'. The
marine input depends mainly on the tidal cycle. The tidal
range is between 4 and 6 m (macrotidal) with a tidal reach
of 50 km.

Two multipier bridges, the Tay Railway Bridge and the
Tay Road Bridge, cause obstructions to the free flow of
the tidal waters and geographically define the field study
area (Fig. 1). Previous studies have demonstrated that this
section of the middle reaches of the Tay Estuary is highly
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dynamic and is dominated by sand, migrating sandbanks
and migrating channels (Buller & McManus, 1975).

In the reach between the Railway and Road Bridges,
Middle Bank (Fig. 1) is the largest intertidal sand bank
and acts as a natural divide between the Queen’s Road
Channel to the north and the main Navigation Channel
to the south. It is the largest positive relief feature in this
sector, being over 1 km long and up to 200 m in width.

The dominant bottom sediment type found between
the two bridges is slightly gravelly sand (nomenclature
of Folk, 1974), which covers most of the middle region
of the study area, including Middle Bank (Buller &
McManus, 1975; Wewetzer, 1997). The deep areas, such
as the main Navigation Channel, are lined with coarser
fractions incorporating pebbles and gravelly sand
together with mussels (mainly Mytilus edulis).

EQUIPMENT AND METHODS

A systematic side-scan sonar survey of the study area
was carried out between August 1993 and March 1995
in order to determine the distribution of bedforms. Full

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Fig. 1. Location of Tay Estuary and bathymetry of study area (water depths in metres below Chart Datum — equivalent to level of

Lowest Astronomical Tide).

spatial coverage of the area was achieved. During the
initial part of the field programme a dual-channel Klein
Hydroscan, Model 401, operating at a frequency of
400 kHz and recording sonographs on wet paper, was
employed. After February 1994, a dual-channel Waverley
Sonar 3000, operating at a frequency of 100 kHz coupled
to a thermal linescan recorder, was used. Position fixing
was achieved by means of a Magellan NAV 1000 PLUS
GPS receiver. Although Magellan (1990) suggests an
accuracy of 25 m or better, the accuracy achieved during
the field-work was of the order of +8 m. All field work
was carried out from the research vessel Mya of the Uni-
versity of Dundee, Tay Estuary Research Centre (TERC),
Newport-on-Tay, Scotland, during the final stage of the
flood tide, at slack water and the beginning stage of
the ebb tide. This work forms part of a wider study of the
middle reaches of the Tay Estuary being undertaken by
the authors. Thus, additional data needed to support and
verify sonograph interpretation, the details of which are
not reported in this paper, were provided by vertical beam
echo-sounding and bottom sediment sampling.

The sedimentary bedforms recorded by side-scan sonar
were analysed in terms of their dimensions and classified
on the basis of the scheme of Ashley (1990), according to
which all the bedforms identified in the study area were
various types of dunes. The two most important descrip-
tors, according to Ashley’s (1990) classification, are dune
wavelength (L) and dune height (/). The methods for
measuring these from sonographs are described below,
followed by the observations recorded for the study area.
In order to establish any intercorrelations between L, H
and corresponding water depth (d), following studies
by Allen (1970), Yalin (1977), Dalrymple et al. (1978),
Zarillo (1982), Flemming (1988), Berné et al. (1993)
and others, the dunes identified from sonographs were
analysed statistically for:

1 the whole study area;
2 the study area divided into ebb and flood tidal subsets;
3 the study area divided into intertidal and subtidal areas.

Dune wavelength, or crest-to-crest spacing, is the dis-
tance between the crests of adjacent dunes. Owing to the
geometry of the acoustic pulse travelling through water
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Fig. 2. Example of a sonograph recorded using the Waverley Sonar 3000 (100 kHz) from the southern edge of Middle Bank, middle
reaches of the Tay Estuary. 1, survey line; 2, first surface return; 3, first bottom return; 4, GPS fixes; A, platform dunes (wavelength
15-25 m) with superimposed dunes; B, acoustic shadow of A; C, small wavelength dune (3—5 m) with no superimposed dunes;

D, acoustic shadow of C.

and its reflection, L is generally easy to measure, espe-
cially when a relatively large dune field is recorded.
Commonly, one channel of the sonograph allows a better
interpretation when giving a good reflection from the
steep lee side facing the outgoing pulse (appearing dark
on the sonograph) followed by its acoustic shadow
appearing as a blank area on the trace (Fig. 2). The other
channel will record the gentler stoss slope appearing in
a lighter tone on the sonograph, which does not always
produce a distinct acoustic shadow. Slopes facing away
from the transducer give only light reflections and may
not be detectable. Therefore, dune fields observed on both
channels were easily detected, although small individual
dunes may have been overlooked.

Dune height is the vertical distance between the trough
and the crest of a dune. It is not possible to measure the
height of dunes (H ) directly from sonographs. One has to
measure the acoustic shadow produced by an object or

bedform (/,), the height of the tow fish above the sea bed
(h) as well as the slant range from the tow fish to the tar-
get (ry). With the aid of these three measurements, the
height of a dune may be calculated as follows (Klein, 1985),

_hf)(ls
s+

(D

As not all of the measurements can be made with exact
precision, owing to the resolution of the sonograph print-
out and the sometimes indistinct acoustic shadow, the
results of dune height determination should be regarded
as estimates.

DUNE WAVELENGTH

The morphological classification of dunes after Ashley
(1990) divides crest-to-crest spacing into four classes:
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small, 0.6-5.0m; medium, 5.0-10.0m; large,
10.0-100.0 m; very large, over 100.0 m. No dunes of
very large wavelength were identified in the study area.
The dominant wavelength of dunes observed was of the
smallest class (0.6—5.0 m), which occupy the deep areas
of the Southern Channel (Fig. 1), the main Navigation
Channel and Queen’s Road Channel. The dunes on
Middle Bank are mainly of medium wavelengths, except
in the centre area where large wavelength dunes occur
just east of a region of small wavelength dunes. The shal-
lower regions along the northern shore of the study area
reveal a mixture of small, medium and large wavelength
dunes (Fig. 3). Over most of the study area dunes of
two sizes are present. These consist of platform dunes
(Ashley, 1990) with smaller superimposed dunes. In the
computation of relationships between dune dimensions
and water depth only the platform dunes are included.

—————— precise location of boundary uncertain

Fig. 3. Dune wavelength during flood
and slack tidal conditions as interpreted
from side-scan sonographs.
Classification after Ashley (1990).

DUNE HEIGHT

Ashley (1990) divides dune height into four classes:
small dunes, 0.05-0.25 m; medium, 0.25-0.50 m; large,
0.50-3.00 m; very large, over 3.00 m (note that the height
values have been modified from those given by Ashley
((1990) according to Dalrymple & Rhodes (1995)). No
very large dune heights were calculated from acoustic
shadows recorded on the sonographs of the study area.
The majority of the dunes, including the channels and
Middle Bank, are of medium height as also confirmed by
echo-sounding data. A major section of dunes of large
height stretches from the Road Bridge towards the centre
of'the estuary. This covers the middle sections of the main
Navigation Channel. A few small patches of dunes of
large height are also found in the southwestern corner
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Fig. 4. Dune height during flood and
slack tidal conditions as interpreted
from side-scan sonographs.
Classification after Ashley (1990).

close to the Railway Bridge. Dune heights along the
shorelines where the waters are shallow belong to the
smallest class. The centre section revealed a remarkably
abrupt transition from small-height dunes in the northern
and southern shore areas to large heights towards the
middle of the estuary (Fig. 4).

GEOMETRICAL PARAMETERS
OF DUNES

Many researchers have investigated the relationships
between dune wavelength and height and their occur-
rence at certain water depths. The present state of know-
ledge of intertidal bedforms is far greater than that of
subtidal bedforms, which are difficult to observe visually.
Zarillo (1982), Goedheer & Misdorp (1985), Harris &
Collins (1985) and Berné et al. (1993) have conducted

56°27'N

NEWPORT-
ON-TAY

56°26'N

0

|:| no measurable dunes

—————— precise location of boundary uncertain

500 1000 m

research on subtidal dune morphology in tidal environ-
ments using side-scan sonar. Dalrymple et al. (1978),
Dalrymple (1984), Allen et al. (1994), and many others
have studied intertidal bedforms. All of these authors
investigated the relationships between dune morphology
and water depth.

In this section, dune morphologies recorded in the
study area of the Tay Estuary by side-scan sonar are
examined in terms of intercorrelations of wavelength,
height and water depth. Table 1 presents the results of
statistical analyses using the coefficient of determination
(#%) for linear regression analysis. Analysis for non-linear
regression, such as power and logarithmic functions, was
also carried out, but 7* values were close to zero so were
not investigated further.

A commonly accepted (Ashley, 1990; Dalrymple &
Rhodes, 1995; Kostaschuk ez al., 1995; and others) rela-
tionship between dune height (H) and crest-to-crest
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Table 1. Coefficients of determination (+*) computed for linear
regression analysis of geometrical parameters of dunes and
water depth; (s), significant correlation at the 0.01 level.

(a) All dunes

Wavelength Height
Height 0.321(s)
Water depth 0.000 0.064

(b) Dunes recorded during flood- and ebb- tidal conditions

Flood/ebb Wavelength Height Water depth
Wavelength 0.365 (s) 0.000
Height 0.258(s) 0.091
Water depth 0.000 0.071 (s)

(c) Intertidal and subtidal dunes

Intertidal/subtidal ~ Wavelength Height Water depth
Wavelength 0.332(s) 0.002
Height 0.007 0.046
Water depth 0.028 0.377 (s)

spacing (L) for subtidal dunes was determined by Flem-
ming (1988) as

H=0.0677 L3 )

whereas Zarillo (1982) found that maximum dune wave-
lengths were of the order of 2nH or

L

©6.283 @
in a tide-dominated estuary in Georgia. Dalrymple ef al.
(1978) found varying relationships between dune heights
and wavelengths in intertidal environments depending on
the type of dune measured (see Table 3).

The relationships computed in this study between H
and L (Table 2) for the whole data set and the subtidal and
the intertidal data (Figs 5 & 6) sets revealed three differ-
ent equations, none of which are similar to those deter-
mined by Flemming (1988) or Zarillo (1982). A further

2.5

height {m)

wavelength (m)

Fig. 5. Plot of subtidal dune wavelength versus dune height as
measured from sonographs (H = 0.019L + 0.390; 7% = 0.332).
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Fig. 6. Plot of intertidal dune wavelength versus dune height
as measured from sonographs (insignificant relationship, see
Table 1).

Table 2. Summary of equations of relationships between dune dimensions (height, / and wavelength, L) and water depth () recorded

by side-scan sonar in the middle reaches of the Tay Estuary.

H-d L-d

H-L
Total data set H=0.019L +0.375
Intertidal data set H=0.004L + 0.408

Subtidal data set H=0.019L +0.390

H=0.030d + 0.220
H=0.061d +0.207
H=0.0284 + 0.250

L =10.029d + 8.167
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Table 3. Intertidal bedform size and morphological characteristics (after Dalrymple ez al., 1978).

Dune type Wavelength (m) Height (m) Characteristic

Type 1: small to medium, simple, 0.1-25.0 0.05-0.50 Straight to smoothly sinuous

two-dimensional dune Lack scour pits
Height constant along crestline
Wavelengths and heights poorly correlated:
H=0.0947L"%* (+* = 0.213 for n = 70)

Type 2: small to medium, simple, 0.05-14.00 0.05-0.70 Sinuous to lunate

three-dimensional dune Scour pits
Height variable along crestline
Wavelengths and height well correlated
H=0.0865L""% (+* = 0.621 for n = 255)

Type 3: large to very large, compound dune 10.0-215.0 0.15-3.40 Straight to sinuous
Lack scour pits
Height constant along crestline
Wavelengths and heights moderately correlated
H=0.0635L"" (> = 0.626 for n = 58)

division of the intertidal data set into the three types of 25

intertidal dunes as described by Dalrymple et al. (1978)

(Table 3) was made. Type 1 dunes (small to medium, o

simple, two-dimensional dune) revealed no correlation, 2.0

but only two dune groups of this type were recorded. The O

#* value computed for dunes of type 2 (small to medium, 15

simple, three-dimensional dune) was 7 = 0.000, although E ’

19 dune groups of this type were recorded in the intertidal E

environment. For the large-scale dune types (type 3), 2z 1,04

only one group was recorded and no further analysis was

possible.

Measurements of dune height and wavelength in previ- 0,5

ous studies have shown a positive relationship with water

depth (Dalrymple & Rhodes, 1995). Allen (1970) sug-

gested the formula 0.0 T T )

H=0.086d"" )

for the relationship between dune height (/) and water
depth (d). Yalin (1977), however, suggests that dune
height should be approximately 17% of the water depth

H=0.167d (5)

based on a combination of theory and empirical observa-
tions, and wavelength (L) and water depth (d) are related
to each other as

L=6d (6)

In common with the findings of Bokuniewicz et al.
(1977), no significant correlation between dune wave-
length and water depth was found in this study (Table 1,
Figs 7 & 8). It is questionable how closely related these
two parameters are in natural environments. Water depth
changes with the tidal state, especially in estuaries, and

o} 5 10 15 20

water depth (m)

Fig. 7. Plot of water depth versus dune height as measured from
side-scan sonographs for the total data set (insignificant
relationship, see Table 1).

varies in the study area by 4 to 6 m according to the tidal
state. For the following computations the water depth was
derived on the basis of the first bottom and first surface
return on the sonographs (Fig. 2). The first bottom return
is a good indication of towfish height above the sea-bed
and the first surface return is a good indication of towfish
depth below the water surface (Fish & Carr, 1990). The
combination of the two reveals the water depth at the time
of the survey (generally close to high water in this study).
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Fig. 8. Plot of water depth versus dune wavelength as measured
from side-scan sonographs for the total data set (insignificant
relationship, see Table 1).

Analysis of the data collected suggests different relation-
ships between H and d for the three data sets (Table 2).
None of the computed equations is similar to those of
Yalin (1977). A relationship between L and d (Table 2)
was computed for all dunes recorded by side-scan sonar
but 7 is insignificant for all three data sets.

DISCUSSION AND CONCLUSIONS

The variety of relationships computed between dune
height and wavelength, dune height and water depth, and
dune wavelength and water depth suggest that these
parameters do not just depend on one another but are part
of a far more complex system. Many authors have tried
to establish relationships between the parameters exam-
ined above. Dalrymple et al. (1978), Zarillo (1982) and
Flemming (1988) established positive relationships
between dune height and dune wavelength but with dif-
ferent formulae. Flemming’s (1988) formula has been
accepted and used in studies where dune height could not
be measured but had to be calculated for sediment trans-
port predictions (Kostaschuk ez al., 1995). Yalin (1964,
1977, 1987), similarly to Allen (1968), used a combina-
tion of theory and empirical observations to establish
relationships between dune height and water depth. By
contrast, Goedheer & Misdorp (1985) investigated dunes
solely in natural environments and were unable to estab-
lish a relationship between dune height and water depth,

but recorded the highest dunes in their area of study,
Oosterschelde (southwest Netherlands), in the shallowest
waters. Goedheer & Misdorp (1985), however, studied
only a small part of the Oosterschelde, namely one of the
subtidal channels, the Schaar van Colijnsplaat. Similar to
the Tay Estuary, a semidiurnal tide occurs in this subtidal
channel, but the tidal amplitude ranges from about 2.3 m
on a neap tide to only about 3.0 m on a spring tide, com-
pared with the larger tidal range in the Tay Estuary.
Bokuniewicz et al. (1977) also found no correlation
between dune height and water depth in studies of bed-
forms in the eastern Long Island Sound, USA. Although
semidiurnal tides also occur in the Long Island Sound,
this estuary is far larger than the Tay Estuary, being
150 km long and up to 40 km wide compared with 50 km
in length and up to 4 km wide.

The results of the regression analysis carried out in this
study reveal that the relationships between dune height
and wavelength, dune height and water depth, and dune
wavelength and water depth vary according to spatial
(intertidal versus subtidal) and temporal (ebb tidal versus
flood tidal) data subdivision. Moreover, this study high-
lights the fact that the relationships established previously
between these parameters are not generally applicable in
estuarine environments. Further information is required,
in particular (cf. Dalrymple & Rhodes, 1995) on the
influence of additional variables such as flow strength,
sediment textural characteristics (grain size, shape and
sorting) and sediment availability, before more generally
applicable relationships can be derived.
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ABSTRACT

Detailed vertical profiles of time-averaged flow velocities and sediment concentration were taken during three
periods of mid-channel bar development in the Jamuna River, Bangladesh. Bar growth was initiated downstream
from a major flow convergence and generated a bar 4 km long and 1 km wide in a channel up to 15 m deep. Flow
velocities and the concentrations of sand-grade suspended sediment were quantified using an acoustic Doppler
current profiler (ADCP). Bed morphology was measured using echo-sounding and all positions were located
using a differential global positioning system (DGPS).

These data reveal no evidence for channel-scale, coherent helical flow cells in either distributary around the
braid bar. Instead, the structure of flow is dominated by a simpler flow divergence over the bar head, flow conver-
gence at the bar tail and flow that is usually parallel to the thalwegs in each distributary. During the later stages of
bar growth, flow is directed over the bar top from one distributary towards the other as the bar begins to adopt a
more asymmetrical morphology. In addition, large sand dunes migrate up the bar stoss side, producing an accre-
tionary dune front at the bar head. These dunes are strongly linked to high suspended bed-sediment concentrations
as flow shallows on to the bar top. A shadow of low suspended bed-sediment concentration is located in the bar lee
during the early stages of bar growth, this also being a region of small sand dunes.

The lack of coherent secondary flows, around large kilometre-scale bars, may be explained through the large
width-to-depth ratio of these channels, the low curvature of the anabranches, the complexity of flow over the bar
top as it interacts with flow in the anabranches and the significant influence of large-scale dune-bedform roughness.
These factors suggest that current models for the processes of mid-channel bar creation, growth and preservation,
derived from studies of smaller rivers, require substantial revision before application to kilometre-scale sand-braid
bars.

INTRODUCTION

Mid-channel bars may be defined broadly as accumula-
tions of sediment that are not attached to the adjacent
channel banks at all water levels, and which possess a
width that scales with bankfull channel width (Parker,
1976; Yalin, 1992), but a height that is independent
of bar-top water depth. Mid-channel bars are ubiquitous
in braided rivers and their development is coupled

I Present address: Department of Geography, University of Exeter,
Exeter EX4 4RJ, UK. (Email: S.J.McLelland@exeter.ac.uk)
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intimately with local flow structure (e.g. Ashworth, 1996;
Richardson et al, 1996), sediment dispersal (e.g.
Ashworth et al., 1992a; Laronne & Duncan, 1992; Lane
et al., 1995) and channel change (e.g. Ashmore, 1991;
Thorne et al., 1993; Goff & Ashmore, 1994). Furthermore,
mid-channel bars may form the predominant channel-
scale depositional element within braided alluvium (e.g.
Cant & Walker, 1978; Bridge et al., 1986; Bridge, 1993;
Bristow, 1993) and thus dictate the geometry of facies
associations and internal channel heterogeneity.

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Much of the previous work on mid-channel bars has
largely concerned the morphology of braid-bar growth
(e.g. Leopold & Wolman, 1957; Smith, 1974; Hein &
Walker, 1977; Ashmore, 1982, 1991; Rundle, 1985;
Fujita, 1989; Ferguson et al., 1992). More recently,
Bridge & Gabel (1992) described two-dimensional flow
structure around a mid-channel island, and Whiting &
Dietrich (1991) and Whiting (1997) described flow pro-
cesses at the head of a mid-channel bar at flow stages
less than 45% bankfull depth. The channel morphology
at both these study sites, however, was static and
the dynamics of bar evolution could not be studied.
Richardson et al. (1996) describe the three-dimensional
flow structure around a large compound braid bar in the
Jamuna River, Bangladesh, which had undergone several
stages of growth and migration (using a separately col-
lected data set as part of the River Survey Project (Flood
Action Plan 24) to that detailed here; see Delft Hydraulics
et al., 1996b), but were not concerned with the initial
stages of braid-bar formation and its influence on the
local flow structure. Ashworth (1996) used a Froude-
scale mobile-bed model of a mid-channel bar to quantify
the change in surface flow speed and direction as the bar
became emergent, but this study had a limited spatial dis-
tribution of two-dimensional velocity data and there are
no comparable field studies.

Recent work has suggested that bifurcating flow
around a mid-channel braid bar can be represented by
flow in two meander bends (Ashworth e al., 1992b;
Bridge, 1993) and therefore that the flow structure over
and around a braid bar may consist of a channel-wide
helical cell in each anabranch, which transports sediment
in towards the mid-channel bar from the outer bank (cf.
Ashworth ef al., 1992b, fig. 25.3, p. 504). Richardson et
al. (1996, fig. 25.2, p. 523) suggest a more complicated
model of flow structure around a braid bar, with skew-
induced helical cells confined to each anabranch thalweg,
radial outward flow occurring in the shallow flow over the
bar top and small, contrarotating secondary flow cells
being present at the outer bank. Difficulties exist, how-
ever, when assessing the contribution of secondary flow
to the bar growth process because there is no independent
method of orientating the flow vectors in strongly diver-
gent and bifurcating flow (McLelland et al., 1994).

The importance of secondary flow for bedload sorting,
over and around mid-channel bars, has been highlighted
by Ashworth et al. (1992b), who suggested that the move-
ment of fluid and sediment inward towards the bar tail
may explain the process of bar-tail accretion and down-
stream bar migration (see Ashworth, 1996, fig. 1, p. 105).
In sand-bed rivers, sediment conveyance is dominated by
bedform migration and suspended, sediment transport.

Although the dynamics of suspended sediment over sand
bedforms has been studied in a number of different
environments (e.g. Jackson, 1976; Lapointe 1993; Bennett
& Best, 1995; Kostaschuk & Villard, 1996), little work
has been undertaken on the spatial distribution of sus-
pended sediment around mid-channel bars. This paucity
of data probably results from the fact that most studies of
braid-bar dynamics have been confined to gravel-bed
rivers, where suspended sediment is often considered to
be a minor contributor to bar growth. Additionally, con-
ventional direct-sampling techniques are time-consuming
and cannot rapidly yield comprehensive suspended-
sediment data sets throughout the whole flow depth and
around an entire bar.

This paper reports on a unique, high-resolution, spa-
tially intensive bathymetric and flow survey data set
obtained recently under the River Survey Project (Flood
Action Plan 24) in Bangladesh (Delft Hydraulics et al.,
1996b). The results describe the principal characteristics
of flow structure and the spatial distribution of sediment
transport, measured simultaneously around a kilometre-
scale sand bar during three stages of mid-channel bar
evolution and allow examination of the opportunities
for development of channel-scale, coherent, helical flow
cells around large sand-bed braid bars.

FIELD SITE

The Jamuna River (the Bengali name for the
Brahmaputra) rises in the Tibetan Plateau and flows south
for 220 km through Bangladesh before joining the
Ganges to form the Padma River, which then converges
with the Meghna and discharges into the Bay of Bengal
(Fig. 1). The Jamuna is one of the largest and most
dynamic sand-bed braided rivers in the world (Schumm
& Winkley, 1994), with peak discharges over 1 x 10° m’
s~', annual suspended loads up to 725 x 10° t, maximum
bank-erosion rates of 1 km yr™" and bed scour of up to 50 m
(Coleman, 1969; Klaassen & Vermeer, 1988; Hossain,
1993; Thorne et al., 1993; Best & Ashworth, 1997). The
Jamuna braidbelt is approximately 10 km wide and
exhibits characteristics of both a braided and an ana-
stomosing channel-pattern, with large (> 10 km long),
vegetated, metastable ‘permanent’ bars or islands that are
inundated at bankfull stage and ‘temporary’, mobile braid
bars (< 5 km long), the elevation of which corresponds to
the dominant discharge, calculated as 3.8 x 10* m® s™' by
Thorne et al. (1993).

Braided reaches of the Jamuna contain many different
types and size of bars (Coleman, 1969; Bristow, 1987;
Klaassen & Masselink, 1992; Klaassen et al., 1993;
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Fig. 1. Location map showing the major rivers of Bangladesh
and the study area just north of Bahadurabad on the Jamuna River.

Peters, 1993), with one of the most common being mid-
channel bars. These bars are often associated with the
confluence—diffluence unit (cf. McLelland et al., 1996),
where flow convergence leads to bed scour and subse-
quent sediment deposition results in flow divergence and
bar growth (Carson & Griffiths, 1987; Ferguson et al.,
1992; Ferguson, 1993; Klaassen et al., 1993; Thorne et
al., 1993; Mosselman et al., 1995). Mid-channel bars can
also develop by enlargement of the inner chute of an
accreting point bar, which isolates a bar within the chan-
nel (Richardson et al., 1996). In the Jamuna, mid-channel
bars have planform morphologies similar to the unit or
longitudinal bars described for gravel-bed rivers by Smith
(1974), Bluck (1979) and Church & Jones (1982) and
often possess steep cutbanks, resulting from basal erosion
and bank collapse (Richardson et al., 1996). Over 40% of
the channel bed and submerged bar-tops are covered by
dune bedforms at any flow stage, although this spatial
coverage may rise to 100% during the highest discharges
(Delft Hydraulics et al., 1996a). Dune morphology is
often three-dimensional, with crest heights of up to 6 m at
high flow and dune lee-face angles that range from true
slipfaces (c. 35°) to low-angle lee faces of 3—4°.

A study reach 8 km long and 5 km wide, which was
downstream of a major flow convergence between the
first order ‘west” and ‘east’ channels (Fig. 2A&B) near

Bahadurabad (Fig. 1), was selected for intensive bathy-
metric and flow surveys (see below). Surveys were
undertaken between November 1993 and March 1996
in order to follow a period of mid-channel bar initiation,
growth and emergence. The flow regime of the Jamuna
is strongly seasonal as a result of monsoonal rains, with
low flow between February and April followed by a
rapid increase to a flood peak in late July and August
(Fig. 3). Mean annual peak discharge calculated from
the 27-yr daily discharge record near the study reach at
Bahadurabad (Fig. 2A) is 69 000 m® s, which is about
30% greater than the estimated bankfull discharge (Delft
Hydraulics & DHI, 1996a). Water-surface slope in the
study reach is stage-dependent and ranges between 5.5
and 9.1 x 107, Average bed and suspended-sediment
grain size are 0.14 mm (fine sand) and 0.042 mm (coarse
silt) respectively (Delft Hydraulics & DHI, 1996b).

DATA ACQUISITION

Bathymetric and flow data were acquired during a series
of ship surveys that were undertaken between November
1993 and February 1996. In this paper, data are presented
from three survey periods: August 1994, March 1995 and
September 1995. These surveys consisted of a series of
parallel cross-sectional lines, spaced 250 m apart and
approximately perpendicular to the main-channel thal-
weg (058°, Fig. 2B). Additional downstream lines were
surveyed in the anabranch-channels and over the bar top
during high-flow stages. Ship location was fixed using
a differential global positioning system (DGPS), which
operates to within 2 m in mobile mode with a ground
reference station.

Bed topography was measured using a SIMRAD dual
frequency (30 and 210 kHz) echo-sounder with digital
data recorded at 1-s intervals, which represents a ground
spacing of approximately 1.5 m at a constant ship speed.
Bed-height data have a resolution of +0.05 m. All bed
heights were reduced to a common datum, termed stand-
ard low water level (SLW), which is determined from
long-term stage measurements at Bahadurabad. In March
1995, ship survey data were supplemented by a land sur-
vey using a portable DGPS and a total station electronic-
distance meter. All topographic data were contoured from
a 25 m grid spacing using a data-visualization program
(Spyglass Transform®), with kriging used to interpolate
unmeasured grid data. Kriging utilized a spherical dis-
tribution model and a normalized variance of zero was
applied to all surveyed grid data. Between 18 500 (March
1995) and 51 400 (September 1995) individual survey
points were used to produce the bathymetric maps of the
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Fig. 2. (A) Location of the survey area and position of study bar in the main east channel. ‘Permanent’ bars or islands are vegetated
and normally stable over several years. ‘Temporary’ bar is sediment within less stable braid bars that may be reworked during each
monsoon. (B) Location and orientation of ship survey lines of August 1994. Note that different survey lines were used during each
survey period, depending on the flow stage and location of the study bar (see Table 1 for further information).

22

20 =

Water lewel im) at Bahadurabad

SLw Suw

BAugust

Septembar

March

1954 | 1945

1 Jan 31 Dec
Fig. 3. Stage hydrograph for 1994—1995 recorded at
Bahadurabad. The three survey periods are superimposed on the
hydrograph (see Table 1 for further information). Standard Low
Water level (SLW) is 12.03 m at Bahadurabad (see text for
further details).

study site. Bank edges were defined using the mean water
level for each survey period.

Flow data were collected in water depths of greater
than 2 m using an RD Instruments four-beam, 300 kHz
acoustic Doppler current profiler (ADCP). Beams are ori-
ented at 20° from the vertical and consist of monochro-
matic sound pulses that are transmitted in a downward
direction. At any depth, the radial speed of water can be
determined for each beam axis from the Doppler shift of
the sound frequency reflected back from acoustic reflectors
such as sediment particles. Using a geometrical calcula-
tion, these four radial-beam velocities yield three perpen-
dicular components of flow velocity; downstream, vertical
and cross-stream. The ADCP measures a complete velocity
profile every 1 s and outputs an ensemble average every
6 s for an array of 0.5 m vertical bins. Measurement bins
start 2.16 m below the water surface and extend down
to approximately 6% of the flow depth from the channel
bed. Standard errors of the ADCP velocity components
and flow direction measurements are +4.6% and +1%
respectively (Sarker, 1996), assuming that the flow is
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homogeneous within each measurement bin. Any error in
the spatial distribution of the DGPS data is considerably
smaller than the grid scale on which the data are analysed
and does not add any error to the velocity vectors because
the flow direction is calculated independently.

As well as measuring flow velocity, the ADCP also
records the intensity of the back-scattered signal, which is
expressed in decibels (dB) and adjusted for the attenua-
tion of sound through the water column (for a water
temperature of 4°C). Back-scatter intensity reflects the
concentration of particles in the measurement volume and
is dependent on the acoustic properties of both the fluid
and the sediment particles (Thorne ef al., 1991). Acoustic
attenuation varies with water temperature, although at the
low operating frequency of the ADCP (300 kHz) there is
only a 2% variation in back-scatter value for a depth vari-
ation of 5-10 m at the average water temperature in the
Jamuna (25°C, Sarker, 1996). As it is not possible to cal-
culate the acoustic properties of the sediment particles,
the strength of the back-scatter signal has been calibrated
against known sampled suspended-sediment concentra-
tions. Sarker (1996) describes the calibration techniques
used by the River Survey Project (FAP 24), which used
point-integrated sampling with a pump-bottle sampler to
measure the suspended sediment concentration at a
known flow depth and compared this with the ADCP
back-scatter intensity. The concentration of the sand
fraction in the suspended sediment (c), is given by the
relationship:

\Z =-68.0+1.04i, r*=0.79, samplesize=73 (1)

where i is the signal intensity (Sarker, 1996). The silt frac-
tion is ignored in this calibration because particles in this
size range have a negligible effect on the back-scatter sig-
nal. It should be noted, however, that although 74% of the
bed material in the study reach is sand, silt can constitute
between 15 and 98% of the total suspended-sediment
concentration (Sarker, 1996). A minimum grain size can-
not be defined to give a threshold for ADCP response,
although back-scatter intensity diminishes rapidly for
smaller grain sizes. Hence, eqn (1) is not resolved for
backscatter-signal intensities of less than 70 dB, which
yield concentrations less than ~25mg ™. Processed
back-scatter data therefore represent concentrations of
sand-grade suspended sediment that have been calculated
for each flow-measurement bin and the depth-integrated
values plotted by contouring data on to a 25-m grid using
Spyglass Transform®. Kriging was again utilized to
interpolate unmeasured grid data using a spherical dis-
tribution model and a normalized variance of zero was
applied to all measured suspended-sediment data in the
grid (which exceeded 1500 measurement points for each
survey period).

RESULTS

Figure 4 shows the size and position of the study bar at
three different flow stages (August 1994, March 1995 and
September 1995), which illustrate three key stages in the
growth and development of the study bar. Plate 1A-C
(facing p. 46) shows the near-bed (red, 0.5 m above the
deepest measurement bin) and near-surface (white, 2.66
m below the water surface) flow vectors superimposed on
the bed topography for the same three periods, and Fig.
5A-C shows the corresponding depth-averaged flow vec-
tors (V') superimposed on the pattern of suspended-sand

sediment transport where V = sz /n, and V, is the flow
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Fig. 4. Changes in the study bar position and morphology for
the three study periods. The area shown as November 1993
indicates the channel and bank edges before the initial
development of the study bar. The bar margin is defined by the
0 m relative to SLW contour.




48 S.J. McLelland et al.

25 mgl! 575 25 mgl!

Suspended sediment concentration

[ —

N 0 1 2

Suspended sediment concentration

— Depth-averaged velocity

25 mgl! 450

Suspended sediment concentration

Fig. 5A—C. Depth-averaged flow vectors superimposed on contour maps of suspended sand-grade sediment concentration for

the study area during the three survey periods. See text for calculation of suspended sediment concentration and details of map
construction. Contour lines are shown at intervals of 100 mg 1”'. Flow vectors are shown at cross-stream intervals of approximately
50-100 m, where the flow depth is greater than 2.16 m. Note the difference in both the range of the suspended sediment concentration
scale bar and the vector arrow length on each diagram. Banklines are constructed for 0 m SLW measured at Bahadurabad (see Fig. 2),
however, local flow conditions may exceed this bank elevation. Study bar outlines in (A) and (C) are defined by 0 m SLW contour (see
Fig. 4) and shown as a white outline. The northerly co-ordinates are aligned for all three maps, but they each begin at different easterly
co-ordinates. Corresponding maps in Figs SA—C and 7A—C are identical in size.

vector in measurement bin & and # is the number of mea-
surement bins. For clarity, Plate 1A-C & Fig. 5SA-C
show only velocity profile data at a cross-stream spacing
of 50—100 m, which represents less than 20% of the total
data set where measurements are available at a spacing of
approximately 10 m.

Bar evolution during the study period

Mid-channel bar development was initiated by a widen-
ing of the main channel during the monsoon floods of
1994 and sediment deposition in the channel centre,
forming a central bar core that grew by downstream

accretion (Delft Hydraulics et al., 1996a). At close to the
maximum annual flood discharge (Fig. 3), flow measure-
ments in August 1994 (Plate 1A & Fig. 5A) document
flow around a symmetrical, narrow mid-channel bar
(~ 0.5 km wide, ~ 1.5 km long and a maximum height
of +2.9 SLW, Fig. 4). Following the initial bar growth,
bar widening occurred during the recession limb of the
monsoon flood hydrograph. Flow measurements were
obtained in March 1995 (Plate 1B & Fig. SB), after lateral
accretion on the bar margins created a broad bar-top
platform (~ 1 km wide, Fig. 4) with two bar-tail limbs
extending downstream from the bar nucleus, and incision
within both anabranch channels produced bed erosion of
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up to 7 m (Plate 1B). Rising discharge at the beginning
of the 1995-1996 monsoon season led to erosion of the
bar top and infilling of the eastern anabranch. These chan-
nel changes, however, were reversed at the peak of the
monsoon flood in July 1995, when the bar narrowed
slightly and bar-tail aggradation led to an extension in bar
length by ~ 2 km (Fig. 4). The peak flows in 1995 repre-
sented the 20-yr flood, and flow stage in September 1995
was similar to that measured in August 1994 (Fig. 3).
Significant channel change occurred during this late high
flow (Plate 1C & Fig. 5C), with reactivation of the eastern
anabranch supplying sediment to promote further down-
stream bar-tail growth (~ 800 m) and lateral accretion
into the western anabranch (~ 200 m). A full description
of bar evolution and morphology is presented in Delft
Hydraulics et al. (1996a). The results below focus on the
key attributes of flow structure and suspended-sediment
distribution at these three stages of bar growth.

Flow structure and spatial distribution of
sand-grade suspended sediment

August 1994

The bed topography (Plate 1A) shows deep bed scour
(~ 10 m below SLW) upstream and downstream from
the study bar, suggesting that flow is concentrated at these
nodes. Flow clearly diverges over the bar head (Plate 1A

& Fig. 5A) and converges around the bar tail. The flow
divergence is not initiated until close to the bar head, with
near-bed flow divergence beginning slightly further
upstream than divergence at the water surface. At the bar
head (Plate 1A), deflection of flow towards the western
anabranch occurs as the flow shallows on to the bar top
(142 m water depth, see Fig. 6), whereas significant
deflection of flow away from the bar in the eastern
anabranch does not occur until flow is parallel with the
broadest section of the bar top. Both near-bed and near-
surface velocities are generally lower in the western
anabranch than those in the eastern anabranch (Plate 1A),
even though approximately 60% of the total discharge
flows through the western anabranch (Table 1). As the bar
becomes narrower downstream, vectors in the western
anabranch begin to be directed towards the bar and show
convergence with flow from the eastern anabranch at
the end of the bar tail. In contrast, flow in the eastern
anabranch does not converge towards the west until
beyond the end of the bar tail, where flow becomes con-
centrated and accelerates towards the deepest part of the
confluence scour.

The flow vectors in Plate 1A reveal no consistent pat-
tern of deviation between near-bed and near-surface flow
vectors and therefore suggest that large-scale helical sec-
ondary flow cells are not present across the entire channel
width. For clarity, Plate 1A shows only velocity profile
data at a spacing of 50-100 m, but even if all profiles are
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Table 1. Source of flow and morphological survey data. Survey times are shown on the discharge record in Fig. 3. The change in
water level during each survey is small (typically £0.05 m in 24 h). Standard low water (SLW) at Bahadurabad is 12.03 m (i.e. mean
flow in August 1994 was 5.83 m above SLW). For more details, see text.

West anabranch East anabranch
Survey period Water level (m) Number of survey lines discharge (m* s ") discharge (m® s
10—14 August 1994 17.86 9150 6 650
7-8, 13 March 1995 13.18 1610 1210
12—-16 September 1995 17.86 5000 14 000
li "'} g Mar 95| 2] LSept 95
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Fig. 7A—C. Contour maps of near-bed flow acceleration for the study area during the three survey periods. Contours show the relative
height above the bed of the maximum flow velocity. The interval of contour lines is the same for each diagram. Banklines enclosing
the stippled area and study bar outlines (shown by thick black lines) are defined by 0 m SLW contour (see Fig. 4). The northerly
co-ordinates are aligned for all three maps, but they each begin at different easterly co-ordinates. Corresponding maps in Figs SA—C

and 7A—C are identical in size.

included (at approximately 10 m spacing) there is no con-
sistent deviation in near-bed and near-surface flow direc-
tion. There is, however, an oscillation in the direction
of both near-bed and near-surface flow vectors in the
western anabranch and to a lesser extent in the east-
ern anabranch. At the bar head, flow vectors show only
a small difference between near-bed and near-surface
velocities, which suggests convective flow acceleration
owing to the reduction in flow depth at the bar head (cf.
Whiting & Dietrich, 1991; Whiting 1997). The spatial
distribution of the relative height above the bed of the
maximum flow velocity (Fig. 7A) demonstrates the
marked change in the velocity distribution as flow shal-
lows on to the bar head. The reduction in height of the

maximum velocity indicates an acceleration of near-bed
flow relative to the near-surface water, which may be a
result of either near-bed flow acceleration or lateral flow
divergence at the water surface. There is no significant
spatial redistribution of flow momentum in the eastern
anabranch channel but, as flow shallows and converges
towards the bar tail in the western anabranch, there is a
reduction in the relative height of the maximum velocity.

The concentrations of suspended sand are similar in
both anabranch channels and show little downstream
variation, ranging from ~ 200 mg ™' near the channel
margins to a maximum of ~ 350 mg I"' at the thalweg. As
flow shallows on to the bar head there is a rapid increase
in suspended-sediment concentration up to 575 mg 1™
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(Fig. SA) while on the bar lee-side and bar top there is a
zone of very low suspended-sediment concentration (<
100 mg 1™"). This shadow of low sand-grade suspended-
sediment concentrations is as broad as the bar itself and
extends over 2 km downstream from the bar head, bey-
ond the bar tail and into the confluence scour zone. A
longitudinal survey of the bed profile (Fig. 6) indicates
that the peak in suspended-sediment concentration co-
incides both with dunes migrating up the bar stoss-side
and a 3-m high accretionary dune front at the bar head.
The accretionary front is generated as dunes, which have
migrated on to the bar head and stall as flow depth
decreases on to the bar. Maximum dune height reduces
from 4 m in the thalweg to 0.5 m on the bar top. Down-
stream from the bar head, bedforms reduce in size to
0.2-0.3 m or less, which is mirrored by the substantial
decrease in flow velocities and suspended-sediment con-
centration over the bar platform (Plate 1A, Figs SA & 6).
These data reveal the significant role of dunes in gener-
ating sediment suspension, which has been recorded in
many other studies (see Jackson, 1976; Kostaschuk &
Villard, 1996).

March 1995

During the falling stage and low-flow period of
1994-1995 (Plate 1B) the position of the scour holes,
both upstream from the bar head and downstream from
the bar tail, remained static and a similar depth to that
measured in August 1994 (Plate 1A). Bed scour in the
anabranch channels, however, accompanied a widening
of the braid bar, with maximum scour of the anabranch
channels adjacent to the broadest section of the bar (Plate
1B) and greatest erosion in the eastern anabranch. These
changes in bed morphology were associated with only
minor variations in the distribution of discharge between
the western and eastern anabranches (Table 1). Although
limited flow data are available around the bar head at low
flow (Plate 1B & Fig. 5B), the flow vectors demonstrate a
marked flow convergence around the bar tail. Deflection
of the flow vectors away from the anabranch channel
centre-line is greater than during the higher flow stage
in August 1994 (Plate 1A & Fig. 5A), particularly in the
western anabranch channel. Furthermore, Table 2 illus-
trates that there is greater deviation between near-surface
and near-bed flow vectors compared with the flow pattern
in August 1994. Despite the increased deflection of flow
around the bar, however, there is still no evidence of a
consistent direction for the deviation between near-
surface and near-bed flow directions (Plate 1A) that
would indicate the presence of a channel-scale helicoidal
flow pattern, as suggested in models of flow structure

Table 2. Difference between near-surface and near-bed flow
vectors for each survey period. The mean deviation is calculated
from the absolute difference between near-surface and near-bed
flow vectors and therefore does not indicate the direction of the
deviation. The range given for the mean deviation is one
standard deviation of the distribution and the maximum
deviation is calculated from the 99th percentile of each
distribution.

Survey period Mean deviation Maximum deviation
10—14 August 1994 73+7.7° 27.7°
7-8, 13 March 1995 11.7+£8.9° 40.6°
12-16 September 1995 63+5.6° 25.2°

around mid-channel bars (Ashworth e al., 1992b; Bridge,
1993; Richardson et al., 1996).

The spatial distribution of the height above the channel
bed of the maximum flow velocity illustrates pronounced
acceleration of near-bed relative to near-surface velocit-
ies as flow shallows on to the bar head (Fig. 7B). In con-
trast with the pattern in August 1994 (Fig. 7A), however,
the maximum velocity remains closer to the bed through-
out the study reach, which suggests that convective flow
acceleration is more important than at the higher flow
stage (August 1994). This difference suggests that relat-
ive changes in topographic relief enhance the accelera-
tion of near-bed flow at low stage, as also suggested by
Whiting (1997). In contrast to Whiting (1997), however,
the magnitude of convective acceleration is greater at the
higher flow stage, which may be attributed to flow shal-
lowing rapidly on to the bar top, whereas at low flow, the
bar is emergent and this rapid change in flow depth does
not occur.

The range of sand-grade suspended-sediment con-
centration measured during March 1995 (Fig. 5B) is ap-
proximately one-third of that recorded in August 1994
(Fig. 5A), although it is noticeable that the maximum
suspended-sediment concentrations are found at the bar
head at both flow stages (~ 175 mg 1™ in March 1995).
Suspended-sediment concentration in March 1995 is rel-
atively high close to the bar margin in both anabranch
channels (~ 100 mg 1™"), but decreases to almost zero at
the west bank of the western anabranch. In addition, there
is a reduction in the suspended-sediment load of the west-
ern anabranch compared with the eastern anabranch,
which probably corresponds to the increase in bed scour
of the eastern anabranch. At the bar tail, a core of high
suspended-sediment concentration is carried round from
the anabranch channels, but downstream from the bar
tail, flow with a low suspended-sediment concentration
moves from the west bank towards the channel centre-
line, following the converging eastern anabranch flow.
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Downstream from the bar, a marked increase in sus-
pended-sediment concentration occurs just downstream
from the scour hole (Plate 1B) associated with the bar-tail
flow convergence and possibly associated with the pres-
ence of larger dunes in these deeper channels.

September 1995

Flow data from September 1995 (Plate 1C & Fig. 6C)
clearly illustrate a strong divergence of flow towards the
western anabranch at the bar head. Similar to the situation
in August 1994, however, there is less deflection of flow
into the eastern anabranch, because the thalweg upstream
from the mid-channel bar is aligned almost parallel with
the eastern anabranch. Immediately downstream from the
widest part of the braid bar there is marked deceleration
of flow close to the bar margin, particularly in the western
anabranch (Plate 1C). Downstream from the bar head
there is limited deflection of flow vectors from the align-
ment of both anabranch thalwegs, although some flow
convergence occurs around the bar tail, particularly in the
eastern anabranch. In comparison with August 1994 there
is an increase in the width of the eastern anabranch, which
now conveys approximately 75% of the total discharge
(Table 1).

Except at the entrance to the western anabranch, the
majority of near-bed and near-surface flow vectors are
aligned parallel to the thalweg (Plate 1C), with a negli-
gible difference between the near-bed and near-surface
vectors (Table 2) in response to the weak channel curv-
ature effects on the flow. At the bar head, limited near-
bed flow acceleration occurs upstream of the flat bar-top
platform (Fig. 7C). This contrasts with the situation in
the previous two surveys, where convective accelera-
tion occurred as the flow shallowed at the bar head.
Additionally, the minimum depth of the maximum flow
velocity is only 30% of the total flow depth during the
September 1995 survey (Fig. 7C), compared with 15
and 20% for the August 1994 and March 1995 surveys,
respectively. It is also noticeable that the western ana-
branch shows a marked increase in the height of the
maximum velocity, which may be associated with flow
from the eastern anabranch crossing the bar top into the
western anabranch (Plate 1C & Fig. 5C).

As shown in the previous two survey periods (Fig. SA
& B) there is an increase in sand-grade suspended-
sediment concentration at the bar head in September 1995
(Fig. 5C). However, the range of suspended-sediment
concentration is less than that measured in August 1994
(Fig. 5A), although the flow stage for both survey periods
is almost identical (Fig. 3 & Table 1). Sediment concen-

trations in the western anabranch are very low (< 50 mg
I""), suggesting that this anabranch is being starved of
sediment, as also is revealed by the bed-morphology con-
tours, which show a blocking of the entrance to the west-
ern anabranch (Fig. 4C) and a reduction in the proportion
of discharge flowing through this channel (Table 1). In
marked contrast to the previous two surveys, suspended
sediment is transported over the bar top as flow begins to
move from east to west over the bar top, with no zone of
low suspended-sediment concentration in the bar lee.

DISCUSSION

The results presented here document, for the first time,
flow structure and the spatial distribution of sand-grade
suspended sediment at several stages of braid-bar growth,
at the kilometre scale, in a river with a high width-to-
depth ratio. Within a period of several months, at the peak
of the 1994 flood hydrograph, a mid-channel braid bar
4 km long, 1 km wide and up to 15 m high was formed
downstream from a flow convergence. To understand and
predict why these bars evolve, it is necessary to elucidate
the processes of bar initiation, maintenance and growth.

Bar evolution and bed sediment transport

Planform changes upstream from the study reach revealed
significant bank erosion during early 1994, which yielded
large quantities of sediment to the channel upstream
of the study reach (Delft Hydraulics et al., 1996a).
Deposition of this sediment, which has been mobilized
both as sand dunes and high concentrations of suspended
load, may be initiated by a reduction in sediment-trans-
port capacity downstream of the constriction. It has been
reasoned above that the initial bar accumulation may
have been generated by the deceleration and stacking of
dunes within the study reach. Ground-penetrating radar
studies of the bar subsurface (Delft Hydraulics et al.,
1996a) confirm that the base of the bar is dominated by
large (up to 6 m high) dune foresets, which attest to dune
stacking. Once the initial bar core has been generated,
however, it is then necessary to consider which processes
are responsible for continued bar growth.

Initial development of the bar in August 1994 (Fig. 4 &
Plate 1A) suggests that bedforms have a major role in
controlling bar aggradation through the migration and
amalgamation (‘stacking’) of dunes at the bar head (Fig.
6). The formation of the accretionary dune front (Fig. 6),
which separates dunefields upstream from a relatively flat
or rippled bar top downstream, may be explained by the
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temporal fluctuations in discharge at the peak of the flood
hydrograph (Fig. 3), which produce a variation in water
height over the bar top of 0.5-2.0 m. These water-depth
fluctuations may be sufficient to permit dunes to migrate
on to the bar top, where they then stall as a result of
declining flow velocities or shear stress.

The presence of high suspended-sediment concen-
trations around the bar margins during March 1995
(Fig. 5B), occurs in conjunction with the reduction in
flow velocities in the same region, and a decrease in
suspended-sediment concentration towards the bar tail,
suggesting that deposition occurs along the bar margin.
This pattern of deposition may explain the substantial
increase in bar width at this time (Fig. 4). This mode of
bar growth through lateral accretion has been docu-
mented previously by Bristow (1987).

The reduction in suspended-sediment concentration
noted during September 1995 (Fig. 5B) is explained by
the reduction in sediment supply to the study reach, which
was probably higher in August 1994 and March 1995
owing to 600 m of bank erosion over a strip of east bank
extending from 5 to 10 km upstream of the study bar
(Delft Hydraulics ef al., 1996a). In marked contrast to the
situation in August 1994 when the bar top was in a
shadow of very low suspended-sediment concentrations
(Figs 5A & 6), there is significant lateral transport of sedi-
ment across the bar top during September 1995 (Fig. 5C).
This transformation in the pattern of sediment transport
may be explained by the lateral convergence of flow from
the western to the eastern anabranch combined with the
reduced role of the accretionary dune front at the bar head.
In combination, these mechanisms reflect the diminishing
importance of the western anabranch and the translation
of the bar towards a diagonal bar form similar to that de-
scribed by Lewin (1976). This process of channel change
is similar to the scour-pool enlargement, oblique riffle
growth and extension and general development of a sinu-
ous thalweg described for smaller gravel-bed braided
rivers by Ferguson & Werritty (1983, fig. 3, p. 185).

Controls on the development of channel-scale
secondary flows

Much previous work on the three-dimensional flow struc-
ture in open channels has been undertaken in single-
thread meandering channels (e.g. Hey & Thorne, 1975;
Bridge & Jarvis, 1976; Bathurst et al., 1979; Dietrich &
Smith, 1983) and has shown that the flow field is predom-
inantly controlled by the resultant forces arising from
channel-planform curvature and lateral gradients in bed
topography (e.g. Dietrich, 1987). In general, channel

curvature induces radial forces and lateral variations in
water-surface elevation, which skew the downstream
velocity and boundary shear stress fields, leading to the
development of a helicoidal secondary flow pattern. In
addition, significant bed topography (usually an inner
point bar) causes flow shoaling and convective accelera-
tions across the channel as the flow is steered around the
point bar rather than directly over it (lkeda, 1984;
Dietrich, 1987). At all three flow stages in this study,
the flow structure around the mid-channel bar indicates
no evidence for coherent, channel-scale, secondary flow
cells but instead a much simpler large-scale pattern of
flow divergence over the bar head, convergence at the bar
tail and usually thalweg-parallel flow in the anabranches
(Plate 1A—C). The absence of channel-scale helical flow
cells in the anabranches contradicts the findings of
Richardson et al. (1996) and is different from that found
for flow within meander bends. There are a number of
important issues, however, that govern the presence and
strength of secondary flow in braided rivers.

First, laboratory and theoretical work have shown that
the magnitude of skew-induced cross-channel flow is
dependent on the channel width-to-depth ratio (Dietrich,
1987; Yalin, 1992), with deep, narrow channels domin-
ated by skew-induced helicoidal flow and wide, shallow
channels having topographically forced flow with con-
vective acceleration. The average width-to-depth ratio for
both anabranches in the Jamuna study reach was usually
in excess of 100. Yalin (1992) suggests that it is difficult
to envisage the existence of any cross-channel circulation
of flow (i.e. helicoidal secondary flow) in channels with a
width-to-depth ratio greater than 100, although convect-
ive accelerations will be present in any geometry of a sinu-
ous channel (Yalin, 1992, pp. 192-193). Dietrich (1987)
also supports this view and suggests that if a large, relat-
ively flat bar-top surface is present (as in the Jamuna
study reach), then the cross-stream pressure gradient will
be weak on this surface, possibly leading to topographic-
ally forced, radially outward flow over the bar top into the
anabranches.

A second, related issue in explaining the lack of
channel-scale coherent helical flow is the relatively small
planform curvature of the two anabranches in the Jamuna
study reach. Mid-channel bar morphology and anabranch
bed topography (i.e. scour pools and shallows) are
strongly influenced by the ratio of the radius of curvature
to channel width (Friedkin, 1945), with the magnitude
of curvature-induced secondary circulation being sup-
pressed in straighter channels. The two anabranches in
the Jamuna study reach at all three stages of bar develop-
ment are relatively straight (particularly in September
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1995, see Plate 1C), reducing the opportunity for cross-
channel skewing of flow. The combination of straight
anabranches with a large width-to-depth ratio and a
broad, flat, mid-channel bar top, minimizes the opportun-
ity for secondary flow generation and instead the flow
is dominated by simple diverging and converging flow
throughout the water depth, induced by topographically
forced convective acceleration.

A third reason for the absence of channel-scale helical
flow cells is illustrated by recent research concerning the
interaction of overbank flows with flow in the adjacent
meandering channel (e.g. Naish & Sellin, 1996; Willetts
& Rameshwaran, 1996). This work has demonstrated
the significant changes to the secondary flow within the
meandering channel that may be generated by complex
flow interactions in compound channels. Indeed, Naish &
Sellin (1996) illustrate that overbank flow entering the
inner bank of a curved channel may alter both the size and
intensity of secondary circulation, and if the overbank
flow is sufficiently deep, create an additional helical flow
cell with an opposite sense of rotation. The implications
of this work for the present mid-channel braid bar are
important at high stages when flow over the bar top will
interact with the near-surface flow in the opposite
anabranch channel. Such over-bar flow was particularly
important during September 1995 when a strong flow
from the east and into the west anabranch may have dis-
rupted the generation of simple, single cell, helicoidal
flow in each of the anabranches.

A fourth factor influencing the generation and coher-
ence of channel-scale secondary flows within open chan-
nels is the role of bedform roughness. Dunes present in
the thalwegs and bar margins of the present study reach
ranged from several decimetres to 4 m in height (Delft
Hydraulics et al., 1996a). Previous work has shown that
dune roughness may influence the flow structure through:
1 generation of macroturbulence, which, especially dur-
ing high flow, reaches the water surface as vigorous
‘boils’ (Coleman, 1969);

2 generation of transverse vorticity through bedform
obliquity with respect to mean flow (Dietrich, 1987).
Observations at high-flow stage in 1994 and 1995
revealed strong, discrete upwellings of flow at the water
surface, which reached several tens of metres in diameter
with a mean periodicity of 25 s and vertical velocities up
t0 0.3 m s™' (Delft Hydraulics ef al., 1996a). This macro-
turbulence originates as Kelvin—Helmbholtz instabilities
on the lee side of steep dunes (lee-side angles greater
than ~ 12°) with flow separation (Miiller & Gyr, 1986;
Bennett & Best, 1995), or in zones of flow expansion over
low-angle dunes, which probably do not possess perman-
ent flow-separation zones (e.g. Kostaschuk & Villard,

1996). Such frequent dune-related macroturbulence may
counteract inward secondary currents in some parts of the
bend (Dietrich, 1987) by modifying both local velocity
and Reynolds-stress distributions (e.g. Bennett & Best,
1995). Dietrich & Smith (1983) and Dietrich (1987) have
demonstrated that flow-separation zones created by
three-dimensional dunes alter near-bed flow patterns and
sediment-transport paths in sand-bed meanders. Inwardly
moving troughwise, near-bed secondary flows, generated
in the low-pressure separation zone, situated in the lee of
oblique dune crests may temporarily overcome the topo-
graphically induced outward flows that may occur over
the bar top (Dietrich, 1987). Hence, the complexity of the
flow structure in the anabranch thalwegs and bar margins
will be increased where dune bedforms are prevalent
and dunes may be expected to either mask, or possibly
deform, any larger channel-scale helical flows, particu-
larly near the channel bed.

SUMMARY

This paper presents a detailed study of the evolution
of a kilometre-scale sand bar in the Jamuna River,
Bangladesh, using simultaneous measurements of flow,
suspended-sediment transport and bed topography. Three
key stages in the development of the bar under study are
documented. Initially a symmetrical mid-channel bar,
4 km long, 1 km wide and up to 15 m high, developed
downstream of a flow convergence. Following initial bar
growth, bar widening occurred, together with incision
of both anabranch channels. In the final stages, the bar
narrowed and 1.5 km of bar-tail extension produced
an asymmetrical bar and channel morphology. High-
resolution acoustic Doppler current profiler (ADCP) data
illustrate the salient characteristics of both flow struc-
ture and the spatial distribution of sand-grade suspended-
sediment transport during this bar evolution. The prin-
cipal conclusions are:

1 there is no evidence for channel-scale, coherent helical
flow cells in either anabranch channel around the braid
bar or over the bar top at any flow stage;

2 topographically forced convective accelerations, gen-
erated by the combination of straight anabranches,
large channel width-to-depth ratios and a broad, flat,
mid-channel bar top, minimize the opportunity for the
generation of secondary flows — instead, flow structure
is dominated by a simpler divergence of flow over the
bar head, flow convergence at the bar tail and flow that
usually is parallel to the thalwegs in each distributary;

3 the majority of the bar is composed of large sand dunes,
which are linked to high concentrations of suspended
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sand-grade sediment on the bar stoss-side — such large-
scale bedform roughness may alter near-bed secondary
flow patterns and cause local disruption of any coherent
channel-scale helical-flow structure;

4 transport of suspended sand-grade sediment, down-
stream from the bar head, changes progressively during
the development of the bar, with initially, a shadow of
low suspended-sediment concentration located in the lee
of a series of stacked dunes on the bar head — bar widen-
ing is associated with high suspended-sediment concen-
tration adjacent to the bar margin and bar extension
accompanies increased suspended-sediment transport
over the bar top.

These results suggest that existing models for mid-
channel braid-bar creation, growth and stability derived
from studies of smaller rivers, which rely on the presence
of channel-scale, helical flow cells, require substantial
revision before they can be applied to the dynamics of
large sand braid-bars.
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Effective discharge for overbank sedimentation on an embanked floodplain
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ABSTRACT

As little is known about the effectiveness of floods of different magnitude on floodplain sedimentation, the aim of
this study was to determine the effective discharge for overbank sedimentation in The Netherlands. The study was
carried out on a grass-covered, embanked, floodplain section along the River Waal, the main distributary of the
River Rhine in The Netherlands. The floodplain section consists of two parts. One part is protected from low floods
by a minor river dyke, whereas the other part lies adjacent to the main river channel. In the latter section, sediment
accumulation was measured during a series of floods using sediment traps made of artificial grass. The measure-
ments provide an indication of the importance of floods of different magnitude on the deposition of suspended
sediment. A sedimentation model was applied to compute the long-term effective discharge for sedimentation on
both floodplain sections.

The sedimentation measurements showed an increase in sediment accumulation with flood magnitude. The
increase was stronger for sand than for silt- and clay-size material. Sedimentation did not increase proportionally
with sediment transport rates, however, suggesting that trapping of fine-grained suspended sediment becomes less
efficient at very high discharge. The model results confirm this hypothesis. On the low floodplain section, most
sediment is deposited at a river discharge of about 5500 m® s™" or less, i.e. a discharge at which the floodplain is just
inundated and which occurs, on average, about 1.3 times a year. On the floodplain section bordered by a minor
river dyke, a slightly higher effective discharge for sedimentation was found (up to 7000 m* s™"). This discharge
level occurs about once every 2 yr. It is concluded, therefore, that the effective discharge for floodplain sedimenta-
tion in The Netherlands is a moderate discharge, during which the floodplain is just inundated. Such discharges

occur relatively frequently.

INTRODUCTION

Infrequent and extreme events, such as large floods,
tsunamis and large landslides, have an important effect on
the development of landforms. As stated by Wolman &
Miller (1960), however, a more accurate picture of the
overall effectiveness of various geomorphological pro-
cesses should include not only the rare extreme events,
but also events of moderate intensity that occur much
more frequently. They illustrate the magnitude—frequency
problem by wondering who would be most effective in
cutting down a forest: a dwarf, a man or a giant? The
dwarf makes little progress at a time, but works almost

* Present address: WL/Delft Hydraulics, PO Box 177, 2600 MH
Delft, The Netherlands. (Email: nathalie.asselman@wldelft.nl)
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24 h a day. The man is strong and works hard, but some-
times he takes a day off. The giant is extremely strong, but
also very lazy.

Since 1960, long records of water discharge and
suspended-sediment concentrations have become avail-
able for many large rivers throughout the world. From
these records, the effective discharge for suspended-
sediment transport, i.e. the discharge at which the largest
part of the annual suspended-sediment load is transported,
can be determined easily (e.g. Andrews, 1980; Webb &
Walling, 1982, 1984; Asselman, 1997). Less is known
about the effective discharge for overbank sedimentation.
Reconstructions of past floodplain sedimentation rates
often show the combined effect of floods of different
magnitude, averaged over several years (Alexander &

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Prior, 1971; Costa, 1975; Trimble, 1983; Brakenridge,
1984; Knox, 1989; Walling & Bradley, 1989; Walling
et al., 1992; He & Walling, 1996), whereas most studies
on contemporary rates of floodplain sedimentation are
carried out during one single event only (Kesel et al.,
1974; Mansikkaniemi, 1985; Gretener & Stromquist,
1987; Walling & Bradley, 1989; Heusch et al., 1993;
Brunet et al., 1994; Asselman & Middelkoop, 1995;
Gomez et al., 1995). This complicates the assessment of
the relative importance of events of different magnitude
on average overbank sedimentation rates.

The aim of this study, therefore, was to determine the
importance of different discharge stages on overbank
sedimentation on an embanked floodplain section in The
Netherlands. Sediment accumulation was measured dur-
ing a series of floods in order to obtain an indication of the
importance of floods of different magnitude on deposi-
tion of suspended sediment. A sedimentation model was
applied to compute the long-term effective discharge for
floodplain sedimentation.

STUDY AREA

The study was carried out on an embanked grass-covered
floodplain section along the River Waal, the main dis-
tributary of the River Rhine in The Netherlands (Fig. 1A).
The mean Rhine discharge near Lobith (German—Dutch
border) is 2200 m®s™', of which the Waal transports
about two-thirds. Peak discharges usually range between
5000 and 10 000 m®s™'. Suspended-sediment concen-
trations near Lobith vary between 30 mgl™ during
periods of low discharge and 200 mg 1" during floods
(Rijkswaterstaat, 1992).

The floodplain section studied consists of two parts:
the Variksche Plaat (VP) and the Stiftsche Uiterwaard
(SU). Sedimentation was measured during a series of
floods at VP. At SU, sedimentation was measured dur-
ing a single event only. Both floodplain sections have
an irregular relief, each featuring a residual channel
(Fig. 1B). They are grass-covered and land use is re-
stricted to summer grazing. The VP directly borders the
main channel, whereas the SU is protected from low
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Fig. 1. The floodplain sections investigated: (A) location and (B) elevation.
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floods by a minor river dyke. Inundation of the lower
parts of VP starts at relatively low discharge (less than
4000 m® s™") by water flowing through the downstream
end of the abandoned channel. Current velocities are low
and current directions are opposite to the mean primary
flow direction in the main channel. At higher discharges,
between about 5000 and 6500 m® s™' in the River Rhine
at Lobith, the entire VP is inundated, and water flows
in a direction more or less parallel to the flow in the
main channel. Inundation of the area behind the minor
river dyke (SU) starts at discharges exceeding about
6000-6500 m’ s~

SEDIMENT ACCUMULATION DURING
FLOODS OF DIFFERENT MAGNITUDE

Data collection and preparation

Sediment traps of artificial grass were used to collect
sediment deposited by overbank flow. The artificial
grass mats measured 50 x 50 cm® and consisted of
plastic blades 1.5 cm long fixed to a pliable (plastic)
base. Similar traps have been used and tested by
Mansikkaniemi (1985). A few days before inundation the
sediment traps were placed on the floodplain sections.
The traps were placed in a semi-regular grid consisting of
several transects perpendicular to the main channel, and a
few clusters. Sample spacing in the transects was about

C {myg/}
280

50 m, with some adjustment for the local relief. The spa-
cing between transects was about 120 m at VP, and 250 m
at SU (Fig. 1). In total about 140 traps were used. After
emergence, the traps were taken to the laboratory where
the sediment was removed, collected, dried and weighed.
Also, grain-size analyses were undertaken. The pipette
method was used for silt and clay-size material, whereas
sand was sieved. A more detailed description of the
sedimentation measurements is given by Asselman &
Middelkoop (1995).

Sediment transport was computed from the daily dis-
charge and suspended-sediment concentration records
provided by the Dutch Ministry of Public Works
(Rijkswaterstaat) for the gauging station Lobith, near
the German—Dutch border. River discharge is estimated
from water-level measurements using a stage—discharge
relationship (Rijkswaterstaat, 1994). Suspended-sediment
concentrations are obtained from point samples taken
near the water surface, which are assumed to represent
the average concentration of fine-grained suspended sedi-
ment over the cross-section.

Flood magnitude

At VP, the measurements were carried out during a series
of four floods of different magnitude and duration. The
results of two floods will be discussed in more detail. The
discharge and suspended-sediment transport character-
istics of the floods studied, measured by Rijkswaterstaat,
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Table 1. Sediment transport in the Rhine at Lobith and sedimentation at the Variksche Plaat during floods of different magnitude.

January 93 December 93—January 94 Ratio
(low magnitude) (high magnitude) high/low

Sedimentation at the Variksche Plaat:

total (t) 303 781 2.6
sand (t) 28 131 4.7
silt and clay (t) 273 630 2.3
Suspended sediment transport (Q;) at Lobith:

Q, during flood (10° t) 300 1920 6.4

are given in Fig. 2. The flood of January 1993 was
of low magnitude. Maximum discharge at Lobith was
5740 m* s™'. Floods of this magnitude occur on average
once a year. The flood of December 1993—January 1994
was of high magnitude (11 040 m® s™) and occurs about
once every 40 yr.

Results

To calculate the total amount of sediment deposited and
to determine the spatial variability of sediment deposi-
tion, the sedimentation measurements were interpolated
by means of block kriging (Burgess & Webster, 1980).
To cope with minor trends in the data, a restricted search
radius for interpolation was applied. Data sets, character-
ized by a considerable trend, were interpolated using
universal block kriging (Burgess & Webster, 1980).
Interpolation weights were derived from statistical ana-
lysis of the spatial dependence of the variable as indicated
by the semivariograms. The variograms were fitted using
a spherical model. To account for anisotropy of spatial
variability, separate variograms were fitted for directions
parallel and perpendicular to the main stream. The result-
ing raster maps are shown in Fig. 3.

After the high-magnitude flood, sediment accumula-
tion varied between 1.5 and 5.5kgm™ (Fig. 3A).
Sedimentation was highest near the main channel and
decreased in a downstream direction and in the direction
of the river dyke. The pattern observed was the result
mainly of variations in the deposition of sand, which
decreased exponentially with distance from the channel
(Fig. 3B). Deposition of silt and clay was distributed
more evenly over the floodplain section (Fig. 3C).

During the low-magnitude flood, less sediment was
deposited than during the high-magnitude flood. Max-
imum sedimentation equalled 2.4 kg m™ (Fig. 3D). Also,
a different spatial distribution in sediment deposition was
observed, with maximum sedimentation occurring in the
lower downstream parts of the floodplain section, which
were inundated for a longer period than the higher parts.

Similar patterns were found in the deposition of sand
(Fig. 3E), and of clay- and silt-size material (Fig. 3F).

Differences in sediment transport and sediment accu-
mulation between both floods are summarized in Table 1.
Sedimentation at VP is computed using the raster maps
shown in Fig. 3A—C. Hence, summation of the accumula-
tion of sand, and of silt- and clay-size material do not
automatically add up to the total sedimentation value
given in the table. During the high-magnitude flood, 2.6
times as much sediment was deposited as during the low-
magnitude flood. Deposition of sand was 4.7 times as
much, whereas the deposition of silt and clay was only 2.3
times more. Thus it can be concluded that total sedi-
ment accumulation increases with flood magnitude, and
that the increase is greater for sand than for silt and clay.
The increase in sediment deposition, however, is less
than would be expected from the increase in sediment
transport (Table 1). During the high-magnitude flood of
December 1993, about 1.9 10°t of suspended sediment
were transported through the River Rhine at Lobith.
During the low-magnitude flood of January 1993, the
total sediment load was only one-sixth of this value. In
other words, during the high-magnitude flood, 6.4 times
as much sediment was transported as during the low-
magnitude flood, whereas sediment deposition was only
2.6 times as much. This suggests that the efficiency with
which the floodplain traps suspended sediment decreases
at high discharge, probably because current velocities at
high discharge exceed critical velocities for the deposi-
tion of fine suspended sediment.

EFFECTIVE DISCHARGE FOR
FLOODPLAIN SEDIMENTATION

Effective discharge: a conceptual model

Long-term floodplain sedimentation rates are determined
by sediment transport rates, flood frequency and by the
efficiency with which the floodplain can trap suspended
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sediment (Fig. 4). Sediment transport rates (curve A) and
the discharge frequency distributions (curve B) can be
obtained from daily discharges and suspended-sediment
concentrations measured by Rijkswaterstaat at Lobith.
No information is available, however, on the shape of
the sediment-trapping efficiency curve (curve C). It is
expected that the ability of the floodplain to trap sus-
pended sediment will increase rapidly with discharge
at the onset of inundation. The sediment deposition
measurements suggest that the trapping efficiency will
decrease again at very high discharge stages. The exact
shape of curve C, however, is unknown. When these three
curves are combined (i.e. suspended-sediment transport X
trapping efficiency X frequency of occurrence), a curve is
obtained that shows the annual amount of sediment that
is deposited on the floodplain sections studied. This
relationship is given by curve D. The discharge at which
this curve has its maximum value is called the ‘effective
discharge for floodplain sedimentation’, representing the
discharge at which most suspended sediment is deposited
over a longer period of time. As the trapping efficiency
of the floodplain depends on floodplain characteristics,
the effective discharge will be different for floodplain
sections that are enclosed by a minor river dyke, or that
have a different topography.

Data on sediment transport rates (curve A) and the
discharge frequency distribution (curve B) are available
for the Rhine at Lobith. As the results of the sediment
accumulation measurements carried out at VP show the
overall effect of sedimentation during a range of dis-
charge stages, they cannot be used to derive a detailed
trapping efficiency curve for the VP and SU floodplain

— — C trapping efficiency (%}
—— D sedimentation (kg/year)

floodplain-sedimentation curve

(D) indicating the annual amount

of sediment that is deposited on the
floodplain at different discharge stages

(kg yr ™).

sections. Therefore, the SEDIFLUX model developed
by Middelkoop (1997) was applied to determine the
sediment-trapping efficiency curves and to compute the
effective discharge for sedimentation at the VP area and
at two locations at SU.

The SEDIFLUX model

The SEDIFLUX model is a GIS based, two-dimensional
sedimentation model that predicts the amount and pattern
of floodplain sedimentation during a series of stationary
discharge stages (Middelkoop, 1997). The model is based
on the sediment balance within a raster cell, which is
determined by the sediment deposition within a cell and
horizontal sediment fluxes among adjacent cells. In this
study, a rectangular raster was applied with grid cells of
50 m x 50 m. The model does not account for erosion of
sediment deposited previously. Observed sedimentation
patterns in combination with grain-size analyses, how-
ever, have shown that during high floods local erosion
may occur (Asselman, 1997; Middelkoop & Asselman,
1998). In grass-covered areas no erosion of older deposits
takes place. Sediment transport by turbulent diffusion is
neglected as well. Previous modelling experiments with
the WAQUA-DELWAQ model have shown that for the
floodplain sections investigated, sediment transport by
diffusion is much less important than sediment transport
by convection (Middelkoop, 1997).

Input data for the SEDIFLUX model include raster
maps of water level, flow velocities in the x and y direc-
tions, calculated with the hydrodynamic WAQUA model
(Ubels, 1986), and floodplain elevation. Other parameters
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are the suspended-sediment concentration at the upstream
model boundary, the effective settling velocity of the
suspended sediment, w,, and the critical shear stress
for sediment deposition, T,. In this study, the model is
used to estimate long-term average sedimentation rates at
given discharges. For this purpose, suspended-sediment
concentrations are estimated using a sediment rating
curve based on a 15—yr record of daily discharges and
suspended-sediment concentrations measured near the
German-Dutch border. Block effective values of w;
and T, were obtained by model calibration (Middelkoop,
1997). In this study, w, was set equal to 7 X 10°m s and
T, t02 N m~2. As these values are block-effective values,
they may differ significantly from point values deter-
mined from laboratory studies.

Effective discharge: results

The effective discharge for sedimentation can be deter-
mined from Fig. 5. Sediment accumulation was calcu-
lated with the SEDIFLUX model for seven stationary
discharge stages ranging between 4400 and 9700 m® s™".
Each stage is assumed to be representative for a discharge
interval. Computed sedimentation rates were multiplied
by the frequency of occurrence of each discharge interval,
and summed to obtain the annual sedimentation. The
resulting sedimentation curves are shown in Fig. 5. The
discharge at which the curves peak is the effective
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discharge for sedimentation for the specific area. The
effective discharge for sedimentation at VP, which is not
bordered by a minor dyke, is about 5500 m® s™'. This dis-
charge is of moderate magnitude and occurs relatively
often (on average about 1.3 times per year). At higher dis-
charge stages, less sediment is deposited because of a
lower frequency of occurrence of these discharge inter-
vals and because current velocities at high discharge
may exceed critical velocities for the deposition of fine-
grained suspended sediment. Behind the minor river dyke
at SU a somewhat higher effective discharge is predicted
(6000 m*s™). The highest effective discharge is pre-
dicted for locations close to the major river dyke. Here,
discharges up to 7000 m’ s™', which occur about once
every 2 yr, are most effective in depositing suspended
sediment. Apparently at these locations current velocities
are sufficiently reduced even at high discharge for fine
suspended sediment to settle.

Discussion

The results of this study indicate that low floodplain sec-
tions that are not protected from low floods by a minor
river dyke have a lower effective discharge than flood-
plain sections that are enclosed by a minor river dyke.
Also, areas located directly behind the lowest parts of the
minor river dyke have a lower effective discharge than
locations at greater distance from the main channel. The
computed effective discharge for sedimentation varies
between 5500 m® s™' at VP and 7000 m® s~ at some loca-
tions within SU. The effective discharge for sedimenta-
tion at the lowest parts of VP, however, may very well be
overestimated. This partly may be the result of the small
number of modelled stationary discharge stages. In this
study, the model was run for seven discharge stages only.
This yielded an effective discharge at VP of 5500 m® s™".
If more discharge stages between 4400 and 5500 m® s~
had been modelled with the SEDIFLUX model, however,
a lower effective discharge might have been found.
Overestimation of the effective discharge for sedimenta-
tion at VP also can be related to the fact that the SEDI-
FLUX model only allows for simulation of stationary
discharges. According to the model computations, little
sedimentation occurs at stationary discharges of about
4400 m® s™', when the lowest parts of the VP area are
inundated by water flowing through the downstream part
of the abandoned channel. Under stationary conditions,
little sediment will enter these reaches. Spatial concentra-
tion gradients measured in the residual channel during the
rising stages of a subsequent flood, however, indicate that
the efficiency of the floodplain to trap suspended sedi-
ment at low, but increasing discharge, i.e. when water
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starts flowing into the downstream end of the abandoned
channel, is high (Asselman, 1997). Sedimentation rates
therefore may be much higher under non-stationary, ris-
ing discharge than under stationary discharge as com-
puted with the SEDIFLUX model. This would result in an
even lower effective discharge for overbank sedimenta-
tion at the VP area. Erosion during very high discharges,
which is not accounted for by the model, might also lead
to a lower effective discharge.

CONCLUSIONS

Sedimentation measurements indicate that suspended-
sediment accumulation increases with flood magnitude,
and that the increase is greater for sand than for silt and
clay. On low floodplain sections, however, the increase
in sedimentation is not proportional to the increase in
sediment transport in the main channel. Apparently, the
efficiency of the floodplain to trap suspended sediment
decreases at very high discharge. Model results confirm
this hypothesis. The effective discharge for sedimenta-
tion at the floodplain section studied is of moderate
magnitude. The effective discharge for sedimentation
at the Variksche Plaat is about 5000 m® s™" or less. This
discharge just exceeds bankfull discharge and occurs on
average about 1.3 times a year. At the Stiftsche Uiter-
waard, a higher effective discharge (up to 7000 m®s™)
was found. This discharge occurs on average once every
2 yr. It therefore is concluded that the effective discharge
for overbank sedimentation on floodplain sections along
the River Waal is a discharge of moderate magnitude that
occurs relatively often.
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ABSTRACT

Very intensive rainfall at the beginning of July 1997 caused extensive flooding in the eastern part of the Czech
Republic. On Friday, 4 July, a low-pressure system, which originated in northern Italy, tracked northeast to the
Moravia region of the Czech Republic. This system brought extreme rainfall as it moved to the southeast
of Poland and Silesia on the morning of 6 July. Over a 5-day period the total rainfall for one-third of Moravia
(10 000 km?®) was 500 mm. The average rainfall for the Czech Republic is 600 mm yr. This event caused
100—400-yr discharges in regional streams. On Tuesday, 8 July, the first RADARSAT image was ordered and
the satellite imaged the northern part of Moravia on 10 July. An additional four images were ordered to archive
intermediate stages of the flood. Areas of flooding were determined on all images. Delineation of flooded areas in
post-flood images was possible owing to high radar sensitivity to the high soil-moisture contents. Changes in soil
moisture, detectable over thousands of square kilometres, can also serve in studies of soil permeability or hydro-
geological conditions, if imaged at successive time intervals.

INTRODUCTION

Sedimentation processes are the result of thousands of
years of mutual interaction between water flow and the
geological and pedological conditions within river catch-
ments, including the inundation of floodplains and relief
of the catchment area. Changes in water discharge are
reflected in water velocities, either mean cross-section
velocities or real measured velocities within a cross-
section. Water velocity is one of the most important
variables affecting sedimentological processes. Floods
represent extreme hydraulic states. River channels and
their adjacent floodplains have very different deposi-
tional and erosional processes, as a consequence of
varying flow velocities. Modelling of these processes
requires calibration data. Satellite radar images, which can
be obtained under any atmospheric situation at 1 : 25 000,
1:50000 and smaller scales, can be a valuable data
source for generating this information.

Fluvial Sedimentology VI Edited by N.D. Smith and J. Rogers

71

AREA OF FLOOD

Moravia includes mountains in its northern and eastern
areas. The southwestern part is hilly, and the central part
is a lowland. The summits of the mountains exceed
heights of 1000—1400 m. There are many deep narrow
valleys with long steep slopes, which form large collec-
tion basins. Moravian lowlands consist of wide and long
valleys situated within river systems.

Northwestern, central and southeastern regions of
Moravia drain into the Moravia River, which flows into
the Danube River and subsequently into the Black Sea.
The northeastern part of this area drains into the Odra
River and then into the Baltic Sea. The northwestern
region belongs geologically to the Czech Massif, whereas
the southeastern region is part of the Carpathians.

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Table 1. Applied RADARSAT images.

Data type Date (1997) Area Image size (kmz) Orbit Incidence angle
Standard 2 10 July North Moravia 100 x 100 Ascending 24-31°
Standard 7 14 July South Moravia 100 x 100 Descending 45-49°
Standard 5 24 July South Moravia 100 x 100 Descending 36-42°
Wide 1 27 July South Moravia 150 x 150 Descending 20-31°
Wide 1 27 July North Moravia 150 x 150 Descending 20-31°

RELATED DATA

The area affected by the flood was about 25 000 km?.
Satellite images were a source of flood documentation,
captured in near-real time. Satellite data bring an
overview of the area at one moment in time. Table 1 sum-
marizes the characteristics of the radar images obtained.
Their spatial pre-launch nominal resolution is 30 m. This
radar sensor operates at a single microwave frequency,
known as the C-band (5.3 GHz frequency and 5.6 cm
wavelength). RADARSAT transmits and receives its
microwave energy in HH polarization (horizontal trans-
mission and reception of waves). The spectral resolution
of processed images is 16 bits per pixel. RADARSAT
digital products can be delivered as six different data
types. Path Image product (used in this case) is aligned
parallel to the satellite orbit path. The product was calib-
rated, which refers primarily to the electrical stability
of the radar sensor and its ability to provide repeatable
measurements over time. The system was designed to
achieve radiometric accuracy within one scene < 1.0 db,
over 3 days < 2.0 db, with global dynamic range 30.0 db.
Absolute radiometric calibration was required so that the
magnitude of the digital data processed could be related
to the radar back-scatter coefficients. To achieve this
accuracy, detailed measurements of the radar and pro-
cessing system performance were made on a regular basis
(RADARSAT Illuminated, 1995).

The study area was also imaged by aerial photographs.
There are hundreds of these photographs, and they will
serve for future detailed evaluation.

IMAGE PROCESSING AND
INTERPRETATION

Radar images can be viewed as single-channel black and
white images with a characteristic ‘salt and pepper’
appearance. The pixel values represent the strength of
the returned radar signal from Earth’s surface. For each
surface feature there is a statistical distribution of the
probable strength of that returned signal. Each pixel

representing that surface is assigned a value selected
randomly from the statistical distribution. Therefore, a
seemingly homogeneous surface area has an irregular
distribution of light and dark pixels, producing a granular
effect. This effect is termed ‘speckle’ and is an inherent
property of radar images. Original image data were com-
pressed from 16 bits to 8 bits data. Results of data calibra-
tion control showed that the 24 July image values had
6-9% lower average values of back-scatter in selected
targets. The same control, performed for 27 July, showed
that average back-scatter values for the same targets were
10—15% higher, both compared with 14 July. To modify
speckles, the images listed in Table 1 were smoothed by a
5 % 5 pixel spatial filter. All images were transformed into
a Czech cartographic projection.

Pixel classification techniques, a method often used in
image processing, was performed for surface water. To
delineate flooded forest and areas that were flooded
between image pairs, visual interpretation was used. In
the lowlands, automated classification of the water sur-
face present could be reliable for more than 90% of the
area, excluding urban and forest regions. Whenever these
two features occur, an important principle of radar back-
scatter appears, i.e., a corner reflector. Two- or three-
dimensional corner reflection is caused by the existence
of buildings (two- and three-dimensional). Scattering
from a forest canopy can present a complex case of vol-
ume scattering. Double-bounce scattering between tree
trunks and the ground is one important effect of the vol-
ume scattering. This can give a very strong return if the
ground is covered with water (Ahern, 1995). Double-
bounce scattering is a geometrically similar situation to a
two-dimensional corner reflection. Buildings and trees
can redirect a radar beam, which was back-scattered from
a smooth water surface, back to the radar sensor. This is
why flooded towns and forests can look even brighter
than unflooded areas.

RESULTS

Northern Moravia was imaged twice with RADARSAT.
The first image revealed the flood peak in the lowlands,
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whereas the second image featured the post-flood situ-
ation. The mountainous area of northern Moravia, which
also was the main region of precipitation, suffered the
most destruction. Destruction resulting from the flood-
water affected roads, railways, bridges, houses and many
other types of infrastructure features. The communities
affected, within the narrow valleys of the high mountain
ranges, could not be analysed by RADARSAT imagery
for two reasons: (i) radar shadow was a factor and (ii) the
duration of the flood in this region was short and had
ended before the first RADARSAT image was obtained.
Central Moravia and southern Poland lowland regions
were then studied on the image of 10 July. Flooded areas
and permanent water bodies are shown as black areas
(Fig. 1). Water surfaces without waves act as a smooth
surface. When the radar sensor transmits a beam of radar
energy towards this smooth surface, no back-scatter is
returned to the radar sensor, but rather scattering of the
radar energy away from the sensor occurs. Pixels for
these areas have zero values and water areas are black,
solid phenomena on images (Leconte & Pultz, 1991).
Pixel-classification techniques, often used in image
processing, were performed for surface water. They
detected not only areas with surface water excluding

Flgure 1

Fig. 1. Standard 2 image of southern Poland showing maximum
flooded area, with surface water represented by solid black.

Fig. 2. Post-flood Wide 1 image of same area of southern
Poland showing recently flooded areas in brighter hues, which
coincide with flooded areas of Fig. 1.

forest and urban regions, but also shadows in high-relief
areas. These shadows have the same values of reflection
as water bodies and their measured values are the same:
zero or very low values in both cases.

It was necessary to use two images from two different
time intervals in order to distinguish flooded areas from
permanent surface water. A colour composite (RGB =
red—green—blue) of the two images (one of them must be
used twice) can distinguish permanent versus floodwater
immediately. Permanent surface water was black (Plate 1,
facing p. 70), whereas flooded areas were lighter (blue in
the colour version).

Figure 2 represents the same area on the image for 27
July 1997. Brighter features within the imagery coincided
with previously flooded areas. Brighter features may be
related to such factors as (i) terrain with greater surface
roughness as a result of ploughing, (ii) sedimentation of
coarse materials, or (iii) higher soil moisture content
(RADARSAT Illuminated, 1995; Engman & Chauhan,
1995; Brown et al., 1993). Sedimentation of coarse mate-
rials did not occur owing to rather low water velocities in
this area. Nor was ploughing the reason for higher back-
scatter values. The region was divided into small long pri-
vate fields, which were not damaged significantly by the
flood because crops continued in their growth after flood
levels declined. It therefore was concluded that excessive
soil moisture was the reason for the brighter back-scatter
values.

Pixel values on the image of 24 July are lower by 6%
compared with 14 July. Pixel values on the image of 27
July are higher by about 21% in comparison with 14 July
in forest targets. Higher pixel values indicate higher
reflectance of the flooded forest region. Comparison of
unflooded and flooded forest is shown in Plate 2, facing
p- 70.

An area around Olomouc (a town in central Moravia)
did not show the same effect on the same RADARSAT
images. This area is quite flat, similar to southern Poland,
but probably with different soil permeability. Hydro-
geological, geological and pedological conditions for
the area around Olomouc are different as well. As a result,
the previously flooded fields could not be detected on the
post-flood image.

Southern Moravia was imaged by RADARSAT at
three time intervals. On 14 July 1997, the flood peak was
captured on the first image (Fig. 3A—C). The same area
was brighter on the images of 24 July and 27 July.
Comparison of these two images suggests that steep incid-
ence angles (27 July) provide the greatest amount of
information regarding soil moisture and also minimize
roughness effects (Ulaby, 1974). The image of 24 July
had a shallower incidence angle (36°—42°), which is why
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the area was not as bright as the same area on the image of
27 July (with an incidence angle = 20°-31°) if compared
with its surroundings. This is an example of another way
to delineate flooded areas on a post-flood radar image. To
determine these areas reliably required images from a
given area at the moment of existing higher soil moisture.
This moment differs for various soil types, hydrogeolo-
gical conditions, terrain slopes and canopy. To determine
the time when soil-moisture levels reflected the previous
flood must be a subject of more detailed studies in the
areas of interest. More frequent post-flood images could
offer this information.

A colour composite (RGB) of the three images can dis-
tinguish permanent and flood water immediately (Plate 2,
facing p. 70). Permanent surface water shown as black
versus flooded areas at different time intervals can be dis-
played in different colours. The RGB image was able to
show the flood progress. RADARSAT images were the
only images available for the flooded areas with such a
short time lag after the flood onset. It was the only sensor
able to repeat images in very short time intervals.

Radar sensors are the only instruments that can pene-
trate clouds, fog and smog. Moravia was covered by
clouds nearly the whole time and thus no optical data
were available.

DISCUSSION

Any automated classification performed without visual
interpretation can result in erroneous information. For
example, radar shadows found in mountainous areas can
have the same pixel values as a smooth water surface. A
post-classification modification therefore must be applied.

Fig. 3. Standard 7 image (14 July)
shows flooded area in southern
Moravia near Uhersky Ostroh (A).

The same area on Standard 5 image

(24 July) is in bright hue (B), and on
Wide 1 (27 July) is in even brighter hue
(C). Brighter colour is caused by higher
soil moisture as a result of the previous
flood. Soil moisture is a more decisive
element than roughness at the incidence
angle of Wide 1, which was steeper
than that of Standard 5.

Visual interpretation was necessary for forest areas and
urban regions on single images. Single images display
only surface-water bodies existing at the time of image
capture and it is not possible to distinguish perman-
ent water bodies from flooded areas. In contrast, image
pairs at the time of flooding and before or after flooding
enable discrimination between permanent and tempor-
arily flooded areas. This task can be performed easily by
creating colour composites.

Images from after a flood can be useful in cases where
no images from the flood itself are available. Higher soil
moisture as a consequence of flooding causes a higher
back-scatter and thus can be interpreted as brighter
regions on the post-flood image. To decide whether a
brighter back-scatter value is the result of a high moisture
content requires information about the locality in order to
be able to exclude surface roughness, which might be
related to field activities, such as ploughing, or to the pre-
vious flood in the case of coarse sediments. The incidence
angle is another variable that must be taken into account.
Steeper incidence angles emphasize soil-moisture influ-
ence on radar reflection. In contrast, shallower incid-
ence angles are more influenced by surface roughness.
Delineation of flooded areas can be one source of sedi-
mentologically useful data. Detailed study of soil-
moisture changes of flooded areas in short-time intervals
after flooding can be a data source for models of deter-
mination of sediment permeability or their thickness.
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ABSTRACT

The 85 000 km? Fitzroy River catchment lies in the semi-arid tropics of north-western Australia. Monsoon-
associated rainfall events inundate the Fitzroy’s largely unconfined, 300-km-long floodplain, with flows of
30 000 m® ™' ranking as 1 in ¢. 35 yr events. Adjustment of the main Fitzroy channel to convey these large flows
efficiently is restricted by a low-gradient valley, an erosion-resistant floodplain, and both gradual and episodic
constriction of the channel by sediment and vegetation. To compensate for the restricted capacity of the main
channel, auxiliary channels form in response to water excesses, with high-magnitude overbank flows reactivating
atrophying channels and/or scouring elongate depressions on distal floodplain, which can become preferred flow
paths and eventually new channels. The planform of channels is governed by the interaction between the frequency
and magnitude of overbank events and vegetation, and by the texture of channel banks and floors. An anabranching
river results, which can exhibit adjacent braided, sinuous and straight channel reaches.

INTRODUCTION

A better understanding of modern fluvial processes and
their sedimentary styles is needed to predict the impact
of future modification to river systems and to improve
palacoenvironmental interpretation. Channel and flood-
plain forms and processes in anabranching river systems
are especially poorly understood and recent consideration
in the literature has called for the investigation of more
contemporary examples (e.g. Lewin, 1992; Hickin, 1993;
Richards et al., 1993; Nanson & Knighton, 1996).

The Fitzroy River of north-western Australia (Fig. 1)
conforms to Nanson & Knighton’s (1996) definition of
anabranching in that it is a system of multiple channels
characterized by stable alluvial islands that divide flow
until discharges reach almost bankfull. The Fitzroy River,
however, does not fit comfortably into any of the six types
of anabranching rivers proposed by Nanson & Knighton
(1996), and may require separate classification. The fol-
lowing study describes a new example of a multi-channel
river system that incorporates various planform types,
and attempts to explain this morphology. The modern
Fitzroy River has not been examined in detail previously,
and investigation is especially urgent because current
proposals to dam river headwaters must address the
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potential impacts of flow regulation on the channel—
floodplain system.

Overbank flow plays a significant role in shaping the
contemporary floodplain and channel form of the Fitzroy
River. Occasional high-magnitude rainfall events that
extend over large areas of the 45 000 km?” upper catch-
ment can quickly produce flows exceeding channel
capacities. The low-gradient valley, cohesive clay flood-
plain and an erosion-resistant palaeosurface underlying
large areas of the floodplain restrict the channel’s ability
to adjust to these high flows. Furthermore, overbank flow
is promoted by channel constriction via seasonal accre-
tion on oblique clay banks and deposition of in-channel
sediments, which are stabilized and encouraged by vegeta-
tion growth. Overbank flow is hydraulically inefficient
(Leopold & Maddock, 1953), and the river responds
according to principles of minimum energy (Leopold &
Langbein, 1962; Yang, 1971; Chang, 1979), attempting
to increase flow conveyance by increasing the number of
channels draining the floodplain and enlarging its existing
channels where possible. This leads to the development
of amultiple-channel system displaying a variety of reach
planforms.

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Fig. 1. Fitzroy River catchment showing major tributaries, subcatchment, the floodplain (shaded), boundaries, flow gauges and

velocity recording sites.

METHODS

Data have been collated from 4 months of field study,
which included detailed stratigraphical logging of bank
sections, as well as analysis of aerial photography and
satellite imagery. Owing to the difficulties of recording
processes active during high-magnitude floods, some
ideas discussed in this paper must remain speculative.
Previous investigation of the Fitzroy River is limited:
flood hydrology has been described by Main Roads
Western Australia (e.g. Goh, 1993), and floodplain
soils and geomorphological units mapped for agri-
cultural purposes (Speck et al., 1964; Wright, 1964).
The sedimentology of Geegully Creek (Wyrwoll et al.,
1992), sections of the main channel (Clark, 1991), and
slackwater deposits in bedrock reaches (Wohl et al.,
1994a,b), have been interpreted for palacohydrological
information.

STUDY AREA

The 85000 km? Fitzroy catchment lies in the West
Kimberley region of north-western Australia (Fig. 1).
The upper Fitzroy River (Dimond Gorge subcatch-
ment) drains quartzites, sandstones and dolerites of the
Proterozoic Kimberley Block. To the south and east (Me
No Savvy and Mount Winifred subcatchments) the
Margaret River, the major tributary of the Fitzroy, drains
Proterozoic ranges and laterite tablelands. Abundant out-
crop and shallow soils contribute to high runoff, with
extensive weathering of the generally low-relief catch-
ment (average elevation 300 m above sea-level) pro-
viding a dominantly sand to clay sediment load. The
single-channel Fitzroy and Margaret Rivers leave this
Proterozoic terrain a few kilometres upstream of Fitzroy
Crossing, where they unite to anabranch westwards over
the wide, low-gradient plain of the Fitzroy Trough.
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Subsidence in this sub-basin of the Canning Basin ceased
during the Early Jurassic (Yeates et al., 1984), and the
region has been tectonically stable since the late Tertiary
(Wright, 1964). Two ephemeral drainages, Christmas
Creek and Geegully Creek, join the river before it dis-
charges into the Indian Ocean.

CLIMATE AND FLOOD HYDROLOGY

The Fitzroy catchment lies at the southernmost extent of
the north-west Australian summer monsoon regime. Its
annual rainfall averages 900 mm in the north and 350 mm
in the south, with 90% of this rain falling between
November and April (Bureau of Meteorology, 1996). The
35% coefficient of variation in annual rainfall is reflected
in the discharge regime of the Fitzroy River, which
includes droughts and extreme floods (Fig. 2). From May
to October flow is minimal or absent. During the wet
season, runoff from low-intensity monsoonal rainfall and
thunderstorm activity generally remains within channels,
but tropical cyclones or intense monsoonal depressions
can cause discharges of greater than ~ 10 000 m® s™' at
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Fig. 2. Peak discharges recorded at Fitzroy Crossing (gauge
802055) 1966—1993 (data source: Water Authority of Western
Australia; Goh, 1993).

Fitzroy Crossing, inundating the unconfined flood-plain
downstream to depths averaging 3 m (KWRDO, 1993)
(Fig. 3). A cluster of severe floods occurred between

Fig. 3. Satellite image showing large-scale inundation of the Fitzroy floodplain (1993 flood, peak discharge 25 000 m* s™'). The valley
floor acts as a broad flow zone (light grey area) within which the main channel is distinguished by riparian vegetation (black line). Flow
from right to left. Scale bar is 15 km. (DOLA copy licence 540/98 TM 109-072 12/3/93.)
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Fig. 4. Typical flood hydrographs at Fitzroy Crossing, Dimond
Gorge, Me No Savvy and Mount Winifred (1 January 1986 to
31 January 1986) (data source: Water Authority of Western
Australia).
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1983 and 1993, with the highest estimated flow at Fitzroy
Crossing of 30 000 m® s™' approaching global discharge
maxima for this catchment area (Finlayson & McMahon,
1988). A flood of 30 000 m® s™" has been ranked as a 1 in
c. 35 yrevent (KWRDO, 1993).

The 1986 flood hydrograph (Fig. 4) is typical of recent
events, and shows flow from Dimond Gorge, Me No
Savvy and Mount Winifred subcatchments contributing
to a peak discharge of 20 000 m® s~ at Fitzroy Crossing.
The peaked shape of the hydrograph, principally caused
by rainfall characteristics and the geography of the chan-
nel network, shows that an enormous amount of water
is suddenly present at the eastern end of the floodplain.
This sudden deluge easily exceeds the bankfull capacity
of channels at Fitzroy Crossing and causes high down-
valley overbank flow velocities despite floodplain widths
averaging ~ 10 km (Fig. 5). Overbank flow velocities
of up to 1.1 m s™! have been measured ~ 4 km from the
main channel.

Fig. 5. (A) Conceptual diagram of hydraulic aspects of
overbank flow, highlighting the large down-valley flow
component of the Fitzroy River in flood despite an average
valley width of ~ 10 km (adapted from Knight, 1989). (B) Flow
velocities over the floodplain in m® s™" at (i) Fitzroy Crossing
(1983 flood); (ii) Liveringa (full arrow = average of 1991 and
1993 floods, clear arrow = modelled flow velocity); scale bars
are 1 km (data source: Water Authority of Western Australia
(unpublished); Goh, 1993).
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The sediment load transported by the Fitzroy River has
not been measured during overbank events, but observed
high turbidity and widespread deposition of in-channel
and floodplain sediment suggest a large sand-size bedload
and clay-size suspended load.

CONTEMPORARY PLANFORM
CHARACTERISTICS

Floodplain setting

The Fitzroy floodplain considered here is the topographic
floodplain (Graf, 1988) because the whole valley floor
acts as a broad flow zone during large floods (Fig. 3). The
floodplain is 300 km long, 3—20 km wide and has a low
gradient of 0.0003 m m™". It is composed dominantly of
swelling and cracking montmorillonite and illite clays,
with a weak soil structure and varying degrees of self-
mulching (Rutherford, 1964). A satellite image of part of
the floodplain reveals the complexity of the anabranching
channel system (Fig. 6A). The main Fitzroy River chan-
nel is distinguished by its relatively wide and continuous
borders of dense phreatophytes. Enlargement of an area
where the main channel bifurcates (Fig. 6B), along with a
schematic cross-section (Fig. 6C), illustrate how channel
planform and marginal stratigraphy vary between braided,
sinuous and straight forms, both between channels and
along reaches of the same channel (Fig. 6B, no. 1, 2, 3).
Shallow scours and billabongs punctuate the plain, usually
elongate subparallel to flow direction and often aligned in
chains (Fig. 6B & C, no. 4). The modern floodplain over-
lies a ‘base’ of indurated orange alluvium (clay to coarse
sand), which displays strong pedogenic features, such as
dense root mats and tree trunks now replaced by car-
bonate. This erosion-retarding palacosol (or palacosols)
undulates from the present floodplain height to at least
8 m below it, and forms the floor and/or partial walls of
some channel reaches (Fig. 6C, no. 5). Floodplain vegeta-
tion is typically savanna or open eucalypt woodland.
Riparian and in-channel vegetation consists mainly of
mixed Eucalyptus, Acacia and Casuarina, which, in
contrast to many humid climate species, are deep-rooted
and have adapted to colonize channel sands and withstand
high flow velocities.

Main channel and Cunningham anabranch

The main Fitzroy River channel has a sinuosity of 1.2. It
alternates between clay-lined reaches of approximately
constant width (~ 70 m) (e.g. Fig. 6B, no. 2), and wider,
sand-dominated reaches (e.g. Fig. 6B, top centre). Clay-
lined reaches typically hold deep pools throughout the

dry season, with mature vegetation growing on sloping
banks. Bankfull channel depth in pooled reaches is
estimated at ~ 12 m. Wider channel reaches are generally
500-1000 m long and 3—7 m deep. A continuum exists
from reaches ~ 100 m wide, where low flow braids over
transverse sand bars between pools, to reaches up to
700 m wide, where sand bedload forms large-scale bed-
forms and lateral bars up to 3 m high, sometimes stabil-
ized by vegetation. The 53-km-long, low-sinuosity (1.08)
Cunningham anabranch, where channel width can exceed
1000 m, represents the braiding extreme of this con-
tinuum (Fig. 6B, no. 3). Banks of wide channel reaches
commonly contain cobbles and sands of palacochannels
and can be unstable, lacking mature riparian vegetation.
Levees bordering wide channel reaches are disjunct or
absent owing to both non-deposition and erosion on
reaches where riparian vegetation roughness is low.
Levees bordering clay-lined reaches of the main channel
are topographically subtle. They are most common at the
upstream end of the floodplain, where they are ~ 800 m
wide and less than 1 m high. A single levee deposit is
typically a subhorizontal couplet of silt and clay (Fig. 6C,
no. 2), reflecting a change in flow hydraulics from rapid
deposition during fast overbank flow (silt layer) to
waning flood conditions (clay layer).

Auxiliary channels

Today up to eight auxiliary channels drain a section
across the floodplain. The dimensions and planform of
auxiliary floodplain channels vary greatly, as do the scale
and nature of any proximal deposits. Four main channel
forms can be identified:

1 Most common are channels aligned with valley flow
direction which generally have low sinuosity and min-
imal bedload (e.g. Melonhole Creek, Nuderone Greek,
Figs 6A & B). Channel dimensions, and hence width/
depth ratios, change from reach to reach. Deeper reaches
(3—10 m deep, 5—15 m wide) have distinct banks, more
riparian vegetation compared to in-channel vegetation,
and can contain permanent billabongs. Shallower reaches
(1-2 m deep, 5-25 m wide) have poorly defined or even
discontinuous banks, and are often vegetated throughout.
2 Actively scouring floodplain channels have low sinu-
osity except where pre-existing channels are exploited,
and are devoid of riparian vegetation. The indurated
palaeosol retards incision, resulting in high width/depth
ratios (~20) and irregular banks. Two such channels
on the contemporary floodplain are Duckhole Creek
(Fig. 6A, B, no. 5, C) and Quanbun Channel (Fig. 6A).

3 Channels draining upland areas adjacent to the flood-
plain can cross-cut valley flow direction and are more
sinuous than form 1 and 2 channels. They are typically
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Fig. 6. (A) Satellite image of the upper Fitzroy floodplain showing the Fitzroy and Margaret Rivers, the Cunningham anabranch and
numerous auxiliary channels, both active and atrophying. Flow from right to left. Scale bar is 5 km (adapted from S. Clark,
unpublished data). (continued)



Fig. 6. (continued) (B) Aerial
photograph showing the braided form
of the Cunningham anabranch (1);
sinuous (2) and straight (3) reaches of
the main Fitzroy channel; chains of
elongate billabongs (4); scour of
Duckhole Creek (5), with the original
channel joining the main river (6) and
adjacent new floodplain scour (7). Flow
from top to bottom. Scale bar is 500 m
(DOLA copy licence 540/98: WA
3571, Run 5, Frame 5062, 950003,
15/07/95). (C) Cartoon of floodplain
cross-section located on Fig. 6B
showing: braided (1), sinuous (2) and
straight (3) channel reaches; elongate
depressions or billabongs aligned along
valley-flow direction (4), which link
and extend as illustrated in (3);
undulating palaeosurface of indurated
alluvium (thickness unknown) (5).
Representative stratigraphy (from
measured bank sections) is shown
below each planform type.
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Fig. 7. Sinuous planform of the
downstream reach of Christmas Creek.
Flow right to left. Scale bar is 200 m.
Note cut-off meander loop. (DOLA
copy licence 540/98: WA 3571, Run 7,
Frame 5206, 950003, 15/07/95).

cohesive sediment (anastomosing)
sand-dorninated, island forming
mixed-load, laterally active
sand-dominated, ridge-forming
gravel-dominated, laterally active
gravel-dominated, stable

Fig. 8. Graph of'slope versus discharge
comparing the Fitzroy River with other
anabranching rivers from Nanson &
Knighton’s (1996) classification, and
Leopold & Wolman’s (1957) threshold

10" 10° 10°

bankfull discharge or median annual flood (m®s™)

~2m wide, ~1 m deep and contain sand or gravel
bedload. Banks are fairly well vegetated (e.g. Gap Creek,
Fig. 6A).

4 Floodplain channels ~ 3—6 m wide exhibit steep clay
banks up to ~ 5 m high supporting very mature riparian
vegetation, and cross-cut valley flow direction. This
low width/depth ratio channel form contrasts with most
auxiliary channels on today’s floodplain and is relat-
ively uncommon. Reaches can be highly sinuous (e.g. the
terminal reach of Christmas Creek, Figs 6A & 7).

: between meandering (below) and
10 braiding (above) (adapted from Nanson
& Knighton, 1996).

Classification

For comparison with other anabranching rivers, the
Fitzroy River is plotted on a graph of slope versus dis-
charge from Nanson & Knighton’s (1996) classification
of anabranching rivers (Fig. 8). The main channel plots
near ‘cohesive sediment’ rivers of the classification, and
indeed the Fitzroy has many features in common with the
‘organo-clastic’ subdivision of these ‘cohesive sediment’
rivers, including low gradient, cohesive banks, minimal
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lateral migration, abundant overbank deposition and sand
bedload. The Fitzroy’s specific stream power (a primary
basis of the classification), however, is much greater
(~75Wm™ versus 10 Wm™), and the system lacks
swampy, organic-rich islands. The Fitzroy River system
also displays some features of ‘sand-dominated, island-
forming’ and ‘mixed-load laterally active’ rivers, but
until more data are available, classification is premature.
Aucxiliary channels are not included on this graph because
insufficient data exist on their slope, dimensions and
bankfull discharge.

PROCESSES OF PLANFORM
DEVELOPMENT

Multiple channels

Today’s actively scouring auxiliary channels (form 2)
reveal mechanisms of anabranch formation. Duckhole
Creek has scoured a fairly straight path ~ 100 m wide and
~6m deep over 9 km of floodplain (Fig. 6A—C). The
channel is devoid of riparian vegetation and contains
islands of remnant floodplain. The narrow connection
between the original Duckhole Creek and the main chan-
nel has filled with sand (Fig. 6B, no. 6), and scour is creat-
ing a new path extending into the floodplain directly
up-valley (Fig. 6B, no. 7). In Duckhole’s lower reaches
scour is discontinuous but of similar dimensions. These
features imply that floodwaters, rather than flow from the
main channel, are scouring Duckhole Creek. Quanbun
Channel has shown a marked acceleration of erosion co-
incident with the increased frequency of high-magnitude
overbank events from 1983 to 1993 compared with 1964
to 1980 (Fig. 9). Channel width has increased from ~ 10 m
(1964), to 30 m (1982), to 100 m (1995); channel length
has increased from discontinuous billabongs (< 1 km
long) (1964), to 3 km (1982), to 7 km (1995), with scour
now extending into the floodplain both up- and down-
valley. Quanbun’s relatively narrow upstream end is
marked by a 2-m-high headcut, 300 m away from the
main channel. These characteristics again indicate that
overbank flow, rather than flow from the main channel,
plays an important role in initiating scour. In both newly
scouring channels, incision and hence gradient change is
retarded by the indurated palacosol, resulting in a high
width/depth ratio and uncertainty as to whether these
channels will capture flow from the main river. Minimal
bedload is present in the new channels, probably owing to
lack of supply and the armouring effect of the palacosol.
Reworked sediment is forming broad levees over flood-
plain clays (Fig. 6C, section 3).

The development of new channels via levee breach,
a commonly cited formation mechanism of multi-
channelled rivers (e.g. Leeder, 1978; Smith & Smith,
1980; Richards et al., 1993; Schumm et al., 1996), is rare
on the modern Fitzroy River. This implies that crevasse
splay facies may be rare in the Fitzroy’s recent alluvial
record. The topographic subtlety of Fitzroy levee banks
essentially eliminates the gradient differences normally
inducing levee crevassing. Instead, the wide extent of
floodwaters averaging over 3 m deep, combined with
down-valley overbank velocities of up to 1.1ms™!
(Fig. 5Bii) and unit ‘stream’ powers of >30 W m™ (e.g.
1983 flood, Coorie Billabong, Fig. 5B (i)) cause new
anabranches to form on distal floodplain by flood flow
scouring shallow depressions (Fig. 10). Where vegeta-
tion is scarce, or where floodplain flow is constricted
hydraulically, geologically or geomorphologically, scour
is aggravated. The depressions become preferred flow
paths, with chains of depressions eventually linking to
form new channels (e.g. Fig. 9), which may or may
not later join the main channel. Extension and (re)-
excavation of existing or abandoned channels (the sandy
deposits of which are less cohesive than floodplain clay)
by flood flow also contribute to the development of
anabranches. The formation of anabranches by distal
overbank processes is not commonly reported, but Popov
(1962) describes floodwaters scouring secondary flood-
plain channels that can enlarge to capture flow, and
Nanson & Knighton (1996) suggest that in low-gradient
valleys, the rising stage of low-velocity, long-duration
flows can slowly scour new channels into the floodplain
surface. The Fitzroy River demonstrates that avulsion of
flow from, or a physical connection with, the main chan-
nel is not important for the formation of new channels in
a flow regime that includes high-magnitude overbank
events capable of floodplain scour.

Planform variety

The sinuous planform exhibited by most of the main
Fitzroy channel is characteristic of low-gradient rivers
carrying a suspended load (Leopold & Wolman, 1957).
Sinuosity remains low as a result of cohesive floodplain
clays and well-vegetated banks limiting lateral meander
migration: channel migration in clay-lined vegetated
reaches is undetectable in 1 : 50 000 scale aerial photo-
graphy taken 30 yr apart. The sloping banks accrete
obliquely as flow recedes after each wet season, with
occasional bank collapses revealing stacks of dipping
clay or clay-silt laminae (Fig. 6C, section 2), similar to
those described by Taylor & Woodyer (1978).

Braiding develops in wider channel reaches where high
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Fig. 9. Progressive scour of Quanbun
Channel (arrow): (A) 1964, (B) 1982,
(C) 1995. Erosion has accelerated
between 1982 and 1995, a period of
high flood frequency compared with
1964 to 1982. Flow from right to left.
Scale bar is 1 km (DOLA copy licence
540/98 950003: WA 3571, Run 6,
Frame 5096, 15/07/95; WA 2074, Run
7, Frame 5120, 26/07/82; WA 873, Run
12, Frame 5170, 10/09/64).

Fig. 10. Shallow elongate scours
(centre) and lineations (top left) formed
on distal floodplain during the 1993
flood (foreground ~ 150 m across)
(photograph J. Henwood).
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Fig. 11. Recent channel widening on
the Cunningham anabranch owing to
erosion of palacochannel deposits
(note hanging fence, and cobbles in
left foreground). The indurated
palacosurface forms an armoured
channel floor at this site. Flow from
fore- to background. Vehicle is 1.8 m
high.

flows have exploited weaknesses resulting from non-
cohesive sands of abandoned or chute channels, and/or
from loss of riparian vegetation by arid conditions, bank
collapse, up-rooting, prolonged inundation, or recently,
overgrazing (Fig. 11). Erosion can be aggravated by
tributary in-flow, the indurated palacosol and geo-
morphological features deviating flow, such as large
vegetated bars. Abundant sand bedload is provided both
by erosion of palaeodeposits, and by the expansion of
channel width, reducing transport efficiency. The extent
of braiding is partially determined by the colonization
pattern and maturity of vegetation, which can either
generate in-channel roughness, increasing channel width
and braiding, or stabilize marginal sandy deposits to
narrow the channel, which can result in downstream
migration of the channel (Fig. 12).

Straight channel reaches (e.g. Fig. 6B, no. 3) occur where
cohesive banks prevent meander migration and where
overbank flow causes bend cut-offs. Also, floodplain
scour elongate to flow direction creates initially straight
channel reaches (e.g., Duckhole Creek, Fig. 6B, no. 5).

CONTROLS ON PLANFORM
DEVELOPMENT

Variables influencing the general form of any natural
alluvial channel system include flow regime, tectonic set-
ting, valley dimensions, sediment supply, inherited geo-
morphology and vegetation (Schumm & Lichty, 1965).
For the Fitzroy River system, these variables relate to
three factors identified by Nanson & Knighton (1996) as

common to anabranching rivers in a wide range of envir-
onments. They propose that a multi-channel planform is
caused by frequent or high-magnitude flooding (factor 1),
in channels that cannot readily alter their capacity or
increase gradient. More specifically, they suggest that
resistant banks (factor 2), and a mechanism to displace
flow periodically from channel to floodplain (factor 3),
are important to anabranching. All three factors promote
overbank flow, the first by exceeding channel capacity,
the second by limiting adjustment of channel dimensions
to convey excess flow, and the third by reducing channel
capacity. On the Fitzroy, high-magnitude rainfall events
produce discharges that easily exceed channel capacities
(i.e., factor 1), as demonstrated by floods between 1983 and
1993. The influence of this upper-catchment-generated
discharge on the character of a channel-floodplain system
depends on the division of flow between channel and
floodplain (Brigza & Finlayson, 1990). This division is
governed by the ability of a channel to enlarge its capacity,
or straighten its course to increase its gradient, in order
to improve hydraulic efficiency (Leopold & Maddock,
1953; Langbein, 1964; Chang, 1979). The Fitzroy’s cohes-
ive clays and deep-rooted riparian vegetation severely
limit such channel adjustments on the low-gradient flood-
plain (i.e. factor 2), resulting in relatively high ratios of
floodplain to channel flow. Thus, in an attempt to drain
the floodplain more effectively, rivers scour new chan-
nels where gradient advantages exist or re-excavate less
cohesive deposits of abandoned channels (Schumm et al.,
1996; Nanson & Huang, 1999). This generates multiple
channels across the floodplain in an anabranching plan-
form. The formation of new channels on the Fitzroy
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floodplain does not require that flow be displaced from
one channel to another by avulsion (i.e. factor 3), be-
cause actively scouring drainages not connected to the
main channel demonstrate that overbank flow is capable
of significant erosion. Over the longer term, however,
mechanisms displacing flow, such as accretion of channel
sediment and growth of in-channel vegetation, may gradu-
ally reduce the capacity of a channel, leading to the
scour of new channels. Such processes, which mostly act
between floods, also influence individual reach planforms
(e.g. Schumm & Lichty, 1963; Osterkamp & Costa,
1987).

The morphology of channels also may be related to
attempts by the river to increase its capacity in order
to drain the floodplain effectively during periods of
increased flooding. Channel widening, and a resultant
change in morphology from meandering to braiding, can
occur where reach slope increases, or from the increased
local availability of bedload sediment or decrease in bank
silt—clay content (Ferguson, 1987). For channels close to

Fig. 12. Aerial photograph illustrating
migration of meanders downstream,
and the potential for braiding via
vegetation loss and reworking of sand
bedload. Flow from top to bottom.
Scale bar is 200 m (DOLA copy licence
540/98; WA 3571, Run 6, Frame 5092,
950003, 15/07/95).

the meandering and braiding threshold (Fig. 8) only a
small change in controlling variable is needed for a pat-
tern transition (Schumm, 1988). Although the slopes of
individual reaches have not been surveyed, the overall
very low channel gradient and coarse palaeodeposits
exposed in banks of some wide reaches (Fig. 6C, no. 1)
point to the latter as a likely cause. Alternatively, or addi-
tionally, wide reaches may correspond with topographic
highs in the indurated palaeosol, where vertical incision is
retarded and enough energy is generated to erode channel
walls. The palaeosol is present as the armoured floor of
many sites of increased channel width, and, where evid-
ent in narrower reaches, it often forms a terrace 5-10 m
wide, backed by eroded banks. More evidence is required
to substantiate this hypothesis. Over long time-scales
(>> 10° yr) the palacosol may only retard incision and
cause temporary widening, because at two sites the main
channel cuts through the palaeosol revealing it to be ~ 1 m
thick. At other sites, however, the palacosol is a minimum
of 2.5 m thick.



Overbank flow and anabranching form 89

The morphology of channels also seems closely related
to the frequency and magnitude of floods occurring dur-
ing their formative stage, prior to the establishment of
vegetation. A channel forming during periods of frequent,
high-magnitude floods can scour a path through the flood-
plain wider than the main channel (e.g. form 2 channels,
and perhaps the Cunningham anabranch). If a source of
sand is intersected (e.g. a palacochannel or the main chan-
nel), and high-magnitude flows continue, it may adopt a
braided planform. After a period with no high-magnitude
overbank events, however, the channel is likely to stab-
ilize and start to accrete, establishing riparian vegetation
and a sinuous planform type. Any lateral migration will
be retarded by the boundaries of the original channel.
Anabranches forming during a low frequency of flood-
ing may never reach the dimensions of channels such
as Duckhole or Quanbun channels. Rather, irregular pro-
cesses of flood erosion across the floodplain form deep
billabongs, while other areas become shallow channels,
stabilized by vegetation (form 1 channels). In addition,
uneven filling and vegetation colonization of atrophying
channels contribute to irregular channel dimensions.
Flood frequency and magnitude have less influence on
the form of floodplain channels that receive runoff from
valley sides (form 3), because local rainfall, steeper gradi-
ents and higher sediment loads play a more dominant
role. Low width/depth ratio channels cutting across the
dominant down-valley drainage direction (form 4) are
incongruous with floodplain features forming under the
present flow regime and are interpreted to be inherited
from a former flow regime. Excavation in Christmas
Creek (Fig. 7) reveals that the indurated palaeosol here
contains the template of a highly sinuous planform, on
which 1-2 m of cohesive clay have accreted, stabilized
by mature vegetation, preserving the planform despite
transverse flood flows.

CONCLUSION

Given the geological setting of the Fitzroy River (in
terms of valley geometry, tectonic stability and sediment
supply), it is the frequency and magnitude of overbank
flow, combined with factors resisting flow, such as vegeta-
tion and the cohesive floodplain, that govern the river’s
anabranching pattern, and the number, longevity and
planform of channels. The Fitzroy channel-floodplain
system responds to an episodic generation of overbank
events by scouring new channels in the floodplain or
enlarging existing ones to increase drainage efficiency.
High down-valley overbank flow means anabranches can
develop on distal parts of the floodplain, independent of
the main channel. Concurrent with these scouring pro-
cesses, sediment accretes vertically over the floodplain,
obliquely on channel banks, and as in-channel forms.
This erosion and accretion, along with vegetation pro-
cesses, contribute to a geomorphically effective feedback
system that accounts for the river’s contemporary form.
The Fitzroy River is in a constant state of adjustment
and will remain so while its current flow regime persists.
As these adjustments tend toward an average condition
(anabranching), the Fitzroy River can be regarded as
being in steady-state equilibrium. For the Fitzroy, the
suggestion of Smith er al. (1989) that a multi-channel
planform is a temporary stage in river evolution, and that
eventually a single channel will be achieved probably
will be appropriate only in the very long term. Not enough
data are yet available for an assessment of a long-term
equilibrium status (trends A, B or C, Fig. 13), although it
seems closely linked to the activity of the northwest
Australian monsoon regime, which governs the regime of
high-magnitude overbank flows. Bank stratigraphy, com-
bined with radiocarbon dating (unpublished), indicate
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that the overbank-flow-dominated regime of the Fitzroy
River has existed for over 3000 yr.
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Downstream changes in floodplain character on the Northern Plains
of arid central Australia

S. TOOTH*
School of Geosciences, University of Wollongong, NSW 2522, Australia

ABSTRACT

Along the Sandover, Sandover—Bundey and Woodforde Rivers on the Northern Plains in arid central Australia,
floodplain landforms, processes and sediments differ between confined upper and middle reaches (where channels
and Holocene floodplains are flanked by indurated, Pleistocene alluvial terraces) and unconfined lower reaches
(where channels are flanked by extensive Holocene floodplains). In confined reaches, terraces up to 5 m high
restrict lateral channel migration and floodplains are typically less than 50 m wide. Channel avulsions, splays and
distributary channels are rare and overbank vertical accretion is the main process of floodplain formation. Down-
valley, terrace heights decline and they are eventually buried by younger, relatively erodible, floodplain silt and
sand. In these unconfined reaches, termed floodout zones, channels are more laterally active, floodplains are up to
6 km wide and numerous splays, distributary channels and palaecochannels are present. Channels decrease in size
downstream and end in flood-outs, a term used to describe sites where channelized flows terminate and floodwaters
spill across adjacent alluvial surfaces. In flood-out zones, floodplains form mainly by vertical accretion, lateral
point-bar accretion and abandoned-channel infilling. Stratigraphical and sedimentological features characteristic

of flood-out zones include:

thin veneers of Holocene sediments over Pleistocene alluvium or bedrock;
a paucity of sedimentary structures preserved in channel or floodplain deposits;

the surficial nature of many floodplain features;

channel sand and gravel bodies encased in fine-grained overbank deposits;

1
2
3
4 incorporation of aeolian sediments in the predominantly fluvial deposits;
5
6

a general down valley decrease in the ratio of channel sands and gravels to overbank fines.
Although an absence of channels makes it difficult to reconcile floodouts with conventional definitions of
‘floodplain’ or with existing floodplain classifications, fluvial landforms and deposits in floodout zones are best

regarded as part of a continuum of floodplain types.

INTRODUCTION

Although a large number of studies have described the
channel deposits resulting from floods in dryland rivers
(e.g. McKee et al., 1967; Williams, 1971; Karcz, 1972;
Picard & High, 1973; Frostick & Reid, 1977, 1979;
Langford & Bracken, 1987), the landforms, processes
and sedimentology of dryland river floodplains have
received relatively little attention in the literature. In part,
this may result from the difficulty of generalizing about

*Present address: Department of Geology, University of the
Witwatersrand, Johannesburg, Wits 2050, South Africa. (Email:
065tooth@cosmos.wits.ac.za)
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dryland fluvial processes (Olsen, 1987), as floods may be
largely channelled (e.g. Karcz, 1972; Picard & High,
1973), largely unchannelled (e.g. Jutson, 1919; Graf,
1988a) or show a combination of both channelled and
unchannelled flow (e.g. Sneh, 1983; Pickup, 1991; Tooth,
1999). Better characterization of dryland floodplains
is needed, however, because they may harbour proxy
records of Quaternary hydrological and climatic change
(Nanson & Tooth, in press) and also provide modern ana-
logues for improved interpretation of the geological
record (Miall, 1996).

Such diversity of fluvial process is characteristic of the
Alice Springs region of arid central Australia, and has

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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resulted in a variety of floodplain types both along and
between different drainage systems. This paper has four
main aims:

1 to describe downstream changes in the channels and
floodplains of rivers draining the Northern Plains in the
Alice Springs region;

2 to illustrate differences in floodplain landforms, pro-
cesses and sediments between confined middle reaches
and unconfined lower reaches;

3 to examine in detail the sedimentology in unconfined
lower reaches;

4 to draw comparisons with previous descriptions of
floodplains in other dryland environments.

S. Tooth

REGIONAL SETTING

The ‘Alice Springs area’ of central Australia (Stewart &
Perry, 1962) is an extensive, tectonically stable, arid
region (Fig. 1). It is dominated by the central ranges, an
east-west trending belt of Proterozoic and Palaeozoic
crystalline and sedimentary rocks that cuts across the
middle of the region (Fig. 1). The central ranges are
broken by intermontane lowlands and are flanked by
the extensive, low-relief Northern Plains and Southern
Desert Basins (Mabbutt, 1962), where uplands are
restricted in extent (Fig. 1).
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Fig. 1. Ephemeral drainage systems in the Alice Springs region of central Australia, highlighting the main rivers referred to in this
paper. Stippled areas represent land over 750 m in elevation. The Northern Plains is the extensive area to the north of the central
belt of ranges.
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The findings presented here are drawn from study of
the Sandover, Sandover—Bundey and Woodforde Rivers,
three rivers on the Northern Plains with catchment areas
of 10600, 11 000 and 550 km®, respectively (Fig. 1).
Rainfall across the Northern Plains averages ~ 300 mm
yr~! and pan evaporation is high (~ 3000 mm yr™"). As a
result, channels remain dry for much of the year and
rarely flow throughout their length. Occasional heavy
rainfalls (> 100 mm over 24 h), however, result in region-
ally widespread flooding. Although there are no rated
gauging stations on the rivers of the Northern Plains, the
last few decades have included some of the largest flood
events in the 100—110 yr of European settlement in the
region (Williams, 1970; Baker et al., 1983; Pickup et al.,
1988; Pickup, 1991).

River channels on the Northern Plains are generally
well-defined throughout their length but, in the lower
reaches, channel capacities decline to a point at which an
increasing proportion of large floods are diverted over-
bank. In this floodout zone, channels eventually disappear
but the occasional large floods spread across broad,
low-gradient, alluvial surfaces widely known in Australia
as floodouts (Fig. 2). There are two types of floodout:
intermediate floodouts, where unchannelled floodwaters
spread out but channels reform further down-valley;
and terminal floodouts, where unchannelled floodwaters
spread out and ultimately dissipate (Tooth, 1999).

On the Sandover River, the channel initially disappears
at Ammaroo station, some 250 km from the headwater
ranges (Fig. 1). Large floods spread across an intermedi-
ate floodout that covers approximately 200 km* before
several channels form again and carry floodwaters to the
confluence with the Bundey River. Although the Bundey
supplies the vast majority of flow and sediment down-
stream of the confluence, the channel continues as the
Sandover River. It is referred to here as the Sandover—
Bundey River to avoid confusion with the Sandover
River upstream of Ammaroo (Fig. 1). The Sandover—
Bundey continues some 55 km further to Ooratippra sta-
tion, where it divides into several distributary channels
which decrease in capacity and eventually disappear
(Fig. 1). Large floods disperse across a terminal floodout
approximately 800 km?, with unchannelled flows only
rarely continuing to Bybby Creek and thence to the
Georgina River (Fig. 1), part of the centripetal drainage
of Lake Eyre. On the far smaller Woodforde River,
the channel initially disappears around 45 km from the
ranges (Fig. 1) and large floods spread across an inter-
mediate floodout approximately 40 km?, before several
channels form again. These channels carry flows a further
22 km before they disappear near the confluence with the
larger Hanson River (Fig. 1).

Anecdotal accounts of local cattle pastoralists provide
the only available evidence regarding flood frequency in
the lower reaches. On the Sandover River, which receives
few tributary contributions for some 135 km upstream of
the channel terminus (Fig. 1), floods reach the floodout
approximately every 3—4 yr. On the Sandover—Bundey
River, which is joined by several small tributaries along
its length (Fig. 1), flows reach the floodout at a more fre-
quent interval of 1-2 yr, as is the case on the smaller
Woodforde River where the floodout is located closer
to the upland sources of runoff. Although there are no
quantitative data, the infrequent flows and the large areas
over which deposition occurs both result in low rates of
sediment accumulation in floodout zones.

METHODS

Sedimentary deposits along the Sandover, Bundey
(Sandover—Bundey) and Woodforde Rivers were investi-
gated by examining natural bank exposures and by hand
augering and trenching where practicable. In the lower
reaches of the Sandover at Ammaroo and the Sandover—
Bundey at Ooratippra (Fig. 1), these methods were com-
plemented by shallow drilling with an Edson 360 hydraulic,
truck-mounted drill rig using both solid and hollow augers.

Limited preservation of sedimentary structures in
channel or floodplain deposits, and problems of clean
recovery of samples during augering and drilling, meant
that standard fluvial facies coding schemes (e.g. Miall,
1996) were unsuitable for this study. Recovered or
exposed sediments were described in the field by deter-
mining Munsell soil colours on air-dried samples and by
using particle-size analysis cards. Samples were also
collected for detailed grain-size analysis using standard
techniques (Folk, 1974) and for thermoluminescence
(TL) dating. The basic theory and methods of the TL dat-
ing technique are provided in Aitken (1985, 1990) and
Nanson et al. (1991). In this study, difficulties in identify-
ing suitable modern surface samples for the determina-
tion of residual TL in older sediments, means the reported
ages are all uncorrected for residual TL and should be
regarded as maximum ages. Full details of the TL
method, TL ages and palaeoclimatic interpretations are
provided in Tooth (1997).

GEOMORPHOLOGICAL AND
STRATIGRAPHICAL CONTEXT

The Sandover, Bundey (Sandover-Bundey) and
Woodforde Rivers exhibit broadly similar patterns of
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Floodout

Emergence point and
start of floodout zone

Mottled red (2.5YR 4/8 - 10R 4/8)
Pleistocene terraces flanking piedmont
channels and inset floodplains. Proportion
of gravel, sand and silt in terraces
variable, pedogenic carbonate often
abundant. Terraces typically highly
indurated. Bedrock outcrops and remnants

of Tertiary lateritic weathering profiles Red (25YR 4/8 - 10R 4/8)
common. Pleistocene terraces of moderately to

highly indurated silt and sand
flanking channels and inset
floodplains. Pedogenic carbonate
A and bedrock cutcrops less common.

Yellowish red (5YR 4/6) to strong ‘Emergence point’: Holocene silt and
brown (7.5YR 4/6) Holocene sift sand red bury Pleistocene alluvium and
and sand forming channel banks channels emerge from confines of the
and inset floodplains, Sediments terraces. Corresponds 1o the start of the
litle indurated and present floodout zone.
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Fig. 2. Schematic illustrations of downstream changes in channel-floodplain morphology and alluvial sedimentary units along rivers
on the Northern Plains. In the upper and middle reaches, Holocene channels and floodplains are confined by indurated Pleistocene
alluvial terraces, bedrock, Tertiary weathering profiles, or acolian sands (sites A, B, C). In the lower reaches, channels emerge into the
unconfined settings of floodout zones, floodplains broaden markedly and Holocene silt and sand aggrades over Pleistocene alluvium

(site D) (modified from Tooth, 1999).
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downstream channel and floodplain change, as illustrated
schematically in Fig. 2. These patterns are typical of
many other rivers on the Northern Plains. In the upper
reaches, upland networks of small, rocky channels trans-
porting sand and gravel converge on the piedmont to give
rise to well-defined channels that flow through low-lying
depositional plains. In the uplands, alluvial deposits are
restricted mainly to discontinuous pockets of gravel, sand
and silt between bedrock spurs or at tributary mouths, but
in the piedmont, Holocene floodplains of yellowish red to
strong brown silt and sand (TL ages < c. 4 ka) are gener-
ally well-developed and inset within highly indurated,
mottled red Pleistocene terraces of gravel, sand and silt
(TL ages > 15 ka) (Fig. 2, site A). Although the terraces
are inundated occasionally during extreme floods, in con-
junction with bedrock outcrops and remnants of Tertiary

Fig. 3. Typical bank exposure in the vicinity of the emergence
point of the Woodforde River. Up to 2 m of highly indurated,
structureless, red Pleistocene alluvium is unconformably
overlain by 1.5 m of little indurated, structureless, yellowish red
Holocene alluvium. The contact between the two units is
marked by the dotted line. Similar exposures can be identified
on the larger Sandover River.

lateritic weathering profiles (Mabbutt, 1965, 1967), they
confine channels and floodplains and contain most floods
that exceed bankfull stage.

In the middle reaches, channels and Holocene flood-
plains are flanked by indurated, red Pleistocene terraces
of'silt and sand (TL ages > 15 ka) (Fig. 2, sites B and C).
Throughout these reaches, channel gradients remain
moderate to low (typically 0.0005-0.002) and river
patterns vary from predominantly single-thread to ana-
branching. Beyond the limit of further tributary inflows,
channel capacities generally decrease downstream owing
to declining discharges resulting from transmission losses
and floodwave attenuation. In many locations, the confin-
ing terraces are highly degraded and gullied or are
obscured by aeolian sands, but they continue to provide a
resistant boundary for channels and floodplains.

In the lower reaches, the height of Pleistocene terraces
above the floodplains gradually declines until shallow
burial by younger silt and sand occurs (Fig. 2, site D &
Fig. 3). The term emergence point is used here to refer to
the emergence of channels from the confines of previ-
ously enveloping terraces (Fig. 2). Downstream of the
emergence point, in the floodout zone, overbank flows
spread sediments for greater distances to either side of the
channel margins and pockets of late Pleistocene and early
Holocene alluvium (TL ages ranging from ¢. 13 t0 9.5 ka)
have been preserved in palaecochannels or overbank
sequences alongside more widespread late Holocene
deposits. Channel capacities rapidly decline downstream
and channelized flow and bedload transport eventually
terminate at floodouts.

DOWNSTREAM CHANGES IN
FLOODPLAIN CHARACTER

Along rivers on the Northern Plains, the character of
floodplains in confined upper and middle reaches is dif-
ferent from that in unconfined lower reaches, as summa-
rized in Table 1. Throughout confined reaches (Fig. 2,
sites A—C), channels are mostly less than 300 m wide and
floodplains rarely exceed 50 m in width, even on the large
Sandover and Bundey Rivers. Channels are typically
rectangular in cross-section, with flat, sandy floors and
steep banks (bank angles > 40°) that range in height from
~ 0.5-3.0 m, laterally stable and low to moderately sinu-
ous (< 1.2). Point bars are rarely developed, although in-
channel benches are sometimes a localized but prominent
feature of floodplain morphology. Benches abut the base
of the channel banks and typically are < 1 m high, with
widths ranging from 1 to 5 m (Fig. 4). Most benches are
relatively short features but they sometimes persist for up
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Table 1. Summary of the main differences between floodplains in confined and unconfined reaches of rivers on the Northern Plains.

Confined reaches

Unconfined reaches

Channel-floodplain morphology

Channel-floodplain features

Floodplain facies

Processes of floodplain formation

Single-thread or anabranching channels
with floodplains typically less than
50 m wide

In-channel benches, mid-channel ridges
and islands, floodplain swales and scour
channels

Basal coarse sand and gravel with finer
overburden of sand and silt

Dominantly overbank vertical accretion

Single-thread or distributary channels
with floodplains up to 6 km wide

Point bars, in-channel benches, levees,
splays, palaeochannels, transverse
bedforms, waterholes, pans

Mainly overbank sand and silt,
occasional sandy to gravelly channel fills,
local aeolian sands

Overbank vertical accretion, lateral
point-bar accretion, abandoned-channel
infilling

Fig. 4. Vegetated, in-channel bench
in a confined middle reach of the
Sandover River (view downstream).

Fig. 5. Vegetated, mid-channel ridge
separating anabranching channels in a
confined middle reach of the Bundey
River (view upstream).
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to 200 m along the channels to form important sediment
storage sites. In addition, along the extensive anabranch-
ing reaches of the Bundey (Sandover-Bundey) and
Woodforde Rivers, elongate, vegetated, mid-channel
ridges and broader islands also store sediment (Fig. 5).

Channel banks, benches, ridges, islands and flood-
plains are typically vegetated with a gallery of trees (prin-
cipally Eucalyptus spp.), shrubs and grasses. Density of
grass growth varies considerably along the rivers, usu-
ally in response to cattle grazing pressure but, in some
reaches, dense growth helps to trap and bind floodplain
sediments (Fig. 4). Floodplains tend to have little surface
relief, being either flat-lying or gently sloping up to the
higher confining surfaces, but in some locations bed-
rock outcrops introduce surface irregularities. Levees
are rarely developed, and although occasional swales or
larger scour channels result from overbank flows, there
is little evidence of the uneven zone of alternate longitu-
dinal banks and flood furrows described as typical of
the floodplains of sand-bed channels in central Australia
(Perry et al., 1962; Mabbutt, 1977, 1986). With the
exception of one short (17-18 km) reach of the Bundey
River, splays and distributary channels are rarely present
owing to confinement of channels and floodplains.

Typical floodplain facies in confined reaches include a
basal layer of coarse sand and granule/pebble gravel with
a finer overburden of sand and silt (Fig. 6). The percent-
age of silt—clay in channel banks is highly variable but
averages around 30-40%. Internal sedimentary struc-
tures are rare owing to bioturbation from the colonizing
vegetation, although planar and trough cross-bedding are
sometimes preserved in benches and ridges.

The above morphological and sedimentological char-
acteristics suggest that floodplain formation in confined
reaches is dominated by overbank vertical accretion
(Table 1). The high degree of lateral channel stability
means lateral point-bar accretion is relatively unimport-
ant, although the layer of coarse sand and gravel at the
base of floodplains (Fig. 6) attests to its probable import-
ance in the past. Lateral accretion resulting from the
growth of in-channel benches plays only a minor role in
floodplain formation, as does oblique accretion of chan-
nel banks resulting from muddy drapes of suspended
material. Mid-channel ridges and islands can be seen as
incipient floodplains in the sense that, if they continue to
grow, or if intervening anabranching channels are aban-
doned, they eventually may become bank-attached and
incorporated into floodplains at channel margins.

Floodplains in confined reaches can be modified or
destroyed as a result of channel widening, floodplain
scour or dissection by gullies and back-channels. Despite
large floods in the last few decades, however, aerial
photographs available since the 1950s show no evidence
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Fig. 6. Descriptions of excavated trenches, illustrating typical
floodplain facies in confined middle reaches of the Woodforde
River.

of substantial change to channels and floodplains (Nanson
& Tooth, in press). Although localized instances of bank
erosion can be identified in the field, the absence of
substantial recent change may have resulted from the
protection offered by bank-line vegetation, as well as the
influence of the confining terraces in restricting channel
migration, avulsion, and splay and distributary channel
formation.

In unconfined reaches (floodout zones) (Fig. 2, site D),
floodplain widths increase markedly (up to 6 km wide).
Burial of Pleistocene terraces by relatively erodible,
Holocene silt and sand means that channels are less stable
laterally, with greater potential for bank erosion and
channel change. Indeed, in unconfined reaches of the
Sandover, Sandover—Bundey and Woodforde Rivers there
is clear evidence of channel widening, avulsion and
extension into floodouts during large floods in the last
few decades. In the floodout zones of the Sandover and
Woodforde Rivers, channels are single-thread but the
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Sandover—Bundey divides into three distributary chan-
nels. Bank angles and heights are similar to those in
confined reaches, but increased lateral instability means
that point bars up to 300 m wide are developed occasion-
ally, most notably on the large Sandover and Sandover—
Bundey Rivers. In-channel benches up to 1 m high and
5 m wide also are present in some reaches.

Throughout unconfined reaches, channel banks are
typically well vegetated with trees, shrubs and grasses,
except in several short reaches (<500 m long) where
there has been recent bank erosion. Floodplain vegetation
varies considerably depending on grazing pressure and
moisture availability, but following floods these areas

Fig. 7. Typical splay in the floodout
zone of the Sandover—Bundey River,
showing a well-defined feeder channel
emanating from a breach in the parent
channel bankline (flow direction in
parent channel from top right to bottom
left).

Fig. 8. Abandoned and largely infilled
channel of the Sandover—Bundey
River, near the terminus of a
distributary channel.

often support rich carpets of ephemeral grasses and forbs
(Lendon & Ross, 1978; Winstanley ef al., 1996). On the
Woodforde River, low (< 0.5 m) levees are sometimes
present but are discontinuous or rare along the Sandover
and Sandover-Bundey. Along all three rivers, distributary
channels, splays (Fig. 7) and abandoned channels (Fig. 8)
introduce local relief to the extensive floodplains. Beyond
channel termini, unchannelled floodwaters deposit fine
sand and mud on the low-relief floodouts, with areas of
aeolian sand up to 6 m high and occasional gullies and
palacochannels also present. Other surficial landforms
characteristic of the floodplains and floodouts include
transverse bedforms, waterholes and pans (Tooth, 1999).
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The percentage of silt—clay in channel banks in

unconfined reaches is similar to that in confined reaches. SEDIMENTOLOGY OF UNCONFINED
In addition to overbank vertical accretion, however, REACHES

increased lateral instability in unconfined reaches means

lateral point-bar accretion and abandoned-channel infil- Fluvial depositional environments in unconfined reaches
ling are also processes of floodplain formation (Table 1). (floodout zones) can be subdivided into channels (act-
As a consequence, floodplain facies are more complex. ive or abandoned), floodplains (flanking the channels)
Owing to the aggradational nature of these unconfined and floodouts (beyond the channel termini). Field in-
reaches, and the wider implications for improved under- vestigations concentrated mainly on the Sandover and
standing of the nature of low-gradient, dryland floodplains, Sandover—Bundey Rivers but were supported by more
the remainder of this paper focuses on the sedimentology limited field-work on the Woodforde. Figure 9 illustrates
of floodout zones. the location of drill holes, auger holes, excavation pits
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Fig. 9. Sketch maps of the floodout zones of the Sandover and Sandover—Bundey Rivers, showing the location of thermoluminescence
(TL) samples, drill holes, auger holes and excavation pits. The floodout zones are surrounded by aeolian sands, red-earth plains or
bedrock.
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and TL sample ages in the floodout zones of the Sandover
River at Ammaroo and the Sandover—Bundey River at
Ooratippra. At Ooratippra, Aboriginal ownership of part
of the extensive floodout restricted drilling to channels
and floodplains leading into the floodout. At both loca-
tions, access with heavy drilling equipment was also
often restricted by steep-sided channels or dense vegeta-
tion growth.

On the Sandover River, yellowish red to strong brown,
Holocene silt and sand buries red Pleistocene terraces
in the transition to the floodout zone (Fig. 2, site D &
Fig. 3). Indeed, the vast majority of drill holes en-
countered indurated red alluvium at depths of 6 m or less.
Bed and bank exposures in short sections of channel
also indicated that this same alluvial unit was present at
relatively shallow depths and showed a typically sharp
contact with overlying channel and overbank deposits.

On the Sandover—Bundey River, Holocene deposits
bury Pleistocene alluvium and bedrock in the floodout
zone (Fig. 2, site D). Most drill holes reached calcareous
bedrock (Arrinthrunga Formation) at depths between
3 and 10 m. Bedrock or weathered regolith exposed in
channels further confirm the general shallowness of allu-
vium. Pleistocene and Holocene alluvium overlying
bedrock and regolith typically consists of a 0.5-1.0 m
thick basal layer of coarse sand and granule/pebble
gravel, with a finer overburden of silty sand, which typic-
ally changes from yellowish red near the surface to red at
depth. Unlike at Ammaroo, however, this colour change
is usually very subtle with little evidence of a distinct
stratigraphical break. This suggests that Pleistocene allu-
vium at Ooratippra may have been partially or completely
eroded from many locations.

Surficial floodplain features

The findings from the Sandover and Sandover—Bundey
Rivers suggest that Holocene alluvial deposits in the
floodout zone are little more than thin veneers over
Pleistocene alluvium or bedrock, findings strongly sup-
ported by bank exposures in the floodout zone of the
Woodforde. On all three rivers, the paucity of preserved
sedimentary structures in alluvium probably results
from deep weathering of older alluvium, bioturbation of
freshly deposited sediments and low rates of sediment
accumulation.

Many of the characteristic floodplain features are also
only surficial. For instance, trenching and drilling of fea-
tures such as swales and small depressions that feed water
and sediment to pans located in the surrounding aeolian
sands, reveal that many are incised only to shallow depths
(<0.5m) into the underlying sediments. Hence, these

features represent little more than a local reworking of
older material or a local basin for more recent silt and
sand. Similar findings emerge from a study of splays.
Although splays are prominent landforms in floodout
zones, most are small features, rarely exceeding 0.5 km?
in area. In proximal and medial parts they are generally
incised in floodplains in well-defined channels (Fig. 7)
but the majority merge with the floodplain surface within
1 km of parent channel margins, sometimes ending in
small, sandy lobes that prograde over the fine-grained
floodplain sediments. Splay deposits are relatively thin,
ranging from 0.5 m or less in proximal parts to 0.1 m or
less in distal parts and are subject to acolian reworking or
disturbance by cattle. Hence, although splays are locally
important accumulations of relatively coarse-grained
sediments, their small size, limited thickness of trans-
ported sediments and aeolian reworking limit their
volumetric significance within the overall fine-grained
floodplain sediments.

Fluvial-aeolian interactions

An example of a small-scale fluvial-aeolian interaction in
floodout zones is the deposition of overbank fines along
the margins of the surrounding aeolian sands (Tooth,
1999) and larger scale examples also can be identified.
For example, on the Sandover—Bundey at Ooratippra, the
initially single-thread channel abruptly bifurcates around
alarge (~ 1 km®) acolian dune complex and subsequently
follows a distributary pattern towards the floodout. Field
inspection of the 4.0-4.5-m-high channel bank-lines at
the bifurcation point, together with auger and drill holes
and TL ages for fluvial and aeolian sediments (Fig. 10;
see Fig. 9B, OR32-35 for location), reveal a 2.5-3.0-m-
thick basal layer of late Pleistocene sand and granules
overlain by 6.0-7.0 m of slightly silty, fine to medium,
aeolian sand, which is encircled by late Holocene silt and
sand. The moderate sorting and coarse texture of the basal
sediments indicate a fluvial origin. Stratigraphical rela-
tionships and TL ages (Fig. 10) suggest that the present-
day distributary channel pattern developed as a result of
the emplacement of aeolian sand across the Sandover—
Bundey channel, with subsequent channel bifurcation
and overbank vertical accretion resulting in the incor-
poration of aeolian sand within the floodplain sediments
of the distributary channels.

At Ammaroo, kidney-shaped or circular acolian dunes
up to 1.5 km* and 5-6 m in height have been surrounded
by fluvial deposits in the floodout zone (Fig. 11). A
transect drilled across one of these dunes and on to the
surrounding floodout (Fig. 12; see Fig. 9A, AMS5-8 for
location) indicates that around 3.5 m of fine to medium
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Fig. 10. Sedimentological logs and surveyed section showing the relation between aeolian and fluvial sediments in the floodout zone
of the Sandover—Bundey River. See Fig. 9B for location.

Fig. 11. Aerial photograph of the
floodout zone of the Sandover River,
showing areas of aeolian sand
surrounded by fluvial deposits and the
old and new line of the channel.
(Part of colour aerial photograph:
Elkedra—Derry Downs—Sandover,
SF53-7, 1982, Ntc 790, Run 11, 010.
Reproduced by permission of NT
Department of Lands, Planning and
Environment, Northern Territory
Government.)
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aeolian sand overlies indurated red alluvial silt and sand.
The stratigraphy suggests that the dune developed on the
layer of Pleistocene alluvium that underlies the floodout
zone. Near the dune margins, the aeolian sand decreases
in thickness and is overlain by thin accumulations of
recent alluvial silt and sand deposited in the floodout
(Fig. 12). The transition is a subtle one, occurring over
tens of metres, and suggests gentle onlap of alluvium.
Further from the dune, on the surface of the floodout,
the aeolian sand gradually pinches out and the alluvial silt
and sand directly overlies older Pleistocene alluvium
(Fig. 12). Similar examples of intercalated aeolian and
fluvial sediments are common in the floodout zone at
Ammaroo. For instance, avulsion of the lower section of
the Sandover during the large 1974 flood and the cutting
of a new channel has resulted in enhanced fluvial deposi-
tion at the southern margins of the floodout zone, isolat-
ing small areas of aeolian sand (Fig. 11).

Channel fills

Examples of fluvial-aeolian interactions in the floodout
zones of the Sandover and Sandover—Bundey Rivers

\ Alluvial silty sand/sandy silt -
&\ 2.5YR 4/8 (red) to 10YR 4/8 (red)

Alluvial fine-medium sand
with minor silt

Fig. 12. Sedimentological logs
showing the relationship between
aeolian and fluvial sediments on the
floodout of the Sandover River. See
Fig. 9A for location.

demonstrate how aeolian sands can be incorporated
locally in alluvial deposits of the floodplains and
floodouts. In addition, examples of channel diversion at
Ooratippra (Fig. 10) and avulsion at Ammaroo (Fig. 11)
show how channel fills can be incorporated in predomin-
antly fine-grained floodplain deposits.

On the ground, older abandoned channels typically
appear as lightly vegetated swales and are commonly
flanked by recent floodplain deposits or acolian sands. At
Ammaroo, one prominent palacochannel ~ 8.5 km in
length is located just upstream of Dingley Bore (Fig. 9A,
AM1-4b). Where it branches from the left-bank of the
Sandover, the swale marking the line of the palaecochan-
nel is about 1 km wide but abruptly narrows down to
around 150 m. Two holes drilled in the centre of the swale
some 2 km apart both showed 1.5-2.0 m of silty sand
grading downwards into 2.5—4.0 m of poorly sorted sand
and granule/pebble gravel. The poor sorting and coarse
texture of the sand and gravel are interpreted as indicating
a channel fill with a muted fining upwards succession. In
both holes there was an abrupt junction between the chan-
nel fill and underlying Pleistocene alluvium. Three holes
drilled through the floodplain and aeolian sands adjacent
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to the swale failed to intersect channel sand or gravel,
even at depths of 7-8 m. This suggests that the present-
day surface swale broadly follows the subsurface distri-
bution of channel sand and gravel. Similar findings were
made at Ooratippra, where drill holes in a small swale
(2.5-3.0 km long, 50—-80 m wide) near to Matrice Bore
(Fig. 9B, OR26-28) intersected channel sand and gravel
beneath a 2.0-2.5 m surface cover of silty sand. At both
Ammaroo and Ooratippra, swales marking the location of
palaeochannels indicate that channel sands and gravels
are also buried beneath the fine-grained alluvium of the
floodouts.

In addition to these older palaeochannels, channel fills
resulting from more recent avulsions can be identified. At
Ooratippra, for instance, aerial photographs taken since
1950 show that the distributary channel termini have
extended short distances (700-900 m) into the floodout
during recent large floods. On one of the channels,
extension has resulted in avulsion and infilling of the
former course. Today, the 700—-750-m-long infilled sec-
tion of channel is a narrow (3 m wide) depression lined
with coolibah trees (Eucalyptus microtheca) and shrubs,
and marked by low levees of structureless, silty sand (Fig.
8). The channel fill consists of 0.3—0.7 m of structureless,
fine—medium sand overlain by 0.1-0.25 m of silty sand,
illustrating the slow rates of deposition near and on the
floodout.

At Ammaroo, an example of a recent, large-scale avul-
sion is the abandonment of the lowermost 5—6 km of the
channel during the large 1974 flood. A new channel has
been excavated in the floodplain sediments (Fig. 11) and
the former channel is infilling. For much of its length, the
low-sinuosity, single-thread palaeochannel is 160—180 m
wide and marked by dead trees. Near its terminus, the
palaeochannel breaks into a number of small (10 m wide)
distributary channels (Fig. 11). Holes drilled along the
palacochannel (Fig. 13) show poorly sorted sand and
occasional granules underlain by yellowish red silty sand,
which in turn is underlain by a sharp contact with the red
Pleistocene alluvium found at shallow depths through-
out the floodout zone. At the point of avulsion, the
palaeochannel is almost completely infilled by 3.0-3.5 m
of poorly sorted sand and granules, with the uppermost
2.0 m exposed as a result of downcutting by the new
Sandover channel. Sections excavated in the fill (Fig. 14,
T2, T4 & T5) show structureless sand or silty sand pass-
ing downwards into horizontally laminated and planar
cross-bedded, fine to medium sand with occasional gran-
ules. The fill rapidly decreases in thickness along the
length of the palacochannel to around 1 m within 3 km
and to 0.5 m or less in the distributary channels (Fig. 13).
Sediment samples from the surface of the fill typically

consist of moderately sorted, very fine to medium sand.
Although this sand is slightly finer than the bed material
of the present Sandover River, to date there is little evid-
ence of infilling by silt and clay.

The nature of the contact between the channel fill and
adjacent floodplain deposits is partly obscured by bank
slumping and fallen trees. Nevertheless, drill holes (Fig.
13) and excavated sections (Fig. 14, T1 & T3) on the
palacochannel margins show the lateral contact between
channel and overbank facies to vary from sharp to grada-
tional, with units of fine to medium sand sometimes
interbedded with silty sand. Good exposure of the flood-
plain alluvium is provided by a large hole, approximately
8 m in diameter and more than 30 m deep, located just a
few metres from the palacochannel margin (Fig. 15). This
hole is probably a collapsed hand-dug well, possibly
dating to early European settlement in the region. The
unstable edges of the hole limited detailed inspection
but general observation showed only structureless fine-
grained sediments with no evidence of coarse sand or
granule units, despite close proximity to the channel fill.

Together, the data from Ammaroo and Ooratippra indi-
cate the general nature of channel fills in floodout zones.
More drill holes are needed before definitive statements
can be made as to typical channel-fill geometry and size,
but from the examples described, the thickness and lateral
extent of channel-fill deposits appear to be relatively lim-
ited. Hence, channel fills represent locally important
accumulations of coarse-grained sediment but form only
a minor component of the predominantly fine-grained
alluvial deposits in floodout zones.

DISCUSSION

The term ‘floodplain’ is usually defined by reference to
humid river floodplains, which occur adjacent to river
channels, possess predominantly horizontal surfaces that
are activated by the present flood regime, and typically
occupy clearly delimited zones with morphological
boundaries (e.g. Bates & Jackson, 1987; Nanson &
Croke, 1992). As floods in drylands can be largely chan-
nelled, largely unchannelled, or show varying combina-
tions of both (e.g. Jutson, 1919; Karcz, 1972; Picard &
High, 1973; Sneh, 1983; Graf, 1988a; Pickup, 1991;
Tooth, 1999), however, the depositional landforms and
flood deposits of dryland rivers are more variable. Indeed,
some authors even consider that many dryland rivers do
not have conventional floodplains, being characterized
either by braided channels that occupy the entire space
between low terraces (Graf, 1988b, p. 217) or by ‘less
clearly defined’ zones adjacent to the channel that consist
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Fig. 13. Sketch map of the abandoned channel of the Sandover River showing sedimentological logs and surveyed cross-sections. See
Fig. 9A for location.

of a ‘composite mixture of alluvial features’ (Cooke (1972) and Hereford (1984, 1986) have described flood-

etal., 1993, p. 155). plain destruction resulting from channel widening dur-
Some dryland rivers, however, do possess conven- ing large floods, with later rebuilding during periods of
tional floodplains. For example, in the semi-arid Amer- lower discharge. In arid Australia, floodplain landforms,

ican south-west, Schumm & Lichty (1963), Burkham processes and deposits have been described in the
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Fig. 15. Exposure of floodplain
alluvium in a large hole near the
margins of a recently abandoned
channel of the Sandover River. The
abandoned channel is marked by the
line of dead trees visible in the
background.
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Fig. 16. Schematic illustrations of the characteristic landforms and stratigraphy of floodout zones on the Northern Plains:

(A) intermediate floodouts of the Sandover and Woodforde Rivers; (B) terminal floodout of the Sandover—Bundey River. The
diagrams illustrate how upstream confining terraces (and/or bedrock) are buried downvalley by younger silt and sand of the floodplains
and floodouts. On large rivers such as the Sandover and Sandover—Bundey, channels traverse distances up to 40 km into the floodout
zone, before eventually disappearing.
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Channel Country, western Queensland (e.g. Rust, 1981;
Nanson et al., 1986, 1988; Rust & Nanson, 1986, 1989;
Maroulis & Nanson, 1996) as well as in the Alice Springs
region (e.g. Pickup, 1991; Patton et al., 1993; Bourke,
1994).

Most previous descriptions of dryland river floodplains
have been from settings where floods are largely chan-
nelled and there have been few descriptions where floods
are only partially channelled or largely unchannelled (e.g.
Jutson, 1919; Sneh, 1983; Graf, 1988a; Pickup, 1991;
Patton et al., 1993). In particular, little is known about
floodplain landforms, processes and deposits in low-
gradient, unconfined settings typical of lower reaches of
rivers on the Northern Plains.

Floodout zones of rivers on the Northern Plains
encompass channels, floodplains and floodouts and thus
contain a mix of channel and overbank facies. Figure 16A
illustrates features typical of intermediate floodouts, as
found on the Sandover and Woodforde Rivers, where
recent alluvial deposits are underlain by red Pleistocene
alluvium and where channels reform further downstream.
Figure 16B illustrates the terminal floodout of the
Sandover—-Bundey River, where alluvial deposits of the
floodout zone are underlain by bedrock at shallow depths
and where there are no channels further downstream.
Despite differences in detail, the floodout zones of the
three rivers show a number of similarities in stratigraphy
and sedimentology. These include:

1 thin veneers of Holocene sediments over Pleistocene
alluvium or bedrock;

2 a paucity of sedimentary structures preserved in chan-
nel or floodplain deposits;

3 the surficial nature of many floodplain features;

4 incorporation of aeolian sediments in the predomin-
antly fluvial deposits;

5 channel sand and gravel bodies encased in fine-grained
overbank deposits;

6 a general downvalley decrease in the ratio of channel
sands and gravels to overbank fines.

Many stratigraphical and sedimentological features
typical of floodout zones on the Northern Plains are also
characteristic of other low-gradient, dryland fluvial sys-
tems, particularly those rivers transporting abundant
bedloads and which are subject to declining down-
stream flows. In the Alice Springs region, thin veneers
of younger (typically Holocene) alluvial sediments over
heavily weathered deposits have been noted from a num-
ber of piedmont settings close to the central ranges
(Litchfield, 1969; Pickup, 1991; Patton et al., 1993). In
many places, these younger deposits lack internal
stratification and are associated with surface morpho-
logical features such as sand threads, sand sheets and

transverse bedforms (Pickup, 1991; Patton et al., 1993).
Similarly, alluvial sediments intercalating or interdigitat-
ing with aeolian sands have been described in many
drylands, both from modern depositional settings (e.g.
Glennie, 1970; Lancaster & Teller, 1988; Nanson ef al.,
1988; Langford, 1989; Callen & Bradford, 1992) and the
rock record (e.g. Ward, 1988; Langford & Chan, 1989;
Olsen, 1989; Trewin, 1993; Smith ef al., 1993; Jones &
Blakey, 1997). Predominantly fine-grained dryland
floodplain sediments containing channel sand and gravel
bodies also have been described widely, both from mod-
ern (e.g. Rust, 1981; Parkash et al., 1983; Nanson et al.,
1988; McCarthy et al., 1991, 1992) and from ancient
examples (e.g. Friend, 1978; Friend et al., 1979; Graham,
1983; Rust & Legun, 1983; Nichols, 1987; Olsen, 1987;
Kelly & Olsen, 1993; Sadler & Kelly, 1993). Sand and
gravel bodies are particularly common in the floodplains
of anastomosing, anabranching and distributary dryland
rivers, where the principal mode of floodplain formation
is overbank vertical accretion and channel avulsion is
common.

In terms of geomorphological setting, as well as in
aspects of morphology and sedimentology, floodout
zones have some similarities with terminal fans, which
are characterized by extensive distributary channels that
grade distally into sheet flood deposits with poorly
defined channels (e.g. Mukerji, 1975, 1976; Friend, 1978;
Graham, 1983; Abdullatif, 1989; Kelly & Olsen, 1993).
A general absence of extensive distributary networks in
floodout zones and a common location on middle or
lower reaches of rivers where channels reform down-
stream of the flood-out, however, makes application of
the term ‘terminal fan’ inappropriate (Tooth, 1999). In
floodout zones, downstream disappearance of channel-
ized flow means that floodplains (in the conventional
sense of the term) grade into floodouts, which vertic-
ally accrete dominantly fine-grained alluvial sediments.
Although an absence of channels makes it difficult to
reconcile floodouts with conventional definitions of
‘floodplain’ or with existing floodplain classifications
(e.g. Bates & Jackson, 1987; Nanson & Croke, 1992),
fluvial landforms and deposits in floodout zones are
best regarded as part of a continuum of floodplain types.

CONCLUSION

Many previous studies of rivers in more humid environ-
ments have made a distinction between ‘confined’ and
‘partially confined’ or ‘unconfined’ reaches and have
shown the degree of confinement to be significant for pro-
cesses of floodplain formation or erosion (e.g. Lewin &
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Brindle, 1977; Milne, 1983; Sneh, 1983; Nanson, 1986;
Brown, 1990; Warner, 1992; Miller & Parkinson, 1993;
Rutherfurd, 1994). Similarly, on the Sandover, Sandover—
Bundey and Woodforde Rivers, the distinction between
confined upper and middle reaches and unconfined lower
reaches has a number of implications for floodplain land-
forms, processes and the resultant sedimentary deposits.

In confined reaches, narrow floodplains are inset
within Pleistocene alluvial terraces, bedrock or aeolian
sands, and consist of basal coarse sand and gravel with a
finer overburden of largely structureless sand and silt.
Floodplains typically have little surface relief, with
levees, splays and distributary channels rarely developed,
and overbank vertical accretion is the main process of
floodplain formation. By contrast, in unconfined reaches,
broad floodplains typically consist of thin veneers of
Holocene sediments over Pleistocene alluvium or bed-
rock. Holocene sediments largely consist of structureless,
fine-grained sand and silt, but also incorporate sandy to
gravelly channel fills as well as aeolian sands. Features
such as splays and abandoned channels are common, and
floodplains form by a number of processes, including ver-
tical accretion, lateral point-bar accretion and abandoned-
channel infilling.

The floodplains of rivers on the Northern Plains form
by a number of different processes and are characterized
by a variety of active and abandoned fluvial features.
Their description provides a valuable addition to the rel-
atively small body of knowledge on dryland river flood-
plains. Growing interest in using the deposits of dryland
rivers for reconstruction of Quaternary hydroclimatic
change and as modern analogues for ancient hydrocarbon
reservoirs means that characterization of floodplains in
aggradational areas, such as unconfined lower reaches
of rivers in central Australia, will become increasingly
important. Study of the Sandover, Sandover—Bundey and
Woodforde Rivers illustrates floodplains typical of rivers
on the Northern Plains, but investigations of rivers in
other geomorphological settings, such as those termin-
ating among longitudinal dunefields in the western
Simpson Desert (Fig. 1), will provide further examples of
floodplain landforms, processes and deposits character-
istic of low-gradient, dryland rivers.
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ABSTRACT

Eddy accretions occur along margins of confined channel-meander belts where unusually deep scours, eroded by
river flow impacting valley sides at right angles, infill primarily with sand. In unconfined meanders (e.g.
Mississippi River), eddy accretions can form where channels impinge against resistant valley sides (bedrock,
diamicton, silt—clay) or silt—clay oxbow fills within the valley. In confined settings, eddy-accretion deposits com-
monly occupy 25% of the floodplain and form where the ratio of floodplain-width to channel-width varies between
Sand 10.

From vibracores in confined meandering river valleys, stratigraphical profiles indicate that eddy-accretion
deposits are considerably thicker than adjacent point bars, e.g., 17 m versus 6 m and 9 m versus 5 m for the
Kootenay and Beaver rivers, respectively. In confined valleys, cross-valley geometries of eddy-accretion and
point-bar deposits resemble dumb-bells, thick on the ends but thin across the middle. In one case (Kootenay River),
a single eddy-accretion fill consists of two upward-fining sequences: a pebbly channel lag that crudely fines
upward to a mid-sequence thick silt, above which rests another sandy sequence on an erosive base, similar to the
lower, but capped by a rooted overbank silt. This apparent double upward-fining succession could be misinter-
preted as the product of two superimposed point-bar upward-fining sequences. Acoustic bottom profiles of un-
usually deep scour holes adjacent to eddy accretions confirm the great thickness of fills as compared with nearby
point bars.

INTRODUCTION

Eddy accretions are one of the few remaining unstudied
sedimentary deposits within meandering river systems
(Fig. 1). In this paper the term eddy accretion is used to
define morphology, a group of depositional processes and
sedimentary deposits that form up-valley from abrupt
channel bends along valley sides. Eddy accretions com-
monly form as unusually thick deposits (1.5-3 times
thicker than point bars on the same river) along flanks of
confined meandering river valleys where parallel resis-
tant valley walls are close together. They also occur in
unconfined meander belts, where rivers flow against
resistant valley banks, as observed in the Mississippi and
Red rivers, USA (Carey, 1969) and Peace and Liard
rivers, Canada (Burge, 1997). In confined reaches of the
Kootenay, Fort Nelson, Muskwa, Clearwater and Beaver
rivers in British Columbia and Alberta, Canada, we have
observed that eddy-accretion morphology constitutes
25-40% of the floodplain area (not including channel

Fluvial Sedimentology VI Edited by N.D. Smith and J. Rogers

area). Deep scour holes form where channel flow impacts
the valley wall at high angles, causing flow separation and
areverse-flow eddy on the up-valley channel side (Carey,
1969). This immediate change in flow direction absorbs
as much energy as several meander wave lengths (Carey,
1969). In confined meanders, eddy accretions migrate
down-valley simultaneously with down-valley migration
of scour holes and adjacent mid-valley point bars. Eddy
accretion scroll-bar patterns are reverse to point-bar scroll
patterns (Fig. 1), that is, eddy-accretion scrolls are con-
cave whereas point-bar scrolls are convex when looking
down-valley.

Despite their widespread occurrence, eddy-accretion
sedimentology and details of their depositional processes
remain largely unstudied. Accretion eddies were first
identified and studied in the Mississippi River (Carey,
1969) and later in other meandering rivers (Lewin, 1978;
Hickin, 1979, 1986; Page & Nanson, 1982; Page, 1983).

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Several researchers have studied the floodplain ridge-
and-swale pattern associated with reverse eddies, term-
ing the ridges within the channel ‘concave benches’
(Woodyer, 1975; Hickin, 1979; Farrell, 1987). Although
Woodyer (1975) claimed that eddy accretions were sim-
ilar to his concave-bank benches on the Barwon River,
Australia, we believe they are different features, because
concave-bank benches lack six of the nine features that
all Mississippi eddy accretions have in common. More
recently, some workers have termed eddy-accretion-like
features as counterpoint deposits (counter or opposite to
point bars; S.A. Smith, 1987; Nanson & Croke, 1992;
Hesselink & Berendsen, 1997; Hickin, 1997). In spite of
these later terms, the original term, eddy accretion, will be
used throughout the remainder of this paper.

Eddy-accretion deposits are difficult to access, because
they are not easily drilled and suitable geophysical
methods are still unavailable. In earlier studies, sedi-
mentological data were limited to the upper few metres
by trenching and augering (Woodyer, 1975; Taylor &
Woodyer, 1978; Woodyer et al., 1979; Page & Nanson,
1982; Page, 1983; Hickin, 1986). Recent innovations in
vibracoring technology, however, have allowed cores
to be retrieved from considerably deeper sediment (up to
25 m; Smith, 1992, 1998).

500m

Fig. 1. Typical morphology of eddy
accretions on the Beaver River
floodplain in Saskatchewan, located
48 km east of the Alberta border.
(Photograph courtesy of Energy,
‘ Mines and Resources of Canada,
no. A13163-44.)

Our objectives are fourfold:
1 to investigate the sedimentology and geometry of
eddy-accretion deposits in confined valley settings;
2 to determine the depths of scour and associated flow
velocities immediately ahead (down-valley) of eddy
accretions;
3 to understand the depositional processes of eddy
accretions;
4 to compare and contrast the nature of eddy accretions
with adjacent point-bar deposits.

PREVIOUS RESEARCH

Carey (1963) suggested that meandering river channels
change direction in two distinct ways:

1 in its own alluvial sediments, a meandering channel
makes sweeping gentle curves as it wanders (termed a
regular bend);

2 when a meandering river channel encounters resistant
bank material, such as a resistant valley wall or cohesive
sediment (oxbow-fill of clay), it can change direction as
an abrupt bend (90°).

Carey (1969) compared the processes involved in an
abrupt bend on the Mississippi River to a water jet
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impinging directly on a wall, dividing the flow equally in
two directions. The part of the flow that moves up-valley
is the reverse flow eddy that forms the concave morpho-
logy as compared to common convex-shaped point-bar
scrolls. Carey (1969) estimated that the total energy con-
sumed by an abrupt bend probably equalled the energy
required to overcome the flow resistance of several
kilometres of a normal meandering river channel. Carey
(1969) indicated that as the entire eddy accretion mi-
grated down-valley, the eddy may form either a concave
accretion or a concave island, which eventually is left
behind and incorporated into the floodplain, with depres-
sions filled with arcuate-shaped residual lakes.

Carey (1963) noted that the unconfined Mississippi and
Red rivers impinge on erosion-resistant valley sides. The
Mississippi River, for example, impinges on valley walls
at 17 locations between Cairo, Illinois and Baton Rouge,
Louisiana, a river distance of 460 km (Carey, 1963). The
Red River impinges on its valley walls at 11 sites between
Shreveport and the Mississippi confluence, a 173-km
channel distance (Carey, 1963). Some accretions migrate
rapidly; for example at Port Hudson on the Mississippi
River, one migrated 2.4 km down-valley in 80 yr, an
average of 30 m yr~' (Carey, 1969). Carey stated that all
eddy accretions have the following features:

1 abrupt-angle change of channel direction, as a result of
impingement on an erosion-resistant valley wall, with the
angle generally greater than 90°;

2 a powerful pressure eddy (reverse flow) upstream of
the impingement;

3 a suction eddy (normal flow) just upstream of the
impingement;

4 contours and other topographic features are concave
with respect to the flow direction of the active river
channel within the valley (down-valley);

5 high silt and clay content and organic material at and
near the surface of accretions (higher than any other allu-
vial deposit except ‘back-swamp’ clays);

6 greatest river-scour depths occurring at abrupt bends
(60 m on the Mississippi, below Old River);

7 at slightly lower elevations than point-bars with over-
bank deposits or natural levees and often remain low and
swampy;

8 small streams commonly flow from the valley side,
then flow along the depression and the contact between
the point-bar and eddy-accretion scrolls.

Eddy accretions in confined meandering river valleys
occur along both floodplain margins, as demonstrated by
a large number of Pleistocene meltwater spillway valleys
in western Canada (Page & Nanson, 1982), where the
downstream limb of each point bar grades into an eddy
accretion. Nanson & Page (1983) were the first to suggest

a geometry of juxtaposed eddy-accretion and point-bar
deposits. Hickin (1986) estimated the geometry of eddy
accretions and adjacent point-bar deposits in the sub-
surface, but no subsurface data were presented. Hickin
(1979), however, does show an unusually deep bottom
profile from an active channel forming an eddy accretion.
This profile shows flow separation, a deep scour in the
main channel and reverse flow in the accretion zone. Page
& Nanson (1982) examined the formation of eddy accre-
tions (there termed concave-bank benches) on a reach of
the Murrumbidgee River in New South Wales, Australia,
where aerial photographs show apparent sequential devel-
opment. From shallow cores, they produced a general
model for eddy accretion (separation zone islands) at
different stages.

RESEARCH SITES

In this paper, eddy accretions in the Kootenay River,
British Columbia, and Beaver River, Alberta, Canada,
were studied. In the south-eastern Canadian Cordillera,
the Kootenay is a tributary of the Columbia River, which
discharges into the Pacific Ocean, whereas the Beaver, in
the plains of east-central Alberta, is a tributary of the
Churchill River, which discharges into Hudson Bay
(Fig. 2).

The Kootenay River enters the Rocky Mountain
Trench at Canal Flats, where it turns south and flows
between the Rocky Mountains to the east and Columbia
Mountains to the west, before crossing the Canada—USA
border into Montana. The Kootenay River study area
is located 3 km south of the town of Wasa, British
Columbia and immediately west of Highway 93. Here,
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Fig. 2. Locations of study areas on the Kootenay River,
southeast British Columbia, and Beaver River, east-central
Alberta.
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the Kootenay floodplain is 1 km wide and confined on
both sides by bedrock and Pleistocene till, with eddy
accretions on both sides of the floodplain. The Kootenay
River drainage basin is 7120 km?, measured from the
Skookumchuck gauging station 12 km upstream of
the study area. Monthly discharge hydrographs for the
Kootenay show maximum flow in June (average 400 m’
s~', maximum 1150 m* s.

The Beaver River study area is 5 km south of the
hamlet of Cherry Grove, Alberta, which straddles the
Alberta—Saskatchewan border. The Beaver occupies a
deep glacial meltwater channel cut into bedrock, gravel
and till. Aerial photographs show eddy accretions on
nearly every meander throughout the valley length. The
Beaver drainage basin is 14 500 km? measured from
the Cold Lake gauging station 20 km upstream. Monthly
discharge hydrographs for the Beaver River show the
maximum flow in June (average 50 m> s™!, maximum
615m°s™).

METHODS

Vibracoring and lithostratigraphical logging

Although vibracoring technology has been available
for two decades, recent equipment and procedural
modifications by Smith (1992, 1998) has allowed for
deeper penetration (up to 25 m) in favourable conditions
(muddy sand), while maintaining portability and low
cost. After vibrating the first 6 m length of core-tubing
into saturated sand and silt, a coupler is used to attach two
tubes together, then coring continues. If the core-pipe
penetration stops, but a greater depth is desired, the tube
is extracted, the core is vibrated out and the pipe is rein-
serted into the same hole. This technique continues until
no additional penetration occurs or the desired depth is
achieved. If the depth objective has not been achieved
with the 7.5 cm diameter core pipe using couplers and
the reinserting technique, an additional method is used.
A 15-cm diameter length of core-casing tube is vibrated
6, 8 or 10 m into the hole left by the extracted 7.5 cm core
pipe. After the tube is vibrated into place, it is flushed
of sediment with water from a pump and a plastic-pipe
flushing system, so that the tube now becomes a casing.
Next, a 7.5-cm diameter pipe is inserted into the casing
and coring with couplers and reinserting continues until
no additional depth is possible. Using this process, a
maximum depth of 17 m was reached in the Kootenay
River deposits.

Graphical and descriptive lithostratigraphical logs
were constructed in the field from every vibracore. Sand-

grain sizes were determined by visually comparing sedi-
ment with an Amstrat (American/Canadian Stratigraphic)
grain-size chart using a 30-power field microscope. The
silt—clay fraction was classified using qualitative tests
such as consistency, feel and grittiness between teeth.
The integrity of this method of estimating grain size
has been tested successfully against laboratory sieving
(Folk, 1974) and hydrometer methods, with field results
yielding 90% accuracy (Calverley, 1984; Piet, 1992). The
occurrence of shells, woody debris and fibrous organics
was also recorded.

Acoustic bottom profiling and flow velocity
measurements

Channel cross-sectional geometry and depths were deter-
mined using a Raytheon DE-719E depth sounder from a
Zodiac-type inflatable boat. On the Kootenay River, two
eddy-accretion channels and one point bar were profiled
at bankfull discharge. Six eddy-accretion and corres-
ponding point-bar channels were profiled on the Beaver
River below bankfull discharge (—1.7 m). Profiles were
taken perpendicular to the channel edge in order to obtain
true cross-sections. One cross-sectional flow-velocity
profile was measured on a Kootenay River eddy accretion
at bankfull discharge. Velocity readings were taken with
a Price current meter at every 10% of channel depth for
most of 20 cross-channel sites for a total of 177 point
measurements, then processed following standard hydro-
metric procedures (Burge, 1997).

LITHOFACIES DESCRIPTION AND
INTERPRETATIONS FROM
VIBRACORES

A total of 19 lithostratigraphical logs were recorded from
vibracores, 9 taken from the Kootenay River and 10 from
the Beaver River. The Kootenay logs were taken along
the channel margin of the eddy accretion and point bar
(Figs 3 & 4), whereas the Beaver logs were obtained
along a straight transect across the floodplain from the
north valley side (Figs 5 & 6). Seven facies, their number,
description and interpretation, were identified from vibra-
cores (Table 1).

Facies 1, a massive silt, varies from 0.1 to 1.7 m thick.
The colour of facies 1 is shiny grey in the Kootenay
and black in the Beaver and commonly contains minor
amounts of shell and organic material. When facies 1 is
present at the base of cores it frequently is overlain
by facies 3 (coarse sand with pebbles). Facies 1 can be
found at any stratigraphical level, but commonly occurs
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Fig. 3. Locations of vibracores (K1 to
K9) taken along the Kootenay River.
Eddy accretion is located on the west
side of the valley and the point bar is
located mid-valley. (Photograph
courtesy of British Columbia Surveys
and Mapping Branch, roll BC77036,
no. 006, 1977.) All lithostratigraphical
logs used floodplain surfaces as 0

datum.
Waest Valey Wall
* Eddy Accretion
K L K3 KA K5
bl = 3 el |
EE B § -
1 - | e [
L S | =
JeE B B8
e e S S
. I v [ = =22 ::|4
N L e ]
1 o & _l =
! == x|
15-[ "l B iiaaan | E
O e | et B
N L = B el
I \ tr— e pal
' \o— B
= =T -
Il! \'\. :1-1:__ ;__, -
‘; lﬁ _II _.__n b=

Fig. 4. Stratigraphical cross-sectional profile, from west to east along the Kootenay River, shown in Fig. 3. Note the greater thickness

of eddy-accretion sediment as compared with point-bar sediment. Vertical exaggeration is x17.
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Fig. 5. Locations of vibracores (B1 to
B10) taken across the Beaver River
floodplain. Eddy-accretion deposits are
located on both the north and south
sides of the valley and point-bar at mid-
valley. (Photograph courtesy of Alberta
Energy Mines and Resources, roll
1633, n0.316, 1977.)
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Fig. 6. Stratigraphical cross-sectional profile taken from north to south across the Beaver River floodplain. Core locations are shown
in Fig. 5. Eddy-accretion deposits occur on the north and south sides of the valley and point-bar deposits at mid-valley. Vertical

exaggeration is X6.

Table 1. Summary of the seven facies, descriptions and
interpretation.

Facies Description Interpretation

1 Massive silt Glacio-lacustrine or
in-channel slack deposition

2 Gravel Glacio-fluvial or alluvial fan

3 Coarse sand with pebbles ~ Channel bed lag

4 Organic litter and wood Lateral accretion

5 Clean sand Lateral accretion

6 Sand with silt and/ Lateral accretion

or organic litter
7 Silt and sand with rootlets Overbank deposition

mid-sequence, where it overlies clean sand (facies 5) or
sand with silt and/or organic litter layers (facies 6). Facies
1 occurs up to seven times in Kootenay cores and three
times in Beaver cores. Depending on its location within a
core, facies 1 is interpreted in one of two ways. If located
stratigraphically beneath a basal lag (facies 3), it is inter-
preted as pre-fluvial glacio-lacustrine in origin. As many
glacial lakes formed during deglaciation (Clague, 1975;
Sawicki & Smith, 1991), the contemporary Kootenay
River sediments may rest on lacustrine silt. When facies 1
is present above the basal lag, it is interpreted as slack-
water fallout of suspended sediment deposited at low stage.
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Facies 2, a gravel, varies from 0.1 to 0.2 m thick and
contains pebble clasts, usually within a sandy matrix.
When present, it occurs at the base of cores and is overlain
by sand with pebbles (facies 3), clean sand (facies 5), or
sand with silt and/or organic litter layers (facies 6). This
facies is interpreted as glacio-fluvial or alluvial fan in
origin, depending on its location in the valley. Gravel is
found at two locations on the Kootenay River, core K9,
located on the east side of the valley, and cores K1 and K2
on the west side of the valley. Gravel on the east side of
the valley is interpreted as glacio-fluvial, whereas on the
west side of the valley it is from a small tributary creek,
which is actively depositing an alluvial fan. Gravel on the
north side of the Beaver River valley is interpreted as
glacio-fluvial and is thought to be a basal lag deposit from
larger post-glacial flows that eroded the valley.

Facies 3, sand with pebbles, varies from 0.6 to 1.1 m in
thickness and occurs at the base of fluvial successions and
near mid-sequence in eddy-accretion deposits. The sand
usually is either coarse or medium, contains minor to
numerous pebbles with occasional silt—clay rip-up clasts
and may contain variable amounts of wood fragments,
organic litter or shell fragments. Clean sand (facies 5)
usually overlies facies 3, but less frequently below sand
with silt and/or organic litter layers (facies 6). When
occurring in mid-sequence of eddy-accretion deposits,
facies 3 may be underlain or overlain by massive silt
(facies 1), but also may occur overlain or underlain by
facies 5 and 6. Facies 3 is interpreted as a channel-bed
lag, deposited mostly in thalwegs. When present at mid-
sequence in eddy accretions, it is deposited by reverse
flows in perched eddy-accretion channels.

Facies 4, organic litter and wood fragments, is a minor
facies, varying in thickness from 0.05 to 0.2 m. It is black
in colour, generally fibrous with wood fragments and may
contain minor medium sand. Facies 4 is overlain and
underlain by clean sand (facies 5) or sand with silt and/or
organic litter layers (facies 6). Facies 4 is interpreted as
waterlogged organic litter and wood fragments, deposited
within the channel on the downstream side of dunes or
sand waves during low flows and subsequently buried
by downchannel readvance of the bedform in the next
high flow.

Facies 5, clean sand, occurs in all cores in both rivers. It
is the most abundant facies, varies in thickness from 0.1
to 4.2 m and is dominated by medium sand, but some-
times fine sand. Facies 5 may contain minor silt layers or
minor organics and commonly is overlain and underlain
by facies 6 (sand with silt and/or organic litter layers), but
occasionally it is found in contact with any other facies.
Facies 5 is interpreted as lateral-accretion point-bar or
eddy-accretion sand deposited at or near bankfull discharge.

Facies 6, sand with silt and/or organic litter layers,
occurs in all cores in both rivers. It is the second most
abundant facies and varies in thickness from 0.1 to 5.8 m.
Grain size ranges from silty fine sand to medium sand.
The facies contains minor to numerous silt layers up to
5 cm thick, variable organic litter layers, and occasional
shell fragments. It occurs most commonly in the upper
half of cores and usually is overlain and underlain by
facies 5 (clean sand). It commonly is overlain by silt and
sand with rootlets (facies 7) when at the top of a core.
Facies 6 is interpreted as a lateral-accretion deposit and
occurs on accretion surfaces of point bars or eddy accre-
tions high upon the accretion slope.

Facies 7, silt and sand with rootlets, occurs in all cores
in both rivers with thicknesses varying from 0.15 to
1.7 m. Grain size ranges from clayey silt to silty fine
sand. This facies contains numerous rootlets and minor
to numerous organics. It occurs at the top of all cores, at
the floodplain surface, and generally is underlain by sand
with silt and/or organic litter layers (facies 6). Facies 7
is interpreted as overbank sediment deposited during
floods. Roots found in this facies are from active growing
plants on the floodplain or from plants that were buried by
vertical accretion during flooding.

LITHOFACIES SUCCESSIONS AND
CROSS-SECTIONAL PROFILES

Facies successions are vertically stacked facies deposited
by a distinct sequence of depositional processes. Two
facies successions, (i) point bar and (ii) eddy accretion,
are recognized from the floodplain logs of the Kootenay
and Beaver rivers.

Point-bar succession

Representative point-bar successions from the Kootenay
and Beaver rivers are shown in logs K8 and B8 (Fig. 7),
which are similar to published facies successions of
sandy point bars (Allen, 1965; Bernard et al., 1970;
Smith, 1987a; Jordon & Pryor, 1992). At the base of the
succession, sand with pebbles (facies 3) is in erosional
contact with underlying lacustrine silt (facies 1) or fluvial
gravel (facies 2). This facies passes upward to a thick
sequence of clean sand and sand with silt and/or organic
litter layers (facies 5 or 6). Organic litter and woody mate-
rial (facies 4) may occur at any interval in the sequence.
The sequence is always capped by silt and sand with
rootlets (facies 7). The succession generally fines upward,
but may contain thin interbeds of coarser grained sand.
Sedimentary structures were not preserved in vibracores.
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Eddy-accretion succession

Eddy-accretion successions from the Kootenay and
Beaver rivers, shown in logs K3 and B5 (Fig. 7), are sim-
ilar sedimentologically but are thicker than the nearby
point bars. At the base, a channel lag of sand with pebbles
and clay rip-up clasts erosively overlies lacustrine silt or
fluvial gravel. Up-profile is a thick sequence of clean sand
and/or sand with silt and organic litter. At mid-sequence
in the Kootenay cores, a massive silt layer (facies 1)
nearly 1 m thick usually overlies facies 5 or 6. This silt
may occur more than once within a sequence. Commonly
overlying the massive silt bed is another sand with peb-
bles (a lag), clean sand, or sand with silt and/or organic
litter layers. The sequence continues with facies 5 and 6
and is capped by silt and sand with rootlets (facies 7),
which always occurs at the top.

Some logs show two upward-fining sequences, one
stacked above the other. If seen in outcrop or core
from ancient rocks, this apparent double upward-fining
sequence may be misinterpreted as two superimposed
point-bar deposits.

A sedimentological comparison of eddy accretions and
point bars is shown in logs K3 and K8 for the Kootenay
and B5 and B8 for the Beaver (Fig. 7). Eddy-accretion
and point-bar sequences have four important differences.
First, eddy-accretion deposits are 1.5-3 times thicker than
adjacent point-bar deposits. Second, eddy-accretion sedi-
mentology may include massive silt layers at any interval,
but most commonly they occur mid-sequence; similar
thick layers are absent in point-bar deposits. Third, eddy-
accretion deposits contain more silt and organic litter in
the upper sequence than do point-bar deposits. Fourth,
eddy-accretion deposits exhibit a higher degree of grain-
size heterogeneity than do point bars. This heterogeneity
probably results from the complex nature of flow condi-
tions in reverse-flow eddy channels, where high and low
velocities occur in close proximity.

Cross-sectional profiles of fluvial fills

A Kootenay River stratigraphical cross-section was
compiled from nine vibracores taken along the channel
margin across the 1-km-wide floodplain (Fig. 3). The
profile is deepest (17 m) on the west side, corresponding
to the eddy-accretion deposit and shallows to 6 m at the
mid-floodplain position, corresponding to the point bar
(Fig. 4). This eddy accretion extends over 40% of the
floodplain, whereas point-bar deposits cover the remain-
ing 60% (percentages do not include channel area).

The Beaver River stratigraphical cross-section was

compiled from 10 vibracores taken across the 0.3-km-
wide floodplain (Fig. 5). The profile is deepest (9 m)
on both floodplain margins and shallowest (5m) at
mid-valley (Fig. 6). Here eddy-accretion deposits form
30% of the total alluvial surface in cross-valley profile,
whereas point-bar deposits form the remaining 70%. The
Beaver River profile shows two thick eddy accretions,
one on each margin of the floodplain.

CHANNEL BED SCOURS AND
FLOW VELOCITY

Channel bottom profiles

In the Kootenay River, two eddy-accretion scours and
one point bar were extensively bottom-profiled at bank-
full stage. Six eddy-accretion channels and adjacent
point-bar channels were bottom-profiled on the Beaver
River at 1.7 m below bankfull discharge. Profiles were
taken perpendicular to channel banks in order to obtain
true cross-sections.

The channel-bottom profiles (echograms) are dis-
played in Fig. 8. All point-bar channel-bottom profiles
clearly show a gently sloping lateral-accretion surface on
the up-valley side and a steep cutbank on the down-valley
bank (K2, B2, B4, B6; Fig. 8). Eddy-accretion profiles
usually show one perched-channel segment on the up-
valley bank, a ridge near mid-channel, and a deep scour
hole with a steep cutbank on the down-valley bank
(Fig. 9). An island and/or mid-channel ridge, depending
on stage, was present in profile B7 (Fig. 8). During bank-
full discharge, this island is slightly submerged (1 m).

All profiles at eddy accretions show unusually deep
scours, a mid-channel ridge and a perched-channel seg-
ment. On the Kootenay River, eddy-accretion scour
depths vary between 14 and 16 m, whereas adjacent to
point bars, channel depths are 8 m. On the Beaver River,
eddy-accretion scour depths vary between 5.5 and 8 m,
whereas channels adjacent to point-bars range from 4 to
4.5 m below bankfull. Depth to the eddy-accretion ridges
varied between 6 and 8.5 m on the Kootenay and 2-3 m
on the Beaver. Depth of the eddy-accretion perched
channel averaged 10—11 m on the Kootenay and 3—4 m
on the Beaver.

Flow-velocity profile

A cross-channel velocity profile was measured in an
eddy-accretion scour of the Kootenay River at location
K1 (Fig. 8). The velocity profile in Fig. 9 shows normal
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flow in the main channel scour and reverse flow over the
perched channel (negative velocities). Severe turbulence
in the separation zone separates the opposing flows. Dis-
charge in the main channel (normal flow) was 810 m® ™"
whereas the perched-channel (reverse flow) discharge
was 190 m® s7!, 23% of the main channel discharge. At
bankfull discharge, highest point velocities (1.6 ms™)
occurred along the bed of the main channel (Fig. 9).
These abnormally high bed velocities create the greatest
shear stress and scour in the main channel.

Flow behaviour in an eddy-accretion channel may be
separated into three main parts:
1 normal (downstream) flow in the main channel;
2 reverse flow (eddy) in the perched channel;
3 severe turbulent separation zone characterized by large
eddies and upwelling.
Flow reversal occurs when flow impacts a resistant bank
surface at 90°, usually the valley wall (Carey, 1969).
Within the channel, water ‘piles up’ against the resistant
valley side, forcing upstream (reverse) flow on the up-
valley portion of the channel. The impingement-induced
flow separation in the main channel creates a large
reverse eddy. The eddy flows within the perched channel
and erodes a semi-circular cutbank into the floodplain.
Energy in the reverse flow eventually dissipates and
rejoins the main-channel flow. Hence, the eddy recircu-
lates flow into the main channel, thereby increasing dis-
charge and velocity of the flow and causing the greatest
depths of scour in the system.

>

DISCUSSION

Eddy-accretion depositional processes

Depositional processes of eddy accretions and their
migration down-valley is interpreted from aerial photo-
graphs, lithostratigraphical logs, channel-bottom profiles,
one flow-velocity profile and results of previous work.
When combined, the data exhibit four depositional zones:
1 the main-channel zone and accretion slope;

2 the separation-zone ridge;

3 the perched-channel and second accretion zone;

4 the overbank zone (Fig. 10).

Main-channel zone

The main-channel zone is located on the down-valley or
south side of the channel profile (Fig. 10), bounded by a
cutbank (left) and separation-zone ridge (or island). Two
types of deposits occur within the main channel: (i) a
coarse channel lag and (ii) an upward-fining laterally
accreted sand. Deposition occurs on the lateral-accretion
surface, probably during waning flows, as the channel
migrates in accordance with cutbank erosion. Lateral-
accretion slopes in the main channel are similar to slope
angles of point bars, averaging 12°. The similar slope
angles suggest similar depositional processes. Owing to
the complex nature of the channel, we suggest that sand is
not only deposited on the lateral-accretion slope of the
main channel as migrating bedforms, but also sand is
lifted into suspension by turbulent eddies and deposited

Ridges and swales overbank deposits 1y

Fig. 10. A schematic cross-sectional
profile of the Kootenay River scour
channel and eddy accretion. Normal
flow occupies the left main-channel and
reverse flow (eddy) occupies the right
perched channel. Deposition progrades
down-valley (left or south) with active
accretion surfaces sloping between 12
and 25° down-valley. Mud is deposited
in the perched channel during lower
stage flows. Two upward-fining
sequences result from successive
deposition of main-channel and
perched-channel accretion surfaces.
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on to the accretion slope. As sand falls out of suspen-
sion when velocities decrease near the separation zone,
avalanching occurs down the separation zone ridge be-
cause of its oversteep upper slope. This suspension fall-
out helps form the ridge between normal and reverse flows.

Separation-zone ridge

The separation-zone ridge is the shallowest part of the
eddy-accretion channel deposits, has the lowest velocities
and is characterized by significant upwelling and turbu-
lence at the water surface (Fig. 10). This turbulence and
upwelling is accompanied by low horizontal velocities
and a decrease in flow competence, allowing deposi-
tion. Sand carried in suspension into the separation zone
is deposited as a temporary ridge (in the case of the
Kootenay River) between the main and perched channels.
In the case of the Kootenay River study site, we believe
the position of the ridge also migrates down-valley along
with the main and perched channels. In the case of the
Beaver River, this ridge may be preserved when it breaks
the water surface and becomes vegetated. Many active
Mississippi River and Red River eddy accretions (Carey,
1969), as well as the studied active eddy accretion down-
valley of the Beaver River core sites contain islands
(Fig. 11). Islands form when the main channel, causing
the eddy-accretion channel, widens significantly enough
to accommodate an island within the separation zone.
The perched channel eventually becomes abandoned and
infills, usually with mud, leaving the island as part of the
floodplain. Former islands are visible on aerial photogra-
phy as scroll patterns, and former reverse-flow channels
appear as swales, arcuate lakes or wetlands.

Fig. 11. Main-channel flow in the
Beaver River is towards the lower left
in the photograph. Reverse channel
flow occurs on the right side of the
island. For scale note the inflatable boat
in the lower right.

Perched-channel zone

Perched channels are located on the up-valley portion of
the eddy-accretion channel, bounded by the separation-
zone ridge or island on one side and a second lateral-
accretion surface on the other bank (Fig. 10). Three types
of deposits are associated with the perched channel: (i)
slackwater massive silt (facies 1), (ii) coarse channel lag
(facies 3), and (iii) lateral-accretion deposits (facies 5 and
6). Channel-lag and lateral-accretion deposits are sim-
ilar to those deposited in the main channel. Slackwater
deposits (facies 1), associated with perched channels,
are formed during lower flow stages when the perched
channel is partially cut off from the main channel by
the separation-zone ridge (Fig. 12). At this time, flow
velocities fall to almost zero, allowing deposition of silts
from suspension on to the base of the perched channel
(Fig. 12B). These thick massive silt layers (up to 70 cm
preserved in the Kootenay) appear similar to lacustrine
deposits. When river stage increases and the perched
channel becomes reactivated, some massive silts are
eroded, followed by deposition of coarse channel sedi-
ment (Fig. 12C).

As suspended sand is transported into the perched
lateral-accretion slope by reverse flows, sediment settles,
then avalanches down the accretion surface, depositing
slope angles of up to 25°. Much of the suspended sand
is probably not deposited on the accretion surface, but
instead is transported through the perched channel to
re-enter the main-channel flow.

Thick silt layers (facies 1) in eddy accretions would be
thin to absent in rivers low in suspended silt. The eddy-
accretion deposit studied in the Kootenay River contains
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B. Low stage.

The eddy is inactive because flow separation
is reduced and velocities fall 1o almost zero

in the perched channel. (*) In rivers with high
suspended sediment loads, silt falls from
suspension to form a thick silt layer on the
base of the perched channel.

C. Subsequent bankfull discharge.

Flow separation occurs and the eddy
accretion activates. The separation zone

and perched channel zone are active, The
perched channel scours into the silt layer and
deposits a channel lag overtop as it progrades
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Fig. 12. Schematic cross-sections of a hypothesized three-step process for deposition of perched-channel silt layers in eddy
accretions. (A) At bankfull discharge, eddy is actively accreting and scouring laterally. (B) Somewhat cut off from the main channel at
low stage, low velocity in the perched channel permits deposition of suspended silts. (C) Subsequent high discharge resumes scour
conditions; flow separation resumes and the perched channel reactivates, scouring into the silt layer. Coarse channel sediment deposits
on top of the silt.
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Fig. 13. Channel bottom profiles of eddy accretions from the Beaver River show stages of possible perched-channel abandonment.
Profile locations are shown in Fig. 8. (A) Typical eddy-accretion channel with a reverse-flow perched channel. (B) Large separation-
zone ridge, which becomes an island at low stage. It also shows incipient formation of a second perched channel within the main
channel. (C) Channel with two perched channels and separation-zone ridges.

thick silt layers at approximately mid-sequence, whereas
the Beaver River contains thinner silt layers. The
Kootenay River is glacially fed, whereas the Beaver
River water is relatively clear, receiving little silt from a
muskeg-dominated watershed.

Over time, perched channels in the Beaver River do not
move down-valley, but rather new perched channels and
separation zones are created episodically, probably dur-
ing extreme flows. The formation of new perched chan-
nels leaves behind former islands and perched channels
within the floodplain, creating ridge-and-swale pat-
terns. This sequence occurs when the main channel has

migrated down-valley, leaving the perched channel far
enough behind in the floodplain so that the separation
zone and reverse flow breaks down. The original perched
channel becomes abandoned, and a new perched channel
develops on the up-valley portion of the main channel.
Normally, eddy-accretion channels contain one perched
channel (Fig. 13A), but, secondary perched channels
were observed forming and fully developed on the
Beaver River within the main channel (Fig. 13B). During
episodic movements, the first perched channel may be
abandoned by the main channel as it migrates down-
valley and a second perched channel may develop
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(Fig. 13C). Abandoned perched channels are commonly
observed around islands in the scroll pattern of the Beaver
River floodplain.

Overbank zone

Overbank vertical-accretion deposits consist of silt, clay
and organic material (driftwood, leaf litter, needles and
twigs). These deposits can be up to several metres thick
in both rivers and form a concave arcuate scroll-and-
swale morphology, when looking down-valley. Overbank
eddy-accretion deposits are often topographically the
lowest floodplain areas and contain the finest grained
sediment of the floodplain.

Depositional processes in all four zones are probably
more complex than we have described. We believe, how-
ever, that the ridge-and-swale scroll morphology associ-
ated with eddy accretions results from some unspecified
magnitude, frequency and duration of high- (near bank-
full) and low-water discharges, although we do not have
data to support this view. High discharges may widen
and scour the main channel and deposit islands, whereas
low-discharge periods may infill perched channels with
silt—clay and allow time for vegetation to stabilize
islands. Does each eddy-accretion ridge represent flows
of near bankfull or greater? This hypothesis could be
investigated with long records of river-gauging data,
coupled with aerial photography and '*C-dated material
from vibracores on rivers such as the Beaver.

Confined valley-fill architectural geometry

A schematic three-dimensional model of eddy-accretion
alluvial geometry for confined meanders is developed
from the Kootenay and Beaver rivers on the basis of pre-
viously published research, stratigraphical cross-sections
from vibracores and aerial photographs (Fig. 14). The
data indicate that, in confined valleys, 25-40% of the
total floodplain surface and up to 50% of the valley cross-
sectional area may contain eddy-accretion deposits. In
such sites, eddy-accretion deposits are approximately
twice as thick as adjacent mid-valley point bars, with
alluvial sand bodies having a ‘dumb-bell shaped’ sedi-
ment geometry in the subsurface. The bulging weights
on each side of the ‘dumb-bell’ represent thicker eddy-
accretion deposits along valley margins, whereas the
dumb-bell handle represents thinner mid-valley point-bar
deposits.

There are four features within the eddy-accretion facies
succession that may indicate the presence of eddy accre-
tions in ancient rocks.

1 Eddy-accretion deposits may contain a massive, mid-
sequence silt layer without rootlets or evidence of expo-
sure (unlike overbank deposits). A channel lag may be
preserved above this silt layer.

2 Two different stratigraphical palacocurrent zones may
be preserved within an eddy accretion and may show a
180° difference, above and below a mid-sequence silt
layer and/or lag deposits, if preserved.

Floodplain

Non-alluvial material

Fig. 14. Three-dimensional model of a
hypothetical confined meandering river
in which eddy-accretion deposits flank
the sides of the valley, whereas point-
bar deposits occur mid-valley.

D Eddy-accretion deposits

Point-bar deposits

. Non-alluvial material

| sit
. River channel
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Fig. 15. Confined meandering river
floodplain-width plotted against
channel-width from a sample of
Alberta (Ab) and British Columbia
(BC) rivers. River reaches were
recorded as unconfined, confined with
eddy accretions, and confined without
eddy-accretion patterns. Valley-width
to channel-width ratio for confined-
valley eddy accretions tend to occur
between 5 : 1and 10 : 1. In unconfined
rivers, eddy accretions may form where
channel meanders impinge at 90°
against erosion-resistant valley walls.
Valley widths and corresponding
channel widths were measured from

1 : 50 000 topographic maps in 17 river

3 The eddy-accretion sand, above the mid-sequence silt
layer and/or lag deposit, is muddier and finer grained than
sand below the silt layer and/or lag.

4 Although not observed in vibracores as a result of
disturbance, steeply dipping inclined stratification (up to
25%) may be present within the upper sequence in eddy
accretions and such stratification may be present in out-
crops or rock cores.

Prediction of eddy accretion occurrence in confined
meander settings

Hickin (1986) was the first to use the ratio of floodplain-
width to channel-width (between 3 : 1 and 6 : 1) to pre-
dict where eddy accretions may form in confined valleys,
slightly less than our results of 5: 1 to 10 : 1. To expand
the data base, eddy accretions, valley widths and corres-
ponding channel widths from 17 reaches of 11 rivers
in Alberta and British Columbia were measured from
1 : 50 000 topographic maps. The floodplain and valley
morphology were noted as (i) unconfined, (ii) confined
with eddy accretions or (iii) confined without eddy accre-
tions. Channel width was used as a proxy of bankfull
discharge. All measurements were taken on a reach-
by-reach basis as the same river may contain more than
one valley morphology. The Chinchaga, Hay, Pembina,

reaches of 11 rivers.

Liard and Milk rivers contained unconfined reaches.
The Red Deer, Milk and Athabasca rivers contained con-
fined reaches without eddy accretions. The Kootenay,
Fort Nelson, Beaver and Clearwater rivers contained con-
fined reaches with eddy accretions. Based on these few
rivers, some relationships between eddy-accretion forma-
tion and channel-width to valley-width ratio may be sug-
gested. In unconfined rivers with floodplain-width to
channel-width ratios greater than 10 : 1, eddy accretions
may form where meander belts impinge upon resistant
valley walls, but are unrelated to valley width. In con-
fined rivers with floodplain-width to channel-width ratios
less than 5 : 1, eddy accretions do not form, but instead
river channels ‘ricochet’ from valley wall to valley wall.
Confined-valley eddy accretions seem to form in a
narrow range of floodplain-width to channel-width ratio
between 5:1 and 10 : 1 (Fig. 15). In valleys with such
floodplain-width to channel-width ratios, eddy accretions
are predicted to occur.

SUMMARY COMMENTS

The geometric nature and cause of eddy accretions within
confined valleys are now somewhat predictable. Eddy
accretions form in two types of meandering river valleys:
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1 unconfined floodplains where meander-belt channels
impinge on resistant valley walls at 90°;

2 confined meanders, where meander bends regularly
impinge on resistant valley walls at 90°.

Eddy accretions are not formed in confined valleys that
are too narrow relative to flow discharge because mean-
dering channels ricochet off each valley wall at approx-
imately 30—45° and reverse flow does not occur (e.g.
Red Deer River near Dinosaur Provincial Park; Smith,
1987b).

This is the first study to investigate the sedimentology
in the deeper portions of eddy-accretion deposits within
meandering rivers. Owing to the greater depth of eddy-
accretion scour holes, compared with depths of point-bar
channels, eddy-accretion scours may be an important fish
overwintering habitat in northern rivers. Fish require
deep pools to survive harsh northern winters and eddy-
accretion scour holes may be suitable sites. In addition,
they may form an important summer (low-flow) resting
habitat for fish. Understanding of eddy-accretion deposi-
tional processes and channel environments provides a
good argument against partial river stabilization (Carey,
1969). Also, knowledge of the probable depth of scour
may aid in better location of buried pipelines and cables
at river crossings.

Finally, this research is important because eddy ac-
cretions are potentially thick aquifers (up to 60 m in
Mississippi River eddy accretions) and major fairways
for fluid movement in modern and deeply buried anci-
ent rocks. In ancient rock successions, equivalent thick
fluvial sandstones may be considered as preferred targets
for hydrocarbon exploration. Also, thick massive silt lay-
ers located mid-sequence in eddy-accretion deposits may
separate upper and lower upward-fining trends. This
apparent double upward-fining sequence may be mis-
interpreted as the product of two superimposed point
bars. Understanding the sedimentology and depositional
processes involved within eddy accretions provides
insight into their identification and location in subsur-
face rocks.
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ABSTRACT

The dominance of extreme flood events in controlling geomorphological change in incised semi-arid river systems
has been demonstrated by many authors. Catastrophic stripping of cohesive sediment may occur, particularly
where vegetation cover is sparse. This paper investigates the existing potential for large-scale stripping of the
cohesive fluvial sediment deposited in the incised macrochannel of the Sabie River, South Africa. The frequency
distribution of critical resistance of the cohesive bed material was estimated using in situ shear-vane strength
measurements, combined with laboratory testing of plasticity index and grain-size distributions. Topographical
and hydraulic data were used to compute the distribution of applied hydraulic shear stress, corresponding to a large
flood event of between 1705 and 2259 m® s~ (1-in-60 yr return period on the annual maximum flow series at
the downstream reaches), for cross-sections along representative reaches of bedrock-anastomosing, mixed-
anastomosing, pool-rapid, braided and alluvial single-thread channel types. The probability of eroding the
cohesive sediments was determined by statistical analysis of all possible combinations, where the applied
hydraulic shear stress was greater than the critical resisting shear strength of the bed material. The results show that
68% of the area of cohesive bed material along the Sabie River potentially may be eroded by such an extreme
flood. Field observations indicated that this did not occur during a recent flood of this magnitude. The important
role of in-channel vegetation in dissipating energy by increased resistance, thereby reducing boundary shear, was
identified as a major factor preventing widespread cohesive sediment stripping. This was clearly evident in the
densely vegetated bedrock-anastomosing reaches, where flow resistance was found to be highest and geomor-
phological change as a result of erosion of the cohesive sediment was minimal. The inability of the flood to erode
sediment also may be attributed partly to the river transporting material at capacity. This is likely to be a function of
antecedent conditions, where a recent prolonged drought resulted in sediment accumulating over the catchment.
Furthermore, the short duration of the flood may have contributed, by inundating the large-scale consolidated
deposits for a relatively short period, insufficient to instigate widespread erosion. This study demonstrates that
there is considerable potential for large-scale stripping of the macrochannel deposits along the Sabie River and
emphasizes the need to manage the riparian vegetation, which acts to protect the cohesive bed from entrainment, if
the physical and ecological diversity of the river is to be maintained.

INTRODUCTION

Fluvial geomorphological work is defined in terms of the
volume of sediment transported through a reach (Wolman
& Miller, 1960), whereas geomorphological effective-
ness is defined as the degree of modification of a landform
(Wolman & Gerson, 1978). Major floods can both trans-
port large quantities of sediment and significantly modify

Fluvial Sedimentology VI Edited by N.D. Smith and J. Rogers

the fluvial geomorphology if the threshold for erosion is
exceeded. River response to large floods has been shown
to be highly variable, however. Schumm & Lichty (1963)
report large-scale sediment loss in response to flooding in
the semi-arid Cimarron River, south-west Kansas, USA.
Nanson (1986) describes the ‘catastrophic stripping’ of

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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reaches of Charity Creek on the humid coastal region of
New South Wales, Australia. Catastrophic floods in areas
of high flow variability have been shown to have a major
geomorphological role, for example, in desert channels
(Schick, 1974), in the Eldorado Canyon, Nevada, USA
(Glancy & Harmsen, 1975), in the semi-arid West Nueces
River, Texas, USA (Baker, 1975), and in Coffee Creek,
north California, USA (Stewart & LaMarche, 1967).
Dramatic landscape modification was caused by Hur-
ricane Camille in Virginia, USA (Williams & Guy,
1973). In contrast, Moss & Kochel (1978) and Costa
(1974) noted only minor morphological changes to the
lower reaches of the Conestoga River, Pennsylvania and
Appalachian Piedmont, USA, respectively, following the
Hurricane Agnes flood. Kochel & Baker (1982) report
only minor changes to the distribution of in-channel bars
following a large flood on the Pecos River, Texas, USA.

A large number of factors have been suggested as
influential in determining the geomorphological effect-
iveness of large floods (Kochel, 1988). Channels are
readily prone to morphological change if they are char-
acterized by a flashy flow regime, have a high channel
gradient, coarse unconsolidated bed material, low bank
cohesion and a deep confined channel cross-section gen-
erating high flood-flow velocities and shear stresses.
Consolidated silts and clays also may undergo erosion if
the applied hydraulic shear stress exceeds the shear
strength of the material imparted by the cohesive proper-
ties arising from structural and physiochemical forces.
Highly cohesive channel banks can play a dominant role
in determining channel form. This is demonstrated by
the Carl Beck, a tributary of the River Tees in north-
ern England with cohesive till banks, which constrained
channel erosion over a range of discharges (Carling,
1988). Pickup & Warner’s (1976) study of rivers in the
Cumberland Basin, New South Wales, Australia, also
identifies highly cohesive banks, in addition to a lack of
fine sediment and a highly variable flow regime, causing
the capacity of the channel to be related to two flow popu-
lations. They found that a group of large, infrequent
floods controlled bank erosion and floodplain deposition,
whereas lower flows subsequently reworked in-channel
sediments. More recently, the 1993 Mississippi River
flood had remarkably little geomorphological impact on
the floodplain, principally because the cohesive soils
resisted erosion (Gomez et al., 1995).

This paper describes an investigation of the potential
for eroding the cohesive fluvial sediment deposited as
large-scale consolidated bar forms within the incised
‘floodplain’ of the semi-arid Sabie River, South Africa,
which has been termed the macrochannel by van Niekerk
et al. (1995). The critical resistance to erosion of the

cohesive sediments was determined from in sifu shear-
vane strength measurements, combined with laboratory
testing of disturbed samples. The spatial distribution of
maximum shear stresses applied during a recent flood
event is determined using measured data on channel
geometry, flow resistance, flood stages and water-surface
slopes. A measure of the potential for erosion is provided
by a statistical analysis of the frequency distribution of
resisting and applied shear stresses, and is discussed with
reference to field observations following a large flood in
February 1996.

CHARACTERISTICS OF THE SABIE
RIVER AND LOCATION OF
STUDY SITES

The Sabie River drains approximately 6000 km® of the
Mpumalanga Province in the north-east of South Africa
(Fig. 1). It is a semi-arid catchment with a mean annual
precipitation varying from 1800 mm at the Drakensberg
escarpment in the west to 400 mm in the east. This is
in sharp contrast to the mean annual evapotranspiration
losses of 1400 mm in the west, to 1700 mm in the east.
Rainfall and consequently discharge, are highly variable,
with discharge displaying seasonal minima (0.5 m® s™' to
1 m® s7') in the dry winter months (April-September) and
mean summer flows of 15 m®s™ to 20 m* s™'. Extreme
flood events have been gauged in excess of 2000 m® s~
(February 1996).

The river has incised over the last 10 000 to 100 000 yr,
to create a bedrock macrochannel (van Niekerk et al.,
1995), which extends across the width of the incised “val-
ley’ and contains the full extent of sedimentary deposits,
channels and riparian vegetation. Within the macrochan-
nel, one or more active channels carry water throughout
the year and seasonal channels become active during the
elevated summer flows. Macrochannel deposits, however,
will be inundated only by rare, large-magnitude flood
events. The degree of bedrock influence varies along the
river as a function of the geology (Cheshire, 1994). This
has resulted in a series of distinct channel types within the
macrochannel that display characteristic morphological
assemblages and hydraulic characteristics (van Niekerk
et al., 1995; Broadhurst et al., 1997; Heritage et al.,
1997). The five major channel types that have been
identified within the Kruger National Park study area on
the Sabie River (Fig. 1) are bedrock-anastomosing, pool—
rapid, mixed-anastomosing, single-thread and braided.
The diversity of channel types along the river is reflected
in the wide range of geomorphological units identified.
Each is described briefly in Table 1, adapted from a



Fig. 1. The Sabie River catchment,
showing the major geomorphological
zones, location of representative study
reaches and permanent gauging stations
along the river.
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e Study sites
Br Braided

PR Pool-Rapid
8T Single-Thread
MA Mixed Anastomoesing ‘
BA Bedrock Anastomasing

x Gauging Stations

o 0 10 20 40 o

Table 1. A brief description of the principal geomorphological units observed on the Sabie River in the Kruger National Park

(modified from van Niekerk et al., 1995).

Morphological unit Description
Rapid Steep bedrock sections, high velocity, concentrated flow
Bedrock pavement Horizontally extensive area of exposed rock

Isolated rock

Pool (bedrock, mixed and alluvial)
Braid bar
Lateral bar

Point bar

Bedrock core bar

Lee bar

Anabranch (bedrock, mixed and alluvial)
Island

Anastomosing bar

Macrochannel lateral bar

Discrete small outcrop of bedrock

Topographic low point in the river channel associated with a downstream bedrock or
alluvial control

Accumulation of sediment in mid-channel causing the flow to diverge over a scale
that approximates to the channel width

Accumulation of sediment attached to the side of the channel, may occur sequentially
downstream as alternate bars

Accumulation of sediment on the inside of a meander bend

Accumulation of finer sediment on top of bedrock in bedrock-anastomosing areas
Accumulation of sediment in the lee of flow obstructions

Individual active channel in an anastomosing system

Large mid-channel sediment accumulation that is rarely inundated

Accumulation of coarser sediment on top of bedrock in bedrock-anastomosing areas

Large accumulation of fine sediment on the sides of the incised macrochannel
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comprehensive review of the geomorphology of the
Sabie River in van Niekerk er al. (1995). The active-
channel bed material and that forming in-channel bar
deposits along the Sabie River consists predominantly of
non-cohesive medium to coarse sands and gravels.

The bedrock-anastomosing, mixed-anastomosing and
pool-rapid channel types are all heavily influenced by
bedrock, cropping out within the macrochannel as areas
of bedrock pavement, rapids, isolated rocks and bed-
rock anabranch channels. Extensive cohesive deposits are
found in the anastomosed sections, forming large-scale
bedrock core bars, where accumulations of fine sediment
cover the underlying core of bedrock, between the ana-
branching channels (van Niekerk et al., 1995). These
features are heavily vegetated with a community structure
dominated by the closed evergreen canopy of Mingerhout
trees (Breonadia salicina), and an understory shrub layer
dominated by the ‘potato bush’ (Phyllanthus reticulatus
(van Coller ef al., 1997). The bedrock anabranches are
characteristically free of sediment or contain minor un-
consolidated bar deposits. The pool-rapid channel type
is characterized by cohesive macrochannel lateral bars,
colonized by ‘jackal berry’ (Diospyros mespiliformis), a
tree species that is not exclusive to riparian zones. Active
channels display bedrock rapids and some unconsoli-
dated bar features colonized by reeds (Phragmites mauri-
tianus), together with occasional consolidated bedrock
core bars, colonised by P. reticulatus and ‘river bush-
willow’ (Combretum erythrophyllum), an open-canopy
deciduous tree. The single-thread alluvial channel type is
uncommon on the Sabie River within the Kruger National
Park. Where single-thread channel types are found
they are characterized by extensive alluvial infill of the
macrochannel as macrochannel lateral bars and terraces
adjacent to the main active channel. These bar features
are commonly colonized by C. erythrophyllum and D.
mespiliformis. The braided channel type is characterized
by cohesive macrochannel lateral bar deposits and uncon-
solidated braid bars, dominated by P. reticulatus and
C. erythrophyllum. The unconsolidated in-channel sandy
deposits are often covered by reeds.

HYDRAULIC SHEAR RESISTANCE OF
COHESIVE SEDIMENTS

The erodibility of channels with cohesive sediments has
received much attention, owing to its importance for the
design of stable engineered channels. A literature survey
by the American Society of Civil Engineers (ASCE) Task
Committee on Erosion of Cohesive Sediments (1968)
reveals the interdisciplinary nature of the problem, with

much of the work having been carried out by hydraulic
and agricultural engineers, as well as by soil scientists.
Owing to the complexity of the subject, most studies have
been directed towards field observations and laboratory
investigations to determine empirical relationships for
critical velocity or shear stress required to initiate erosion.
Partheniades & Paasewell (1970) summarize and critic-
ally evaluate work ranging from early empirical studies
to more recent investigations, directed at predicting crit-
ical resistance criteria, which must be exceeded for ero-
sion to occur. The majority of the studies relate critical
shear stress required to initiate erosion to a variety of
gross soil properties, including the Atterburg limits (par-
ticularly the plasticity index), composition and particle-
size distribution, compressive strength, bulk density,
hydraulic conductivity, moisture content and void ratio.

Investigations of the resistance of channels with cohe-
sive sediments to erosion consider different combinations
of soil parameters in their analyses, making compar-
isons between studies difficult. Furthermore, the laborat-
ory investigations use differing experimental apparatus
to model erosion, including hydraulic-jet (Dunn, 1959),
rotating cylinder (Moore & Masch, 1962), rotating
impeller (Thomas & Enger, 1961; Carlson & Enger, 1963)
and flume tests (Smerdon & Beasley, 1959; Kamphuis
& Hall, 1983). Additionally, in many of these studies,
the selection of the erosion threshold at which scour is
considered to occur is relatively subjective. The results,
however, generally indicate an increase in the critical
shear stress required to initiate erosion, with an increase
in plasticity index, shear-vane strength, compressive
strength, clay content and consolidation pressure; whereas,
increasing moisture content and void ratio result in a
reduction in the shear stress required to initiate erosion.

The critical shear stress required to initiate erosion
is correlated most often with the shear-vane strength
resistance (Dunn, 1959; Espey, 1963; Flaxman, 1963;
Rectoric & Smerdon, 1964; Kamphuis & Hall, 1983)
and plasticity index (Bureau of Reclamation, 1953;
Sundborg, 1956; Dunn, 1959; Smerdon & Beasley,
1959; Carlson & Enger, 1963; Lyle & Smerdon, 1965;
Kamphuis & Hall, 1983). An empirical relationship
derived by Smerdon & Beasley (1959) is often used to
quantify the critical shear stress required to initiate ero-
sion (e.g. ASCE Task Committee on Erosion of Cohesive
Sediments, 1968; Partheniades & Paasewell, 1970; Graf,
1972). This relationship relates the critical shear stress
(7,) to the plasticity index (Z,,):

7, =0.0034 70 6]

The plasticity index is an empirical measure of the
consistency of cohesive soils and no unique value can
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Fig. 2. Critical hydraulic shear stress necessary to initiate erosion as a function of shear-vane strength. (Individual data points and
strength relationships are given where these were quoted by the various authors.)

characterize a particular cohesive material (Graf, 1972).
Equation (1) predicts critical shear stresses required to
initiate erosion that are considerably lower than those
of other investigations, suggesting that other factors,
including soil shear strength, influence a material’s resist-
ance to erosion (Partheniades & Paasewell, 1970). Other
investigations, outlined below, have sought to incor-
porate these factors, utilizing the shear-vane apparatus
to quantify soil shear strength. This shear strength may
be attributed to three basic components: the frictional
resistance to sliding between particles, cohesion and
adhesion between particles, and interlocking and bridg-
ing between particles to resist deformation (Cernica,
1982). The shear-vane apparatus is appropriate for in situ
testing of shear strength and incorporates some meas-
ure of the moisture content (Espey, 1963; Rectoric &
Smerdon, 1964; Otsubo & Muraoka, 1988), unconfined
compressive strength (Flaxman, 1963; Kamphuis & Hall,
1983; Kamphuis, 1990) and void ratio (Chow, 1959). The
shear strength obtained by the shear-vane method depends
on the rate at which torsion is applied to the soil and this
is seldom controlled or standardized under field con-
ditions. Notwithstanding this shortcoming and the need to
exercise control during the testing procedure, in sifu test-
ing is likely to provide information that is more indicative

of the resistance of the material to entrainment or actual
sediment-transport potential under field conditions.

The relationship between the critical shear stress ne-
cessary to initiate erosion and shear-vane strength was
investigated by Dunn (1959), who conducted a laboratory
study on consolidated-clay samples subjected to erosion
by a submerged water-jet. The relationship between crit-
ical hydraulic shear stress necessary to initiate erosion
and shear-vane strength was assumed to be linear and in
accordance with the form of a generalized theoretical
relationship derived for the specific testing procedure
given in Dunn (1959). Partheniades & Paasewell (1970)
point out that the linear relationship of Dunn (1959) was
based on an inadequate number of data points (two to four
per soil type), and therefore is questionable. The data
points obtained by Dunn (1959) for the 16 soil types con-
sidered, containing fitted relationships for four selected
soil types (2, 9, 10 and 12), where more than two data
points were collected, are plotted in Fig. 2. The general
relationship between critical shear stress and shear-vane
strength is given by:

T,=(S, +8.62) tan 0 @)

where S, is the shear-vane strength (kPa) and 6 is the
slope of the linear relationship between the critical shear
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Fig. 3. The slope of the linear
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stress required to initiate erosion and sample shear-vane
strength.

Although the linear relationship derived experiment-
ally by Dunn (1959) (eqn 2) was shown to be consistent
with the expected theoretical function, it requires further
justification, as more than two data points were obtained
for only four of the soils tested (soil types 2, 4, 9, and 12).
The validity of Dunn’s (1959) formulation was assessed
in this study by analysing data from various sources and
testing procedures, including, rotating cylinder (Espey,
1963; Rectoric & Smerdon, 1964), flume (Kamphuis &
Hall, 1983), and field observations (Flaxman, 1963; as
reported by Kamphuis & Hall, 1983) (Fig. 2). With the
exception of the San Saba silty clay, which displayed
a large amount of scatter (ASCE Task Committee on
Erosion of Cohesive Sediments, 1968) the additional
seven soil types (denoted 14, 15, K116, K117/A/B and
K319) generally confirm the linear relationship developed
by Dunn (1959). Unfortunately, the data points used
to develop the relationships (with the exception of the
data of Kamphuis & Hall (1983)) are not available in
the literature to allow an assessment of the degree of
scatter. Nevertheless, the additional relationships extend
the range of applicability for the relationship between
the critical shear stress required to initiate erosion and
sample shear-vane strength beyond the limits given by
Dunn (1959).

It is clear from Fig. 2 that the slope of the linear
relationship (0) between the critical shear stress required
to initiate erosion and sample shear-vane strength is
variable. Dunn (1959) related the slope of the linear

I and sample shear-vane strength,
40 expressed as a function of plasticity
index (data from various sources).

relationship (0) to three additional indices, namely the
plasticity index, percentage of sediment finer than 60 pm
and statistical parameters describing the grain-size dis-
tribution. Of these identifying indices, the plasticity index
provided a useful determinant for 6 > 30° (Fig. 3), with
the gradient unrelated to plasticity index below this value.
Furthermore, the value of the plasticity index is not
reproduced accurately by different investigators below
5%, owing to the subjective nature of the test in the field.
The plasticity index data of Espey (1963) and Rectoric
& Smerdon (1964) corroborates and extends the range
of validity of the linear relationship suggested by Dunn
(1959). This is not the case for the data of Flaxman
(1963) and Kamphuis & Hall (1983), who found that the
plasticity index varied across a large range for a given 6
value (3—40% and 16-38%, respectively) making direct
comparison using these data difficult. Dunn (1959) also
developed a linear relationship between 6 and percent-
age sediment finer than 60 um over a plasticity index
range of 5-95%, which is applicable over a wider range
of gradients (4° <0 < 50.5%).

A single robust empirical relationship to determine the
slope of the linear relationship (0) between the critical
shear stress required to initiate erosion and sample shear-
vane strength, was derived using multiple regression on
the sample plasticity index and percentage of sediment
finer than 60 um (uf). Data from the literature (Dunn,
1959; Rectoric & Smerdon, 1964; Kamphuis & Hall, 1983)
in the range 0% </, <34% and 5% < U;<95% were
used in the analysis, and provided an acceptable linear
relationship (R* = 0.97) given by eqn (3). The value of 6
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Using eqns (2) and (3) as the basis for estimating crit-
ical shear stress required to initiate erosion, in situ shear
strengths of the cohesive sediments along the Sabie River
in the Kruger National Park were determined by per-
forming 300 shear-vane tests. Data collection covered
representative examples of the five major channel types
(Heritage et al., 1997) and also included a range of
macrochannel and active-channel geomorphological fea-
tures. As no spatial relationship between shear strength
and channel type or geomorphological unit was evident
(Fig. 5), the data were analysed statistically and are pre-
sented as a frequency distribution (Fig. 6). Disturbed
samples, corresponding to a range of in sifu shear
strengths, were extracted from the field for laboratory
analysis of plasticity index and fraction finer than 60 um.
These data were used to compute the distribution of 0
(eqn 3) and are plotted in Fig. 7.

The distribution of critical shear for the initiation of
erosion for the cohesive sediments was determined by
computing all possible occurrences of 7, according to
eqn (2), based on the discrete distributions for shear-
vane strength (Fig. 6) and 6 (Fig. 7). For example, for
S, =5 kPa (Fig. 6) and 6 =47.5° (Fig. 7), eqn (2) gives
T, = 14.9 kPa, this has a frequency of occurrence given by

T T T T
10 20 30 30 100

0 = arctan (ﬁ)

the product of the individual probabilities of occurrence
(i.e. 0.74% and 14.3%, respectively = 10.6%). The result-
ing frequency distribution for the critical shear stress
necessary to initiate erosion is plotted as Fig. 8A by
channel type and Fig. 8B for the whole river.

APPLIED SHEAR STRESSES DURING
EXTREME FLOOD EVENTS

The average applied shear stress (1,) acting on the surface
of'the consolidated sediment may be calculated as follows:

T, = YRS, “4)

where 7y is the unit weight of water (N m™), R is the
hydraulic radius (m) and S; is the energy slope.

Equation (4) assumes uniform flow, and many authors
contend that this assumption is reasonable under
medium- and high-flow conditions in alluvial rivers
(Bathurst, 1982; Bhowmik, 1982). The large-scale non-
uniformity of bedrock-influenced reaches and the effect
of dense vegetation along the Sabie River, however, may
result in the relationship underestimating the applied
shear stresses locally, where the vegetation cover is less
dense. The approximate distribution of total boundary
shear stress across a channel cross-section may be deter-
mined by assuming that the total shear stress is distributed
linearly, according to the variation of flow depth (i.e. flow
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depth is substituted for hydraulic radius in eqn (4), to
obtain the local boundary shear stress).

The change in flow resistance, concomitant with dis-
charge for five representative reaches, one for each of the
channel types, was determined by Broadhurst et al.
(1997). Channel geometry and hydraulic data for several
cross-sections per reach were collected, enabling quantifi-
cation of energy slope through the reach and reach-average
flow resistance. Manning’s n flow resistance is presented
(Fig. 9) for these reaches, up to the discharge magni-
tude of between 1705 and 2259 m® s™'. Topographic and

hydraulic data from the five representative reaches and
17 additional single cross-sections surveyed throughout
the Sabie River in the Kruger National Park were used to
compute the distribution of boundary shear stress, cor-
responding to the peak discharge. Where single, isolated
cross-sections prohibited the direct measurement of energy
slope (owing to the lack of information on local velocity
acceleration or deceleration through the cross-section), it
was back-calculated from the Manning’s n flow resistance
equation (Fig. 9). This method substituted a representative
flow resistance value for a given channel type, quantified
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Table 2. Probability of eroding cohesive sediments (discharge in the range 1705 m” s

the major channel types along the Sabie
River (extended from Broadhurst et al.,
1997).

1000.0

* 57102259 m® s™', according to position

along river). The overall erosion figure is a summation of the probability of erosion multiplied by the spatial composition of each

channel type.

Channel type Spatial composition (%) Probability of erosion (%) Average applied shear stress (Pa)
Braided 14 63 70

Pool-rapid 28 66 63

Single-thread 3 75 80
Mixed-anastomosing 35 63 59
Bedrock-anastomosing 20 91 145

Sabie River 100 68 70

at the representative reaches, and used known channel
geometry variables for the cross-section in question.

The frequency distribution of applied shear stress
within the cross-sections was determined by dividing the
macrochannel into equal increments and including areas
along the profile where cohesive sediments occur as sur-
face material. In this way, a frequency distribution of
applied shear over non-cohesive sediments may be com-
puted for each channel type (Fig. 8a) and also for the
whole Sabie River in the Kruger National Park (Fig. 8b),
taking account of the proportional occurrence of the
channel types (Table 2).

The distribution of applied shear stress (Fig. 8A & B)
is bimodal, reflecting the shape influence of large
macrochannel deposits and consequently irregular cross-
sectional geometry of the profiles. The lower mode cor-
responds to the macrochannel bank and elevated features

along the macrochannel floor, whereas the higher mode
corresponds to the more incised areas. Similar distribu-
tions occur for each of the channel types, with the excep-
tion of braided (Fig. 8A), which is characterized by a
more prismatic cross-sectional geometry and hence uni-
modal distribution.

Given the apparent lack of a direct spatial relationship
between the applied shear stress and the critical shear
stress required to initiate erosion (Fig. 5), the probability
of eroding the cohesive sediments along the river may be
determined statistically. This is achieved by summing
the individual probabilities of all possible combinations,
where the applied shear stress is greater than the critical
resisting shear stress. The results of this analysis are given
in Table 2 for each of the representative channel types,
giving a composite picture of the whole river in the
Kruger National Park.
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Table 3. Summary of the flow characteristics of the Sand River in the Kruger National Park (based on calibrated ACRU simulated

data).
Mean flow Maximum flow Standard deviation Years with Number of

Years (m*s™) (m*s™) (m*s™) no-flow events no-flow events Total no-flow days
1934-1943 12.5 850.0 354 2 5 66
1944-1953 7.4 20.3 20.3 3 14 150
1954-1963 10.8 844.0 31.2 2 7 176
1964-1973 8.0 290.0 19.0 5 7 194
1974-1983 10.7 475.0 23.8 3 17 385
1984-1993 5.9 263.0 15.0 2 6 580

DISCUSSION AND CONCLUSIONS

The analysis shows that 68% of the area of cohesive sedi-
ments along the Sabie River may potentially be eroded by
a discharge of between 1705 and 2259 m® s™' (Table 2).
This value remains relatively consistent (63—75%) for
all the channel types, with the exception of bedrock-
anastomosing, where the deposits have a 91% chance
of being eroded at this discharge. The higher probability
in the bedrock-anastomosing channel types arise from
the significantly elevated shear stresses (Table 2).

Field observations following a flood experienced in
February 1996 (peak was gauged at between 1705 m® s~
and 2259 m® s™', upstream and downstream of the Sand
River tributary, respectively, Fig. 1) revealed that the
removal of cohesive material was patchy for the sites
investigated along the length of the river. The influence of
vegetation colonizing the macrochannel floor was appar-
ent, with vegetational cover providing increased pro-
tection from erosive forces. The aerial proportion of the
cohesive bed material that was subjected to actual erosion
during this flood appeared to be less than 68%, although
it was difficult to assess owing to its patchy nature and
evidence of overlying sandy fluvial deposits, deposited
by the receding flood, that covered many areas of the
macrochannel.

This study’s analysis is based on the assumption that
the total resisting force is dissipated along the channel
perimeter, as boundary shear acting on the surface of the
cohesive sediment. The Sabie River is characterized by
well-developed riparian vegetation, particularly in bedrock-
anastomosing reaches. In-channel vegetation increases
the total flow resistance and acts to reduce boundary shear
at the bed. In addition, the root masses bind the sediments,
further reducing entrainment. The proportion of the total
resisting force that may be dissipated by vegetational
resistance was apparent in the bedrock-anastomosing
reaches, where extensive riparian tree mortalities were
recorded, with trees commonly uprooted by the flow.

Also, the assumption of cross-sectional flow uniformity
in the estimation of shear stress is questionable, given
the irregular cross-sectional bed profile. Under these con-
ditions, the local shear stresses may be higher or lower
than the value calculated, further increasing the likeli-
hood of erosion in certain places.

Catchment antecedent conditions also may have influ-
enced the potential for extensive erosion of in-channel
cohesive sediments. Bevan (1981) demonstrated the
importance of temporal ordering of events when consid-
ering likely geomorphological response on the River Exe,
England. Additionally, Newson (1980) noted the import-
ance of event queuing or sequencing in influencing the
geomorphological effectiveness of flood flows in studies
on the rivers Wye and Severn in Wales. This was a result
of the degree of channel recovery from previous floods
and the lack of available sediment supply from the catch-
ment, as the slopes had been denuded only a few years
earlier. Sediment production across the Sabie River
drainage basin is concentrated in the centre and east of the
catchment, particularly in the area drained by the Sand
River (van Niekerk & Heritage, 1994; Donald et al.,
1995; Donald, 1997), and a recent extended drought
between 1986 and 1996 (Table 3) resulted in the build-up
of material across the catchment. Much of this material
would have entered the Sabie River during the February
1996 flood, resulting in the river transporting at capa-
city, leaving little excess energy to erode the previously
deposited consolidated sediment. Support for this argu-
ment also comes from evidence of extensive new sandy
deposits, which were preserved as ‘stalled’ dune fields
across many of the macrochannel features (typical dune
amplitudes were of the order of 1 m). The effect of a ser-
ies of three major floods between 1937 and 1939 (Fig. 10)
resulted in the significant loss of cohesive sediment from
the Sabie River, as proportionately less material was being
delivered from the catchment with each subsequent event,
this is evident from historic aerial photographic records
(Fig. 11). This contrasts with the February 1996 event,
where abundant sediment was supplied from the catchment.
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Fig. 11. Sequence of observed change (A, 1940; B, 1986;
C, 1996) within the representative bedrock-anastomosing
channel type, showing the large-scale stripping of cohesive
sediment following floods in the late 1930s.
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The short period during which the flood inundated the
large-scale consolidated macrochannel deposits may have
further contributed to the noted low occurrence of erosion.
Longer duration floods, or a series of high-magnitude
events, have the capacity to transport more sediment over
time, and continued inundation may also act to alter the
cohesive strength of the consolidated deposits, enhancing
the probability of erosion. The floods of the late 1930s
inundated the macrochannel cohesive deposits for an
average of 5—7 days, longer than the 2-3 day inundation
period associated with the February 1996 event, which
did not result in the same degree of sediment removal.

Although the majority of studies concerning the effect
of extreme floods indicate some erosion, Ritter (1988)
observed the deposition of in-channel and overbank
gravels in the Gasconade River, Missouri, USA. Sim-
ilarly, Ritter (1975) noted in-channel and floodplain de-
position, following a 1-in-100 yr flood in Sexton Creek,
Illinois, USA in 1973. Kochel et al. (1982) describe
extreme erosion, but subsequent widespread deposition
following an extreme flood on the Devils River, Texas,
USA, which they estimated had not experienced a
significant flood in the last 1200 yr. Gupta (1975, 1983)
reports similar responses on the Yallahs River, Jamaica.
These studies, along with some of those detailed in the
introduction, demonstrate that widespread erosion does
not necessarily result from large-magnitude flood events.
In particular, the presence of cohesive bed and banks
can play a dominant role in determining channel form
(Pickup & Warner, 1976; Carling, 1988; Gomez et al.,
1995) and inhibiting erosion.

The erosion of cohesive materials in a mixed alluvial—
bedrock river containing cohesive and mobile non-
cohesive granular sediments and significant in-channel
riparian vegetation is complex. This study quantifies the
aerial probability of eroding the cohesive sediments along
the Sabie River, based on analyses of critical resistance of
the local bed material and applied shear stresses exerted
by the flow. Although the estimated probability of erod-
ing cohesive material from the Sabie River bed for a large
flood event appears to be higher than that observed fol-
lowing an extreme recent flood, owing to other compli-
cating factors, the analysis nevertheless shows that there
is considerable potential for large-scale stripping of the
macrochannel deposits. The reduction in boundary shear
stress resulting from in-channel vegetation, the river
transporting at capacity, antecedent catchment conditions
and the short duration of the flood wave are possible rea-
sons for the erosion potential being higher than erosion
actually observed. This emphasizes the need to manage
the riparian vegetation adequately to enable it to continue
affording protection to the cohesive bed during extreme

flood events, as this will maintain the physical and eco-
logical diversity of the Sabie River system.
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ABSTRACT

The River Waal is the largest river in The Netherlands, and its shipping density is among the highest of all the
inland waterways of the world. The river bed sediments of the Waal are mainly sandy. To protect the river banks
from erosion, groynes have been built all along the river. The groynes are submerged at high discharges only, and it
is hypothesized that the sandy beaches between the groynes are the result of a balance between sand deposition at
high discharges and sand erosion by currents induced by navigation traffic at moderate and low discharges.

In the summer of 1996, currents and sediment resuspension resulting from navigation traffic were measured
between the groynes. The largest vessels had the strongest impact, typically creating a water-level depression of
15-20 cm and currents of 30—40 cm s~ at 10 cm above the bed. Scaling sand transport from groyne fields up to the
entire river and a time-scale of 1 yr results in overestimates of sand losses from the groyne fields, suggesting that
more measurements in groyne fields with different orientations and at different discharge conditions have to be
carried out. Models in the literature that relate vessel characteristics to currents induced near the bank do not seem
to serve for the conditions of the navigation traffic in the River Waal.

INTRODUCTION

The Netherlands is made up largely of sediments
deposited by rivers and the sea. Although at present, civil
engineering works along the rivers and the coast prevent
the lower areas from being flooded, the rivers and the sea
still determine the Dutch landscape. In addition, they con-
tribute significantly to the Dutch economy. In a densely
populated country such as The Netherlands, water sys-
tems serve many purposes, which have to be combined
such that conflicts are avoided. In particular, the com-
bination of shipping interests with other functions, such
as nature and flood protection, has resulted in a typical
Dutch river landscape where rivers are embanked and
groynes are built perpendicular to the river banks at regu-
lar distances of generally 200 m.

The groynes are an example of human impact on the
river system, resulting in a fixed river planform, a naviga-
tion channel that is relatively deep over a large part of its
cross-section, and sandy beaches between the groynes.
Thus several functions seem to be combined without
mutual conflict. The success of the groynes in fulfilling

Fluvial Sedimentology VI Edited by N.D. Smith and J. Rogers

these functions depends on the balance of the hydrody-
namic forces acting on the sandy deposits between these
groynes, resulting in net erosion or deposition of sand at
the beaches. Erosion of sand is thought to take place as a
result of currents and waves induced by navigation traffic.
Deposition of sand probably takes place mainly at times
of high discharge, when the groynes are completely sub-
merged. During these flood events, sand is transported
from the navigation channel to the groyne field beaches
and further landward on to the natural levees (Ten Brinke
et al., 1998). As long as erosion and deposition are in
equilibrium on a time-scale of a couple of years, the
beaches between the groynes are in dynamic equilibrium.
This has been the case over the last several decades. The
situation may change, however, if the balance of the
hydrodynamic forces changes. For the preservation of
the sandy beaches, the change of the composition of the
inland navigation fleet towards ever-increasing carrying
capacity (Fig. 1) is of major concern. In addition, groyne
fields in a dynamic equilibrium may imply a significant

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Fig. 1. The composition of the Dutch inland navigation fleet, expressed in carrying capacity of the vessels, in 1970 and 1995.

(Source: Centraal Bureau voor de Statistiek, 1970—1995.)

source and sink of sand at specific times. At present, these
terms are unknown and therefore not incorporated into
two-dimensional morphological models of rivers. The
success of these models depends partly on the knowledge
of the sediment fluxes in and out of the groyne fields.

Publications in the literature deal mainly with model-
ling hydrodynamics behind groynes (Tingsanchali &
Maheswaran, 1990). In The Netherlands, studies were
carried out to model the currents in the area between the
groynes by means of laboratory experiments (Termes
etal., 1991). These studies have greatly contributed to the
knowledge of circulation cells and their hydrodynamic
forcing. Although these studies are essential for under-
standing the processes that take place, they cannot be
used at present to estimate the role of sediment transport
induced by navigation traffic for the sediment budget for
the entire River Waal on a long time-scale. There is a
strong need for field data that comprises all the control-
ling variables on transport volumes and changes in bed
level in a set of groyne fields.

A study therefore was carried out in the groyne fields to
quantify the impact of different types of vessels on cur-
rents and the resuspension of sediments. The measure-
ments were conducted in the River Waal during 4 weeks

of the summer of 1996 in a relatively straight reach at a
river discharge slightly less than the yearly average. The
measurements are part of a large programme in which
measurements in inner and outer bends and measure-
ments at high discharges are also carried out. This total
programme aims at:

1 quantifying the sediment exchange between the chan-
nel and the groyne fields in time and space;

2 analysing the processes that govern the sediment trans-
port to and from the groyne fields;

3 modelling the groyne field sediment transport.

The present paper aims at quantifying the impact of dif-
ferent types of vessels on currents and the erosion of sedi-
ments in groyne fields. It focuses on a relatively straight
section of the river and conditions where the groynes are
not submerged. The analyses should result in a sediment
budget for these groyne fields.

AREA OF RESEARCH

The River Rhine originates in the Alps and flows
through Switzerland and Germany to The Netherlands
(Fig. 2A). The average discharge of the Rhine near the
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Dutch-German border is 2300 m’s™, derived from
both rain and snowmelt. Maximum discharges are up
to 12 000 m® s, In The Netherlands, the Rhine divides
into three distributaries: the Waal, Nederrijn-Lek and
1ssel (Fig. 2B). These branches have embankments con-
structed along their entire length. The discharge ratio
between these distributaries is approximately 6 : 2 : 1.

The shipping density of the Rhine and the Waal, con-
necting the world’s largest harbour of Rotterdam with the
major industrial area of Germany, is among the highest of
all the inland waterways of the world. The fresh water of
the Rhine branches serves industrial, domestic and agri-
cultural purposes, and prevents saline groundwater seep-
age into the Dutch polders. Human activity has affected
and changed the river system over centuries, including
dredging and excavation works, artificial meander cut-
offs, groynes, rip-rap on the river banks, weirs and dams
at some of the (former) river outlets. The present Dutch
Rhine riparian landscape is characterized mainly by pas-
tures, separated from the main channel by groynes. Parts
of these pastures and the sandy river banks and beaches
are increasingly turned into natural riparian zones. Doing
this without compromising the river’s other functions
means carrying out research on natural and human-
induced (shipping) morphological processes.

Measurements were carried out in four groyne fields in
arelatively straight section of the Waal. In this section the
groynes are generally 50 m long. In this paper, the results
of the measurements in two of these groyne fields are pre-
sented (Fig. 2C). The average water depth of the Waal is
of the order of 5 m. The length and width of this reach are
84 km and 260-340 m, respectively, and bed gradient is
1.1 x 107, The Waal is a sand—gravel-bed river with a
median particle size of bed material of about 0.5—4 mm.
The sand of the beaches between the groynes in the area
of research is finer grained than the river bed itself, with
Dy, =0.35-0.40 mm.

FLOW PATTERN IN GROYNE FIELDS

Under conditions where the groynes are not submerged,
the groyne fields are not part of the wetted cross-section,
so the currents in the groyne fields are not directly the
result of the discharge in the main channel. Indirectly
there is an effect of this discharge, however, because
some water is diverted by the groynes from the main
channel into the groyne fields. This water flows into
the groyne fields with low current velocities through the
downstream half of the wetted cross-section between the
groynes. This water flows back into the river over a small
width just downstream of the upstream groyne of the

groyne fields (Fig. 3B; Termes et al., 1991). As a result of
the small width of this so-called outflow point, current
velocities just downstream of the groynes are high, result-
ing in scour holes 1-2 m deep (Fig. 4). Thus the discharge
in the main channel induces a circulation flow in the
groyne field, the strength of which is influenced by
vessels passing the groyne field. The circulation flow is
in the form of a circulation cell directed towards the
outflow point and varies in strength mainly as a result of
navigation traffic. Earlier investigations (Termes et al.,
1991) have shown that when the distance between the
groynes is 200 m or more, one circulation cell no longer
covers the entire groyne field, and a second smaller cir-
culation cell is present near the downstream groyne
(Fig. 3A). The currents of this smaller cell are generally
not strong enough to create a second scour hole.

The major variables that are assumed to control sedi-
ment exchange between the groyne fields and the main
channel are the characteristics of the navigation traffic
and the distance between the groynes. The characteristics
of the navigation traffic vary between the north and south
side of the river because the vessels going upstream
are generally loaded and follow the south bank, whereas
the empty vessels returning downstream follow the north
bank.

METHODS AND ANALYSES

Four groyne fields were selected which varied in size and
in characteristics of vessels passing by. Two of these
fields were on the north side and two on the south side
of the Waal. The distance between the groynes varied
from 100 m to 250 m for the south side to 200 m for the
north side.

The measurements were carried out with optical back-
scatter turbidity sensors (OBS), electromagnetic flow-
meters (EMF) and pressure sensors. These sensors were
attached to three tripods. One tripod was equipped with a
computer and a set of batteries to allow for 4 weeks of
semi-continuous measurements. The tripod measured
independently and was always placed in the outflow point
of the groyne field at the beginning of the week. This
tripod had two sets of flowmeters and turbidity sensors:
one flowmeter and one turbidity sensor were positioned
at 8.5 cm above the bed, the other set was positioned at
34 cm above the bed. The pressure sensor was placed
at 40 cm above the bed. The tripod had a compass for
orientation and two devices for measuring the inclination
of the bed in two directions. The tripod dimensions were
4x4x2.5m and its weight was 600 kg (Fig. 5). The
other two tripods were much smaller, with dimensions of
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1.5%x1.5x0.5m and a weight of 70 kg. Each of these
small tripods had only one flowmeter and one turbidity
sensor, both positioned 10 cm above the bed, and one
pressure sensor 50 cm above the bed. These tripods had
no computers and batteries; the sensors instead were
connected to computers on a research vessel. The con-
necting cables were 100 m so that the research vessel
could be positioned far enough from the tripods so as not
to influence the measurements. The tripods had no com-
pass; the orientation of the tripods and hence the sensors
was determined by placing a 3.5-m-long stake with a
horizontal piece on top of the tripods, and determining

the orientation of this stake with a tachymeter positioned
on the river bank. The tripods were positioned on the
beaches of the groyne fields such that the top piece of
the stake was always exposed. The co-ordinates of these
tripods were determined by a differential global position-
ing system (DGPS) by positioning a DGPS receiver on
top of the crane aboard the vessel just above the tripods.
Current velocity was measured in two horizontal direc-
tions perpendicular to each other.

The entire campaign was carried out from 17 June to
12 July 1996. In each groyne field, measurements were
carried out for four successive days (Monday through to
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Thursday). The large tripod was positioned in the outflow
point of the groyne field near the upstream groyne and the
two small frames were positioned at locations A and B
(Fig. 3) on Mondays and Wednesdays and at locations C
and D on Tuesdays and Thursdays. Locations A and C
were shallow and were chosen such that the resuspension
of sediment by surging waves could be measured. The
locations B and D were at water depths of some 2 m.
Measurements were carried out during periods (sampling
intervals) of 35 min, starting on the hour. Care was taken
that the measurements of the three tripods were done syn-
chronously by adjusting the clock aboard to the clock in
the computer of the large tripod at the beginning of the
week. The sensors of the small tripods sampled with a fre-
quency of 4 Hz. The sampling frequency of the sensors of
the large tripod was only 2 Hz because this tripod was not
intended to be used for measuring waves. With the small
frames, four to five sampling intervals were measured
each day, whereas 24 sampling intervals each day were
measured with the large frame. The success of a series
of measurements in a groyne field depends strongly on
the position of the large tripod because the outflow is con-
centrated over a small width. Whether this tripod was
positioned successfully at exactly the right spot can be
evaluated only from the measurements at the end of the
week. Unfortunately, in two of the four groyne fields, the
position of the large tripod was not exactly in the middle
of the outflow current. In this paper, therefore, only the
results for two groyne fields will be presented: a 100 m
groyne field at the south side and a 200 m groyne field at
the north side.

For all turbidity sensors, calibration curves were deter-
mined in the laboratory using sediment from the beaches
of the study area. This sediment was sand without an
admixture of mud. The suspended sediment in the field,
however, was a mixture of sand and mud. The suspended
mud concentration was wash load and relatively constant
throughout the study interval. A correction for this mud
concentration had to be made because this mud con-
centration partly determined the OBS results, whereas
this effect was not taken into account in the calibration
curves. The turbidity values of the small tripod sensors
were corrected for the mud concentration by taking water
samples in situ with a peristaltic pump attached to a tube
located next to the turbidity sensor. The water samples of
the small tripods were then filtered over 50 um plankton
gauze and 0.4 um filters to determine the suspended
sand and mud concentration. For the large tripod, no
samples were taken. From the recordings of the turbidity
sensors at depths of 8.5 cm and 34 cm above the bed,
however, it was clear that at 34 cm no response to vessel
passages was measured, whereas turbidity peaks were

clearly present in the data of 8.5 cm above the bed. Thus,
the turbidity at 34 cm was assumed to be wash load only,
and the turbidity at 8.5 cm was corrected for the influence
of this wash load by subtracting the results at the 34 cm
level from the results at the 8.5 cm level. The data of the
pressure sensors were corrected for air pressure to obtain
data on water depth.

During each sampling interval with the small frames,
the characteristics of all vessels passing the area of
research were noted. These characteristics included dir-
ection of navigation, time of passage of bow and stern,
length, width and depth (sometimes noted on the vessels,
sometimes estimated), cargo (loaded, half-loaded, empty:
estimated), and distance from the bank (estimated). From
these characteristics velocity and volume of displaced
water were calculated.

CALCULATION PROCEDURES

Sediment fluxes

Tripod data showed that turbidity peaks generally coin-
cided with peaks in current velocity and strong depres-
sion of water level. Mostly, at these times a vessel (just)
passed the groyne field. Sometimes, however, no vessel
was observed for up to several minutes before these
peaks. As the weather was calm, river discharge was con-
stantly low, and navigation traffic density was always
high. With ships leaving their signatures on hydrodynam-
ics for quite some time after they passed, it may be safely
assumed that these peaks also result from navigation
traffic. Probably, interference of waves and reflection
at groynes and river banks play a role. Therefore, sand
transport fluxes during these peaks were quantified and
summed for all the sampling intervals at a specific
location in order to obtain the sand transport induced by
navigation traffic. Peaks were defined as concentrations
higher than the average plus one standard deviation.
Sand transport at time 7 follows from

h
q: :J.Utctdz (1)
0

where ¢, is sand transport (kg m™' s7"), Uis current veloc-
ity (ms™"), C is suspended sand concentration (kg m™),
h is water depth (m) and z is height above the bed (m).
Vertical profiles of current velocity and concentration
could not be measured with the facilities available. Sand
transport therefore had to be estimated from measure-
ments at one or two depths only. Assumptions therefore
had to be made about the representativeness of these
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depths in describing depth-averaged values. For the
current velocity at a depth of 10 cm above the bed, a
logarithmic current velocity profile was assumed

v, =Y ln[iJ )

K )

where U, is shear velocity (ms™), k is 0.4, z is height
above the bed (m) and z, is z with U= 0. From this rela-
tionship it can be shown that depth-averaged current
velocity is

U= U(z:0437h) (3)

and the ratio between the current velocity at a depth
of 10 cm above the bed and depth-averaged current
velocity is

[0.1)
In| —
U0y _ 20

T 0
(2=0.37h) ln(0.37hJ

20

Under the assumption that z;=1/30 X D¢s and Dy =
1.3x 107 m (D is the grain size for which 65% of
the grains by weight are smaller), eqn (4) becomes

In °~lj ~
T 434%107° e 7.74xT )
ln[ 0.37h ] ln[ 0.37h j
434x%107 434%107°

At water depths of 1-2 m, which was the case in this
study, this implies that the current velocity at a depth of
10 cm above the bed is 80—85% of the depth-averaged
current velocity.

Sand concentration decreases exponentially with height
above the bed. Thus, sand concentration at a depth of
10 cm above the bed will be a lower estimate of sand con-
centration near the bed. The results of the large tripod
showed that sand concentration at 34 cm above the bed
was negligible at all times. It will be assumed, therefore,
that sand transport takes place over a depth of 34 cm
above the bed and that the product of current velocity (U)
and concentration (C) at a height of 10 cm is a good
approximation of depth-averaged sediment flux. From
the tripod data, sand transport was calculated as

t=endpeak
2 (Ut,IOCm X Ct,lOcm X 034)
— __ t=beginpeak
- t=endpeal
q: dpeak (6)
Xt
t=beginpeak

where ‘#=begin peak’ and ‘#=end peak’ define the

beginning and end of a turbidity peak, and U, ., and
C,10em are current velocity and sediment concentration at
time 7 at 10 cm above the bed.

Equation (6) results in average sand transport fluxes, g,
(kg s™' m™), induced by navigation traffic. These fluxes
were calculated for all five positions in the groyne field
and were decomposed into fluxes perpendicular to and
parallel to the river bank. These flux components are
transport volumes per running metre. In order to arrive at
a sediment budget for the groyne field, these components
were multiplied by a width over which the sand flux was
assumed constant. This was done by dividing the groyne
field into five parts such that each of the five tripod
positions was in the middle of one of these parts. The
flux components at the tripod positions in the directions
parallel to and perpendicular to the river bank were then
multiplied by the width of the matching parts to obtain
transport volumes (kg s') from one part to another.

Return flow induced by vessels

The transport flux induced by a vessel is related to the
characteristics of this vessel through the return flow near
the vessel and the bankward reduction of this return flow.
The physics behind these processes are complicated, and
predictive equations are not derived easily. The variabil-
ity of the characteristics of the Dutch inland navigation
fleet is large, and for the Waal no information is available
on how to combine all of these vessel characteristics such
that a meaningful regression with sediment fluxes may be
derived. As a first approach, therefore, relationships from
the literature were used. From a comparison by Bhowmik
et al. (1995) of several models in the literature, the model
of Hochstein & Adams (1989) was thought to be the most
useful for the River Waal. Hochstein & Adams (1989)
developed a method to compute return flow directly from
the vessel characteristics, based on a combination of the-
ory and observations:

Uy=Vdl(a-1)B+ 11" -1} (7

where U, is the average return flow velocity in the wetted
cross-section between the vessel and the bank (ms™),
with

2.5
n
a—{(n_l)} 8)
_Ac
n= e )

B=0.3¢""""") for /¥, <0.65 or B =1 for
0.65<V/V, <1 (10)
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A 0.5
Ve =K[g—cj (11)

where V| is vessel speed (m s7"), n is blocking ratio, A, is
wetted cross-section of the river (m?), Ay, is underwater
cross-section of the vessel (m%), V,, is critical velocity
(m s™") (defined as such by Hochstein (1967); in Hochstein
& Adams (1989)), K is constrainment factor defined as a
function of the blocking ratio, g is gravitational accelera-
tion (m* s™"), and B, is surface width of the wetted cross-
section (m). For the Waal, K = 0.7 (Hochstein & Adams,
1989) and 0.65 < V/V < 1,so that B =1. Thus

1.25
j -1 (12)

Hochstein & Adams (1989) assumed an exponential
shape of the lateral return flow distribution towards the
river bank:

A
Uar :Vs —c
Ac — Ay

Unl() = 0Uye™" (13)
W

o e (1

F(or) = 0.42 + 0.5Ino; (15)

a= 216915 (16)

where y is distance measured from the vessel (m), W, is
distance from the vessel to the river bank (m), W7 is river
width (m) and b is vessel width (m).

Equations (12)—(16) were used to calculate the theoret-

s ards

A current velocity normal 1o the bank (m/s}

ical vessel-induced current velocity near the groyne fields
for all vessels that passed the area of research during the
measurements.

RESULTS

An example of a record of current velocity, suspended
sand concentration and water depth measurements is
shown for one of the small tripods (Fig. 6) and the large
tripod (Fig. 7). Figures 6 & 7 refer to the same sampling
interval, measured in the groyne field on the south side of
the Waal. The times a vessel passed the study area are also
indicated. The long-lasting passage at 11.15 refers to a
barge-tow combination and the other passages are smaller
vessels. The barge-tow combination induced a drawdown
current of 30—40 cms™', resulting in a depression of
water level of 15-20 cm (Fig. 6). This current was strong
enough to resuspend the sediment of the beach. The im-
pact of the other vessels was generally smaller. Figure 7
shows the same sampling interval for the large tripod
for the sensors at the depth of 8.5 cm above the bed.
The strong impact of the barge-tow combination clearly
results in a transport of resuspended sediment upstream
towards the channel. Current velocities were comparable
to the ones measured by the small tripod, but the sand
concentration was higher. At this position, the current
velocity before and after the passage of the barge-
tow combination varied less than at the position of the
small tripod.

The results in Figs 6 & 7 are characteristic examples
of the measured influence of navigation traffic. The
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Fig. 7. Anexample of the record
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measured effect on current velocity at the positions of the
small tripods was always a current perpendicular to the
bank and moving to and from the groyne field beach a
couple of times, whereas the effect in the outflow point
was always a current upstream and towards the channel.

For all the passages that induced currents and resus-
pension, the resulting transport fluxes were calculated for
the two components perpendicular to and parallel to the
river bank, and for each of the five positions in the groyne
field these transport fluxes were summed. For each of the
five positions, the size of the transport fluxes perpendicu-
lar to and parallel to the river bank is expressed relative to
the sum of these four components, for the results on the
south side (week 2) in Fig. 8, and for the results on the
north side (week 3) in Fig. 9.

Figure 8 shows that sediment transport at positions A
and B of the small tripods (near the downstream groyne)
on the south side of the river was dominated by fluxes per-
pendicular to the bank, the fluxes to (southward) and from
(northward) the beach being about equal. At positions C
and D of the small tripods, the ratio of fluxes to and from
the beach, perpendicular to the bank, is comparable to
positions A and B, but these positions also experience a
significant component of fluxes parallel to the bank and
upstream. At the outflow point, sand transport is gener-
ally upstream and towards the river.

Figure 9 shows that sediment transport on the north
side of the river at the outflow point is similar to the south
side, sediment transport being directed upstream and
towards the river. At the small tripod positions A and B,
however, results are different from the south side, the
transport component towards the river being larger than
the component towards the bank.

[0 11.33 positive for the directions towards the

river and upstream, respectively.

The net transport volumes at the five positions, aver-
aged over all sampling intervals, and calculated for com-
ponents perpendicular to and parallel to the river bank,
are shown in Fig. 10. The results for the groyne field on
the south side confirm the presence of a single current
circulation cell, indicated by a dashed line. Net transport
volumes at the positions of the small tripods were small
compared with the volume at the outflow point. The
results for the groyne field on the north side point to the
presence of two circulation cells. The transport volume at
the outflow point equals this volume in the groyne field on
the south side.

Figure 10 shows the averaged effect of all the vessels
that passed the groyne field during the measurements.
Generally, 4 days of measurements (one groyne field)
included 250-300 vessel passages. For the entire cam-
paign of 4 weeks, the characteristics of 1044 vessel
passages and their corresponding hydrodynamics and
sediment concentration in the groyne field are known. For
these passages, the theoretical return flow near the groyne
field was calculated using eqns (12)—(16). In Fig. 11
this return flow is plotted versus the maximum current
velocity measured in the groyne field during the passage
of the vessels. This is done for the average return flow
(Fig. 11A) in the river according to eqn (12) and the
return flow near the bank (Fig. 11B) according to eqns
(13)—(16). The measured current velocities in this figure
refer to one of the small tripods. Actual maximum current
velocities are much higher than the near-bank current
velocities according to the model of Hochstein & Adams
(1989). In fact they are even higher than the average
return flow in the river. The results for the other two
tripods were similar.



ffffffffff ;

00000
55555

,,,,,,,,
00000
44444




158 W.B.M. ten Brinke et al.

Discharge

Fig. 10. The transport volumes at the five positions in the groyne fields on the south and north side of the river, integrated over all
sampling intervals, and calculated for components perpendicular to and parallel to the river bank. The values are kg s~
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Fig. 11. Average return flow in the wetted cross-section between the vessel and the bank (A) and the return flow near the bank (B),
according to the model of Hochstein & Adams (1989), versus measured maximum current velocities between the groynes along the
Waal during the passage of 1044 vessels in 4 weeks of 1996. The straight line represents ¥ = X.
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DISCUSSION

Understanding the impact of navigation traffic on the
sediment budget of the sandy groyne fields requires an
understanding of the impact of navigation traffic on the
pattern and strength of the circulation cells. Although
the pattern and strength of these cells vary as a result of
the passage of vessels, they are also controlled by char-
acteristics of the river (discharge, morphology) and the
groynes (distance, length, orientation). Thus, modelling
the sediment transport in groyne fields is complicated. On
the other hand, these groyne fields may play a significant
role in the sediment budget of the river. Yearly sand trans-
port volumes in the main channel at the upstream end of
the Waal are in the order of 500 000 m’ (Kleinhans, 1996),
which corresponds with a bed elevation change of only
5-10 cm between the groynes along the Waal. Clearly, the
sediment budget of these groyne fields cannot be neglected.

These first measurements show that in sifu measure-
ments successfully contribute to understanding the
sediment budget of groyne fields. With the chosen
combination of sensors, the impact of vessels on hydro-
dynamics and sediment transport was clear. The circula-
tion pattern was also reflected in the data at the five
positions of the tripods. There are, however, shortcom-
ings to this approach, most of which cannot be dealt with
properly. These limitations refer to the way current veloc-
ity and sand concentration are measured and sediment
transport is calculated. It was difficult to position the large
tripod in the outflow point precisely. Sediment transport
should be measured at several depths at the same time,
but this was not feasible. Therefore, assumptions were
made on the variation of current velocity and concen-
tration with depth. The assumption that the vertical cur-
rent velocity profile has a logarithmic form, however, is
unclear in wave-induced currents. The impact of naviga-
tion traffic was mainly through drawdown currents,
which lasted several tens of seconds. The transport fluxes
calculated with eqn (6) may be conservative estimates
because both the current velocity and the suspended sand
concentration at 10 cm above the bed underestimate
depth-averaged values. It is not clear, however, whether
the depth of 34 cm for sand transport overestimates
field conditions. The success of using optical sensors also
depends on the variability of the mud concentration.
When mud concentration varies considerably, this vari-
ability dominates the variations in sand concentration,
and optical turbidity sensors cannot be used. The peaks
that were measured with the large tripod at 8.5 cm above
the bed but did not occur 34 cm above the bed, were
attributed entirely to sand, but these peaks may have

resulted partly from resuspended mud occurring as a thin
layer near the bed. These layers cannot be sampled with
common sampling techniques, and therefore it could not
be ascertained whether or not they were present in the
groyne fields. Transport volumes were calculated by mul-
tiplying the fluxes with the dimensions of the five parts
into which the groyne field was divided. This schematiza-
tion probably oversimplifies reality, especially near the
outflow point, where sand transport is overestimated.

Vessels that are relatively large, fast, or pass the groyne
field at a close distance may be expected to have a marked
influence on the hydrodynamics of the water between the
groynes. Indeed, the impact of these vessels on water
level, current velocity and turbidity was generally most
pronounced. The smaller vessels generally did not meas-
urably influence hydrodynamics. On the other hand,
peaks in current velocity and turbidity were observed that
did not coincide with the passage of a vessel. In fact, more
concentration peaks were identified than vessel passages.
This seems to be the result of interference of waves of dif-
ferent vessels and reflection of waves on the river banks
and the groynes. From the time series of water level and
current velocity, it is clear that there are always fluctua-
tions of water level and currents in the periods between
the passages of vessels. These fluctuations are similar
during both days with calm and days with windy weather,
and thus must be the result of shipping. During the 4
weeks of sampling, a vessel passed the measurement
stations an average of every 2 min. A more-or-less con-
tinuous impact of navigation traffic on hydrodynamics,
therefore, seems to be the case.

The comparison of predictions from the Hochstein &
Adams model (1989) with measured current velocities
shows that this model cannot be applied to navigation
traffic in the River Waal. These formulations were
derived for large barge-tow combinations on the Mis-
sissippi. Both the dimensions of the navigation traffic
and the dimensions and characteristics of the Mississippi
differ from those in the River Waal. The formulations
of Hochstein & Adams (1989) were not derived for the
hydrodynamics between groynes, and their model should
be used only to calculate the currents in the wetted cross-
section between the vessel and the head of the groynes. In
addition, the currents between the groynes were so much
stronger than the ones calculated by the model that it may
be safely assumed that the model does not hold for the
wetted cross-section either. In the model, an exponential
reduction of lateral return flow towards the bank was
assumed. For navigation traffic on the Waal, this results
in current velocities near the bank that are negligible for
all vessels except the barge-tow combinations. Bhowmik
et al. (1995) tested four models on the return flow
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distribution from barge-tows to the shoreline, including
Hochstein & Adams (1989), on the River Illinois and
found that all of these models underestimated the actual
current velocities. As far as we know, there are no other
relationships available in the literature that might be
useful for the Dutch rivers, so a new formulation has to
be derived, based on the conditions in the River Waal.
Sand was resuspended 14% of the time for the southern
and 15% of the time for the northern groyne field. Along
the banks of the Waal, there are roughly 500 sandy groyne
fields with lengths of 100—250 m. An average sand export
out of these groyne fields of 4.5 kg s~ for 15% of the time
with a dry density of 1500 kg m™, taking place through-
out the year at the same rate, would result in a sediment
input into the river of 7 million m® yr™'. Compared with a
yearly sand transport of 0.5 million m® yr™', this is clearly
far too much. The overestimation is possibly the result of
anumber of factors that include:
1 the sediment budget varies with river discharge, and
the sediment loss resulting from navigation traffic is
probably relatively high at low discharges;
2 the measurements were carried out in groyne fields
with relatively wide sandy beaches, whereas a large part
of'the groyne fields along the Waal are filled with rip-rap;
3 the measurements were carried out in a straight section
of the Waal and therefore may not be representative for
inner and outer bends;
4 the width of the sediment transport in the outflow cur-
rent in the schematization is incorrect.
Clearly, more data from groyne fields in other parts of the
river (inner and outer bends) and at higher discharges are
needed for the yearly sediment budget to be estimated
with reasonable accuracy. These data should be com-
pared with data on temporal bed level variability for
groyne fields in different sections of the river.

CONCLUSIONS

The hydrodynamics in the area between the groynes
along the banks of the River Waal are influenced indir-
ectly by the discharge in the main channel. This results
from some of the discharge leaking into the groyne field
and leaving it as a concentrated outflow near the upstream
groyne. When the distance between the groynes is suf-
ficiently large, there is also an outflow near the down-
stream groyne. Thus, one or two circulation cells exist,
depending on the size of the groyne field. The currents in
these cells are strengthened when a vessel passes and
some of these vessels, especially push-towing, generate
strong enough currents to resuspend some of the sediment
of the sandy beaches, part of which is transported to the
main channel through the outflow. The largest vessels

typically cause a water-level depression of 15-20 cm and
currents of 30-40 cm s™' 10 cm above the bed.

Although it is clear that large and fast vessels have a
stronger impact than small and slow ones, the characteris-
tics of the vessels cannot be related to sand fluxes at the
moment. Models in the literature do not serve the condi-
tions of the navigation traffic in the River Waal. Many
characteristics of the vessels and the river play a role,
which have to be combined in an as yet unknown way.

Sand transport volumes for the groyne fields appear
to be overestimated, in particular because of a lack of
knowledge of sediment transport in groyne fields with
orientations (inner and outer bends) different from the
ones studied in this paper, and a lack of knowledge of
vessel-induced sediment transport at higher discharges.
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ABSTRACT

The Fal Estuary, in southwest England, drains areas of extensive metal mining on the eastern side and china-clay
mining to the west. As a consequence, the estuarine sediments provide a record of the historical pollution from
mining. Sediment cores from the intertidal mudflats of tributaries at the northern end of the Fal Estuary have been
examined mineralogically and geochemically. Initial analyses reveal a significant pulse of mine-waste contamina-
tion at approximately 30—50 cm below the present-day sediment surface. High metal levels of 2300 p.p.m. Sn,
430 p.p.m. As, 1590 p.p.m. Pb, 1970 p.p.m. Zn and 1070 p.p.m. Cu occur within this interval, together with a
heavy mineral suite comprising chalcopyrite, arsenopyrite, pyrite, cassiterite, Fe—Ti oxides (ilmenite and rutile),
wolframite, sphalerite, barite, zircon, monazite and xenotime. In addition, human-made smelt products also occur.
This contamination probably correlates with the discharge of mine waste either during, or immediately after, the
peak of mining activity, which occurred between 1853 and 1893.

INTRODUCTION

Estuaries receive waters and sediments from both inland
via river systems and offshore via tidal currents, and are
therefore efficient sediment traps for both terrestrial and
marine-derived products. Deposition of approximately
95% of fine-grained suspended sediment occurs at high
and low tides, when the water velocity is almost zero
(Andrews et al., 1996). Estuarine sediments can, there-
fore, act as a chronicle of past environmental conditions
(Buckley, 1994) and examination of sediment cores
recovered from intertidal mudflats may reveal a record of
anthropogenic activity. Contamination of estuarine sedi-
ments has been examined by few workers (e.g. Buckley
& Winters, 1992; Buckley, 1994; Buckley et al., 1995;
Dickinson et al., 1996) and by combining geochemical,
mineralogical and dating techniques with historical records,
the identification of potential sources is possible. Little
of'this type of research has been undertaken in the UK.
South-west England has had a long association with
mining. The extraction of tin dates back to the Bronze
Age (2000 BC) and the mining of copper occurred in the
18th to 19th centuries, together with other metals such
as arsenic, tungsten, iron and uranium. These activities,
however, produced a large amount of waste through
inefficient techniques in mineral processing, up to 33% in
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the case of tin in 1905 (Thomas, 1913). This unwanted
material was often washed into the rivers (Healy, 1996).
The impact of these activities on stream sediments, soils
and water quality within the region has been studied by
several workers (e.g. Davies, 1971; Aston et al., 1975;
Yim, 1981; Abrahams & Thornton, 1987). Little work,
however, has been carried out on estuarine sediments.

The impact of Cornwall’s industrial heritage on the Fal
Estuary may be ‘retained’ as a record of pollution within
estuarine sediments. It is therefore the aim of this paper
to present initial results from geochemical and minera-
logical analyses on recent sediments from the upper
reaches of the Fal Estuary. This will allow the spatial
and temporal distribution of mine-waste contaminants, as
well as their source, to be determined.

STUDY AREA

The Fal Estuary is one of the largest estuarine systems
in southwest England and is located on the south coast
of Cornwall (Fig. 1). It has been described as a ria, or
a drowned dendritic river valley system (Stapleton &
Pethick, 1995). The estuary can be divided into two parts:

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Fig. 1. Location of the Fal Estuary in
southwest England.

the outer estuary, known as Carrick Roads, which is a
deep tidal basin and the inner tidal tributaries (Fig. 2).
Carrick Roads forms the main body of water, with
approximately 80% of the water volume (Sherwin, 1993;
in Stapleton & Pethick, 1995), and because of a lack of a
sediment source and low tidal currents has experienced
only limited sedimentation (Stapleton & Pethick, 1995).
The six major tributaries and their constituent creeks
and rivers, which have experienced significant siltation
during the Holocene, all eventually flow into Carrick
Roads.

The Fal Estuary has a shoreline length of 127 km and a
total area of 2500 km?, of which 70% is subtidal, 26%
intertidal mudflats and 4% supratidal saltmarsh, which is
situated mainly at the heads of the major creeks. The max-
imum tidal limit extends from the mouth of the estuary,
18.1 km inland, to the village of Tresillian in the north.
The spring tidal range of 5.3 m at Falmouth, decreases to
3.5 mat Truro (Fig. 2).

Regional geological setting

The region is dominated by Devonian sedimentary rocks,
which consist mainly of metamorphosed sandstones and
siltstones. These were intruded subsequently by granite

towards the end of the Carboniferous and Early Permian
(Evans, 1990). Two such granite masses, within the area
of the Fal Estuary, are the Carnmenellis Granite to the
west and the St Austell Granite to the east. Associated
with the granite intrusion, polymetallic mineralization
occurred between 240 and 190 Ma (Evans, 1990). Main-
stage tin and copper mineralization occurred in the
Early Permian and developed in steeply dipping lodes in
zones or belts within the metasediments or at the margins
of the granite. Lead—zinc mineralization, in NNW-SSE
trending lodes, developed in the Triassic at lower tem-
peratures, and frequently cross-cut the tin—copper lodes
(Camm & Hosking, 1984). The main minerals found within
the mineralized districts are cassiterite (SnO,), wolfram-
ite ((Fe,Mn)WO,), chalcopyrite (CuFeS,), arsenopyrite
(AsFeS) and galena (PbS), together with gangue miner-
als such as quartz, feldspar, mica, tourmaline, chlorite,
haematite and fluorspar (Leveridge ef al., 1990). Altera-
tion of the St Austell Granite by kaolinization has led to
the formation of world-class china-clay deposits.

Within the region, Quaternary periglacial sediments
(known locally as ‘head’) unconformably overlie the
Devonian metasediments. These head deposits (produced
by solifluction and mass wasting) served to transport cas-
siterite that was eroded from primary tin lodes during the
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Fig. 2. Components of the Fal Estuary showing the outer
estuary, Carrick Roads — a deep tidal basin — and the inner tidal
tributaries, which all eventually flow into Carrick Roads. The
location of the core from the tidal limit of Calenick Creek is
shown, together with the core locations from the mid-reaches
of the Tresillian River (inset not to scale).

Tertiary to the Quaternary, and subsequently accumulated
as fluviatile placers (Camm & Hosking, 1984). During the
Holocene, sea-level rose following the last (Devensian)
glaciation and drowned many river valleys on the south
coast of Cornwall. Holocene sediments are known to
underlie recent estuarine sediments within the area.

Human activity

Tin has been extracted from south-west England for
4000 yr, initially through the recovery of placer cassi-
terite from streams, by a simple mining method known
as streaming. Up to the 17th century, the majority of
Cornwall’s tin came from this practice. Subsequently,
underground mining of tin took over from streaming,
although streaming continued and also included the
reworking of mine tailings. In 1872, Cornwall became the
world’s premier tin field (Barton, 1961). Foreign com-

petition, however, reduced this industry to just one mine
in the Camborne—Redruth area, which closed in March
1998. Submarine mining was undertaken in Restronguet
Creek (Fig. 2) in the mid-19th century, where tin was
extracted from tin-bearing gravels beneath 18 m of mud.
There are records of four such mines having existed
(Simpson, 1993) and the sites of these can still be seen.
The tin was smelted within the county, with the estab-
lishment of 27 smelting houses (Barton, 1961), 12 of
which were located at the tidal limits of Truro River,
Calenick Creek, Restronguet Creek and Penryn River, on
the western side of the Fal Estuary.

Copper mining was far more important to Cornwall’s
economy, surpassing tin in value and tonnage, but lasted
only two centuries between 1700 and 1900, with pro-
duction peaking in 1855 (Barton, 1967). In many cases,
once the copper industry collapsed, mines were able to
continue by extracting tin from below the copper zone.
Mainly as by-products and in many cases providing addi-
tional revenue, other metals such as arsenic and tungsten
were also mined when demand deemed it economical.
Iron and uranium were mined mainly on the eastern
side of the estuary, within the vicinity of the St Austell
Granite. China clay has been extracted from the western
side of the St Austell Granite since the mid-18th century
and still remains a world-class industry today, with the
UK being the second largest producer of kaolin after
the USA.

METHODS

Sediment cores have been collected from the intertidal
mudflats, using a 2-m-long plastic tube with a diameter
of 6.5 cm. The resultant cores were extracted, described,
photographed and then split into separate 5-cm-long
stratigraphical intervals. Each subsample was split fur-
ther for geochemical and mineralogical analyses. Bulk
geochemistry was analysed by X-ray fluorescence (XRF)
using pressed powder pellets for Sn, As, Pb, Zn and
Cu. Analytical precision is of the order 10 p.p.m. For
mineralogical examination, the subsample was wet-
sieved to obtain three grain-size fractions (> 63 um,
63-20 um, < 20 um). The > 63 um and 63—-20 pum grain-
size fractions were set into resin blocks and polished for
examination by scanning electron microscope (SEM)
using a JEOL SEM with a LINK Energy Dispersive X-
ray Spectrometry and back-scattered electron detector.
The < 20 um grain-size fraction was examined by X-ray
diffraction (XRD) using a SIEMENS diffractometer.
In addition, subsamples from two cores (PC1 and PC3)
from the Tresillian River (Fig. 2) were subdivided into
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+ 63 um, 63—4 um and <4 um by beaker decantation
using Stokes’ law of settling.

RESULTS

Sediment geochemistry

Initially, 10 cores were recovered from the mid-reaches
of the Tresillian River, the northernmost tidal tributary in
the Fal Estuary (Fig. 2). The range of total metal concen-
trations, together with the mean, is given in Table 1.
Typically, all cores display relatively low metal levels at
the base (Fig. 3), then all metal values increase rapidly to

Table 1. Metal concentrations (in p.p.m.) of Sn, As, Pb, Zn
and Cu for the 10 cores recovered from the mid-reaches of the
Tresillian River, the northernmost tributary of the Fal Estuary.

pronounced peaks, with the maximum values occurring at
depths of 30—50 cm within the sediments. Metal concen-
trations then decrease gradually towards the present-day
sediment surface, although the surficial sediments do not
attain the initial low metal levels found in older sediment
at the base of each core. From a north (PC1 and PC3) to
south (TRESS) aspect, there are no apparent changes in
the geochemical profiles, although slightly higher metal
levels are found within the southernmost cores. The peaks
of metal contamination display a lateral variation when
compared with core locations. Cores recovered from the
bank display a sharp geochemical spike, whereas those
taken farther out on the mudflat, nearer the active subtidal
channel, show a much broader diffuse signature.

By way of contrast, a core was recovered from near the
head of Calenick Creek (Fig. 2), which drains the miner-
alized district on the eastern side of the Fal Estuary. The
geochemical profile is shown in Fig. 4, together with the
core sedimentology. All metals show highly elevated

Metal Range (p.p-m.) Mean (p.p.m.) concentrations and, with the exception of Sn, follow each
Sn 35-2300 830 other throughout the core. The Sn concentrations remain
As 4-430 170 very high throughout, with a range of 3190-7850 p.p.m.,
Pb 20-1590 220 and follows a completely different pattern to the other
Zn 100-1970 685 metals. The two peaks in the Sn profile at depths of 10 cm
Cu 15-1070 430 .
and 25 cm correspond with the coarse sand beds.
Concentration (ppm)
0 500 1000 1500 2000 2500
TRES2
E
2
5
Iy
-]
Concentration (ppm)
0 500 1000 1500 2000 2500
TRES6
) Fig. 3. Two typical geochemical
S profiles of cores TRES2 and TRES6
< from the mid-reaches of the Tresillian
g‘ River, showing the variations of Sn,
Cu, Zn, Pb and As (p.p.m.) versus
depth. Core TRES2 was taken close to
the estuary margin, whereas TRES6

—X—Cu —0—53%n —¥— As —O—Pb ——Zn

was from farther out on the mudflats.
See Fig. 2 for core locations.
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Fig. 4. Core sedimentology and
geochemical profile showing the
variations of metals Sn, Cu, Zn, Pb and
As (p.p.m.) in a core from the tidal limit
of Calenick Creek, which drains the
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mineralized district on the west side
of the Fal Estuary.
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Fig. 5. Scanning electron microscopy photomicrographs of detrital and diagenetic minerals within the estuarine sediments:
(A) liberated cassiterite; (B) rutile and monazite locked within a silicate host; (C) polymetallic smelt product with tungsten locked
within — this shows the typical texture of the human-made products examined; (D) diagenetic framboidal pyrite. Scale bars = 10 um.

Sediment mineralogy

Selected samples of 63 um and 63-20 (and 63—4) um
grain-size fractions from the Tresillian River cores were
examined for their heavy mineral content using the back-
scattered electron detector of the SEM. The dominant

minerals present included cassiterite, pyrite, Fe oxides,
zircon, sphalerite, Fe—Ti oxides, monazite, chalcopyrite
and xenotime together with lesser amounts of arsenopy-
rite, barite and wolframite. Cassiterite dominates in the
63-20 um size fraction (Fig. 5A), with an average size of
10 um (Fig. 6). The other dominant minerals examined
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Fig. 6. Scanning electron microscopy data from one sample: (A) graph showing the frequency (%) of each mineral identified,
(B) graph displaying the range of sizes for each mineral together with their mean size. The term ‘composite” has been given to
polymetallic minerals (usually human-made products). Note that although cassiterite dominates, its mean size is only

approximately 10 pm.

occur mainly within the 63—-20 um grain-size fraction as
liberated grains, but in both grain-size fractions are asso-
ciated more commonly with silicate hosts (Fig. 5B). Rare
polymetallic and Fe oxide slag products also have been
found and are generally > 63 um in diameter (Fig. 5C).
These typically occur below a depth of 30 cm from
the present-day sediment surface. Pyrite occurs as both
detrital grains and as early diagenetic framboidal pyrite
(Fig. 5D). Analyses of the < 20 um size fraction by XRD
has revealed a typical mineral assemblage comprising
quartz, kaolinite, illite, chlorite and mica, which does not
vary stratigraphically throughout the core.

DISCUSSION

The geochemical and mineralogical characteristics of
the cores examined from the intertidal mudflats of the
Tresillian River suggest the presence of considerable
mine-waste contamination. The distinctive geochemical
pulse, revealed at a depth of 30—50 cm below the present-
day sediment surface, is related to the sudden release of
mine tailings that occurred during the peak of mining
activity (1850s to 1890s) or immediately post-mining
(Pirrie et al., 1997). The nature of the mineralogy reflects



Historical mining impact records in estuarine sediments 167

the local geology, including the main ore minerals such
as cassiterite, sphalerite, chalcopyrite, pyrite and arsen-
opyrite. The minerals zircon, monazite and xenotime
derive from granite and are known to occur within the
Carnmenellis Granite to the west of the Fal Estuary
(Pirrie et al., 1997). The presence of smelt/human-made
products, found within the cores below a depth of 30 cm,
confirms that the contamination is the result of historical
mining activity within the region.

The supply of sediment to the Tresillian River is either
from its catchment area, or it may have been transported
upstream on tidal currents from rivers to the south. It is
known that tin streaming was practiced within the catch-
ment area, together with minor Pb, Cu, Ag and Sn mining
and, as a result of this activity, Whitley (1883) calculated
that in 1880 alone, 10 413 m* of sediment was supplied to
the estuary. Historical records suggest that there were no
tin-smelting houses within the catchment area, therefore
the source of smelt products within the estuarine sedi-
ments, together with the total concentration of metals,
must come from rivers to the south, such as either Truro
River (Calenick Creek) or Restronguet Creek.

It is suspected that the peaks of elevated metal values
from Calenick Creek will only be found at the head of the
creek, as they coincide with the presence of coarse-sand
beds within the core. These coarse-sand beds are not
present farther downstream and they may therefore relate
to smelting activity that was undertaken in the valley
between 1711 and 1791. These sediments, however, have
not been examined mineralogically.

CONCLUSION

Within an estuarine environment, sediment is transported
either by fluvial or tidal currents and, within the catch-
ment area of the Fal Estuary, possible sediment sources
are:

1 natural weathering and erosion of the granite and
metasediments;

2 reworking of Quaternary sediments, principally the
head deposits;

3 the discharge of mine waste.

It can be suggested that the low metal values at the base of
the cores from the Tresillian River may correspond with
products of natural weathering (Pirrie et al., 1996) or
early mining. The distinctive geochemical pulse, com-
prising the highest levels of the metals Sn, Cu, As, Pb and
Zn, occurring at 30—50 cm below the present-day sedi-
ment surface, however, cannot be a natural phenomenon
and therefore is the result of mining contamination. The
exact source and timing of this contamination is poorly

constrained at present. The mineral assemblage, how-
ever, including the presence of human-made smelt prod-
ucts, does indicate a provenance other than the catchment
of the Tresillian River, which suggests sediment input
from the south, either from Truro River or Restronguet
Creek. The geochemical profile of the core from the tidal
limit of Calenick Creek has revealed highly elevated
metal levels and is attributed to the direct release of mine
waste that came from within the creek’s catchment area.

A study of cores from the intertidal mudflats of the
upper reaches of the Fal Estuary revealed a historical
record of anthropogenic impact, resulting primarily
from mining activities within the region. At present, the
mudflats provide a stable sink for this contamination
(Pirrie et al., 1996). Any future disturbance of these
sediments, however, will have a significant affect on the
quality of waters and biota (Healy, 1996), owing to the
remobilization of heavy metals (Dickinson et al., 1996).
Changes in the coastal zone could result from anthro-
pogenic activity, for example, land reclamation and
dredging or natural responses to changing conditions,
such as sea-level rise, which will cause the erosion of
mudflats and saltmarshes (Stapleton & Pethick, 1995)
within the estuarine environment.
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ABSTRACT

Avulsion, i.e. the relatively sudden displacement of a river channel, has an important effect on sediment distribu-
tion and on architecture of fluvial deposits because avulsion is a primary control on channel location on a flood-
plain. Most avulsions occur when a triggering event, commonly a flood, forces a river across a stability threshold.
The closer the river is to the threshold, the smaller is the flood discharge needed to initiate an avulsion.

Avulsions can be categorized by the processes or events that decrease stability and move the river toward the
avulsion threshold, and/or serve as avulsion triggers. These processes or events produce one or more of the following:
1 anincrease in the ratio of avulsion course slope to existing channel slope caused by a decrease in gradient of the
existing channel;

2 anincrease in the ratio of avulsion course slope to existing channel slope caused by an increase in gradient away
from the existing channel;

3 anon-slope-related reduction in the capacity of the existing channel to carry all the water and sediment delivered
toit.

In most cases several of these causes will combine to bring a river close to a threshold, after which the next trigger-
ing event of sufficient magnitude will push the system across the threshold and avulsion will occur.

Avulsion frequency is controlled by the interaction between the rate at which various processes combine to
move a river toward the avulsion threshold (instability) and the frequency of triggering events. If the combined
processes that lead to instability proceed rapidly relative to triggering events, then the frequency of the triggering
events will control avulsion frequency. In such settings, avulsion frequency may be a predictable function of flood
frequency. If triggering events occur frequently relative to the rate at which the river becomes unstable, however,
then the rate at which a combination of processes leads to instability will control avulsion frequency.

INTRODUCTION

Avulsion, the relatively rapid shift of a river to a new
channel on a lower part of a floodplain, alluvial plain,
delta or alluvial fan (Allen, 1965), is a primary process
that determines channel location over the long term, and
therefore has an important effect on the large-scale distri-
bution of river sediment. Under conditions of long-term
aggradation, avulsion has ‘a profound effect on the result-
ing stratigraphic architecture’ (Miall, 1996, pp. 317-318)
because the interaction of avulsion frequency, channel
migration rate and net sedimentation rate across the
floodplain appears to determine the relative abundance
and geometry of abandoned channels, channel deposits

+ Current address: 1967 South Van Gordon Street, Lakewood,
CO 80228, USA. (Email: larjones@earthlink.net)
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and deposits derived from overbank flows. Increasing
interest in avulsion has resulted in considerable recent
work that allows some generalizations to be made regard-
ing the nature and causes of avulsion in various river
settings. Our purpose in this brief overview is to use
documented examples and geometric arguments to
classify and discuss the various causes of avulsions,
which may be controlled either by natural cycles within
the fluvial system or by external events (Miall, 1996,
pp. 317-327), and to suggest how these causes may inter-
act to affect avulsion frequency.

In braided streams, the term avulsion is sometimes
used to describe the shift of the main thread of current to
the other side of a mid-channel bar (Leedy et al., 1993;
Miall, 1996, p. 317), but here the term is restricted to the

© 1999 The International Association of Sedimentologists. ISBN: 978-0-632-05354-4
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Avulsion course

Divergence point

L

Divergence point

complete shift of the entire channel (Fig. 1). The point
upstream, where the new (avulsion) channel leaves the
old channel, is the divergence point. The point down-
stream where the new channel rejoins an old channel is
the convergence point. The convergence point is not pre-
sent where the avulsed channel enters a sea or lake or
occupies an entirely new area of floodplain and does not
rejoin the original channel. Avulsion is distinguished
from the other primary method of channel relocation,
lateral migration, which involves gradual removal of
material from one channel bank concurrent with sedi-
ment deposition on the opposite bank.

We attribute no particular size to avulsions, so the
length of channel reach that is affected by an avulsion can
vary from a few tens of metres (Jones & Harper, 1998),
to hundreds of kilometres (Fisk, 1944). The rapidity
with which discharge shifts completely from an old to a
new channel varies from as little as 1 day (Ning, 1990)
to a decade (Jones & Harper, 1998) to perhaps millennia
(Schumm et al., 1996). Avulsion may result in the rapid
shift of flow to a single new channel (Brizga & Finlayson,
1990) or in a gradual process of crevasse splay forma-
tion, wetland infilling and channel coalescence (Smith
etal., 1989).

Avulsion is of direct concern to the study of ancient
fluvial sediments because it locates the channel on the
floodplain and thereby controls the large-scale geometry
of channel and channel-belt deposits. Modelling results
confirm that the nature of the relationship between

Convergence
point

Fig. 1. Map view of hypothetical
rivers showing how the terms avulsion,
divergence point, and convergence
point are used in the text. In the upper
example, avulsion course rejoins
pre-existing channel at convergence
point. In lower example, avulsion
channel does not rejoin, so no
convergence point exists.

avulsion frequency and sedimentation rate has a strong
effect on hypothetical fluvial depositional geometries
(Allen, 1965, 1974, 1978; Leeder, 1978; Bridge & Leeder,
1979; Bridge & Mackey, 1993a,b; Mackey & Bridge,
1995; also see discussion in Heller & Paola, 1996). For
example, in one set of experiments in which avulsion
frequency remained constant while sedimentation rate
varied, channel belt interconnectedness was shown to be
inversely proportional to sedimentation rate (Bridge &
Leeder, 1979, p. 632). Until the response of avulsion fre-
quency to changes in sedimentation rate in aggradational
avulsive natural rivers is understood, however, the nature
of the relationship, if any, between channel-belt intercon-
nectedness and sedimentation rates in ancient rocks is
uncertain.

CAUSES OF AVULSIONS

Avulsion commonly results when an event (usually a
flood) of sufficient magnitude occurs along a reach of a
river that is at or near an avulsion threshold. As demon-
strated for geomorphological systems in general, the
closer a river is to the threshold, the smaller is the event
needed to trigger the avulsion (Fig. 2). This is why
avulsions are not always triggered by the largest floods
on a given river (Brizga & Finlayson, 1990; Ethridge
et al., this volume, pp. 179-191). Nevertheless, some avul-
sions appear to occur without the evolution of channel
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Fig. 2. Schematic graph showing
increase in channel instability
(approach to avulsion threshold)

over time. Line 1 shows increasing
propensity of channel to avulse as it
approaches the avulsion threshold,
which indicates certainty of avulsion
at time B. Superimposed on line 1

are vertical lines representing flood
magnitude. The large flood at time A
causes avulsion, but if it had not
occurred, smaller floods would lead to
avulsion between times A and B. Note
that even large floods do not cause
avulsion until the line representing
channel instability approaches the

Channel Instability ——»

Line 1

Avulsion Threshold

Flood - intensity proportional
10 line length.

Avulsion occurs

avulsion threshold (from Schumm,
1977). The shape, curvature and slope
of line 1 will vary for different rivers.

Table 1. Causes of avulsion.

Time > A

Processes and events that create instability and lead toward an avulsion threshold, Canactas  Ability of channel to carry
and/or act as avulsion triggers trigger? sediment and discharge
Group 1. Avulsion from increase in a. Sinuosity increase (meandering) No Decrease
ratio, S,/S.*, owing to decrease in S, b. Delta growth (lengthening of channel) No Decrease
c. Base-level fall (decreased slopet) No Decrease
d. Tectonic uplift (resulting in decreased slope) Yes Decrease
Group 2. Avulsion from increase in a. Natural levee/alluvial ridge growth No No change
ratio, S,/S,, owing to increase in S, b. Alluvial fan and delta growth (convexity) No No change
c. Tectonism (resulting in lateral tilting) Yes No change
Group 3. Avulsion with no change in a. Hydrological change in flood peak discharge Yes Decrease
ratio, S,/S, b. Sediment influx from tributaries, increased Yes Decrease
sediment load, mass failure, aeolian processes
c. Vegetative blockage No Decrease
d. Logjams Yes Decrease
e. Icejams Yes Decrease
Group 4. Other avulsions a. Animal trails No No change
b. Capture (diversion into adjacent drainage) — No change

* §, 1s the slope of the potential avulsion course, S, is the slope of the existing channel.
+ In settings where the up-river gradient is greater than the gradient of the lake floor or shelf slope, base-level fall may result in river

flow across an area of lower gradient.

characteristics to a sensitive condition, and many avul-
sions result from a combination of causes. Avulsion can-
not easily occur where a river has incised a narrow valley
or canyon. The river must have another path to follow in a
wide valley, or on an alluvial fan, alluvial plain or delta.

Any event that causes flooding can probably serve as
an avulsion trigger. ‘Normal” hydrological floods are the
most common triggers, but flooding caused by ice jams,
sudden tectonic movement, landslides or similar events
can also locate and trigger avulsions.

The underlying causes of avulsions (i.e. those pro-
cesses or events that move a river toward an avulsion
threshold) can be organized into four groups (Table 1).
Some of these processes and events can also act as
avulsion triggers. The first two groups involve an increase
in the ratio, S,/S,, of the slope (S,) of the potential avul-
sion course to the slope (S.) of the existing channel. In
group 1, the increase in S,/S, results from a decrease in S,
(Fig. 3A—C). The decrease in S, may also reduce the abil-
ity of the channel to carry water and sediment. In group 2,
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Fig. 3. Schematic block diagrams and graph demonstrating
slope changes with time for sinuosity and deltaic avulsions
(Table 1, la, 1b). (A) As sinuosity increases from time 1 (T1)
to time 2 (T2), length y, increases to y, causing a decrease

in channel slope, S, from A/y, to h/y,. (B) As the delta lobe
progrades from T1 to T2 at constant relative sea-level, length y,
increases to y,, causing a decrease in S, from A/y, to h/y,. (C) In
both cases, the slope of a potential avulsion course, S,, down the
floodplain remains constant, and the ratio S,/S, increases. If, in
(B) subsidence occurs at point ¢, the avulsion course slope, S,,
may simultaneously increase.
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Fig. 4. Schematic block diagram and graph demonstrating
slope changes with time for alluvial ridge avulsions (Table 1,
2a). As the natural levees and channel aggrade, creating an
alluvial ridge, the slope of a potential avulsion course (S, )
increases from /,/y to h,/y. At the same time, channel slope (S,)
remains constant (or nearly so) and the ratio S,/S, therefore
increases. The curve of S, is shown to flatten with time because
it appears likely that the net sedimentation rate on most natural
levees decreases as levee relief increases owing to reduced
sedimentation rate on the levee top and levee subsidence into
floodplain muds (cf. Fisk, 1944). Compare graph with Fig. 3C.

the increase in S,/S, is caused by an increase in S, and
does not necessarily result in channel clogging (Fig. 4). In
the third group the ability of the channel to carry water
and sediment decreases for reasons unrelated to slope
changes. The fourth group is composed of causes that do
not fall into the first three categories.

In group 1 (Table 1), S, can decrease from four pro-
cesses, leading to in-channel deposition and avulsion. A
pattern change (1a) can increase sinuosity (Fig. 3A). Ona
coarse-grained reach of the Rio Grande that does not have
natural levees, increased sinuosity led to slope reduc-
tion, resulting in bedload deposition where the slope
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decreased, clogging of the channel, and finally avulsion.
In two avulsions of that river, the ratio S,/S, was approx-
imately 2. The local flux of coarse sediment into the
channel appears to have controlled the rate at which
meander growth occurred and how quickly the avul-
sion threshold was reached (Jones & Harper, 1998). In
south-eastern Australia, the Ovens and King rivers avulse
from a sinuous channel into a steeper straight channel.
The greater velocity and power in the straight channel
causes incision and bank erosion that eventually forms a
sinuous channel, which is again susceptible to avulsion
(Schumm et al., 1996).

The extension of deltas (1b) at constant relative sea-
level also decreases gradient of the existing channel
(Fig. 3B). Where distributaries are relatively straight and
laterally stable (e.g. Mississippi River delta), delta lobe
growth lengthens the channel and reduces slope, creating
a threshold condition. Flooding may then trigger avulsion
down a shorter and steeper slope to the sea. This type
of avulsion appears to be common on fluvial-dominated
deltas, where delta lobes extend seaward. Examples
include the Mississippi (Fisk, 1944), the Po (Nelson,
1970) and Yellow rivers (Ning, 1990; Van Gelder et al.,
1994). In many deltas, net subsidence away from the
active delta front may simultaneously increase the
slope S,

A base-level fall (1c) that exposes a lake floor or sea
shelf of lower gradient than that of the existing river chan-
nel may create a reach of decreased river gradient where
the channel meets the exposed lake floor or sea shelf and
may result in channel clogging. In a similar manner, uplift
or faulting (1d) across a river course can decrease slope
and cause a river to avulse around the obstruction (see
examples of Indus and Murray rivers and Amazon River
tributaries in Schumm & Winkley, 1994, pp. 103—184).
Classification of tectonism as either a cause or a trigger
depends on rate, e.g. uplift that occurs relatively slowly
can move the river toward instability by decreasing slope,
whereas a rapid tectonic event that results in an immedi-
ate diversion would be a trigger.

Avulsions in the second group (Table 1) result from
increased lateral slope away from the existing channel
(Fig. 4). A major cause is the development of an alluvial
ridge (2a) on rivers where the channel and levees aggrade
more rapidly than the surrounding floodplain (Fisk,
1952). Locally, the ratio S,/S, (here, S, is defined as the
steepest local slope down the levee) can be as high as 30
(Elliott, 1932). Mackey & Bridge (1995) use the ratio,
S.,/S4,» of the cross-valley slope (S,,, controlled at least in
part by alluvial ridge relief) to the down-valley channel
belt slope (Sy,) to help determine avulsion frequency and
location in some model simulations. The channel base
(thalweg) of a river on an alluvial ridge is commonly

shown above the level of the floodplain (Schumann,
1989, fig. 6; Brizga & Finlayson, 1990, fig. 6; Bryant et
al., 1995, fig. 1; Heller & Paola, 1996, fig. 2A), although
elevation of the thalweg above the adjacent floodplain is
not necessary in order to reach the avulsive threshold
(Schumm et al., 1996, fig. 4). Alluvial ridge development
(2a) and sinuosity increase (1a) commonly combine to
create a perched channel of lower gradient, as described
for the Ovens and King rivers in Australia (Schumm
et al., 1996) and Red Creek in Wyoming (Schumann,
1989). In this case, decrease of S, and increase of S,
combine to increase the slope ratio S,/S..

An upward convex shape of a delta or alluvial fan (2b)
creates a setting (similar to natural levee and alluvial
ridge development) in which the channel becomes
perched on the highest point of the deposit, then avulses
down a steeper course. This has been demonstrated
experimentally by Schumm ez al. (1987). Some of the
avulsions documented by Blair & McPherson (1994)
on Walker River deltas during very rapid base-level fall
of Walker Lake, Nevada, may have been caused by this
process.

Increase of S, as a result of lateral tilting (2¢) of a valley
floor from tectonism or other causes can produce repeated
avulsions in one direction, as has been described for the
South Fork Madison River (Leeder & Alexander, 1987),
St Francis River (Boyd & Schumm, 1995) and Owens
River (Reid, 1992). As discussed for group 1d, a sudden
tectonic tilt that resulted in an immediate avulsion could
be classified as an avulsion trigger.

The third group (Table 1) involves a reduction in the
capacity of a channel to convey all of the water and
sediment delivered to it. In this group, sudden channel
blockage, e.g. a channel-blocking mass movement, can
actually trigger an avulsion, whereas more gradual chan-
nel clogging moves the river toward a threshold condition
in which a periodic flood may actually serve as the trig-
ger. Although slope changes are not required, the pres-
ence of a more favourable, steeper slope down a potential
avulsion course is probably a necessary precondition for
avulsion to occur in these cases.

A hydrological change to an increase of flood peaks
(3a) can cause increased overbank flooding, incision and
avulsion if the existing channel cannot change to accom-
modate the increased flow.

In-channel deposition (3b) from a variety of causes
other than slope change can produce channel blockage
and result in avulsion. Schumann (1989) describes how
bank failure along Red Creek, an ephemeral stream in
Wyoming, leads to the formation of within-channel
benches of fine sediment that reduce channel width
and cause overtopping and avulsion during floods. Along
Red Creek, the divergence point is at the downstream
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end of a meander bend where super elevation of the
water surface promotes overbank flooding. Sediment
delivered by tributaries, mass failure or a general increase
in sediment load from upstream can cause in-channel
deposition, clogging and avulsion. Aeolian dune migra-
tion into a channel may result in avulsion (Jones &
Blakey, 1997), particularly where ephemeral streams are
present.

Vegetation encroachment (3¢) may decrease channel
capacity. McCarthy et al. (1992) showed how growth of
channel-lining vegetation restricted channel flow causing
in-channel sedimentation and eventual avulsion on the
Okavango fan. The colonization of mid-channel sand
bars by vegetation to form islands can have the same
result. This type of biological activity may be important
in some settings.

Log jams (3d) can cause avulsion by blocking the
channel and forcing overbank flow. One massive jam, the
great Red River Raft in Louisiana, was nearly 160 km
long and was not cleared to permit navigation of the river
until 1876. For a fascinating discussion of the problems
involved in the removal of this impressive feature see
McCall (1984).

Ice-jam induced flooding (3¢) is a very common occur-
rence and may be an important contributing factor to
avulsion in some climates. Ethridge et al. (this volume,
pp- 179-191) document an ice-jam induced avulsion on
the Niobrara River in Nebraska. A major ice jam in 1928
may have triggered an avulsion of the Yellow River.
Human activity returned the river to the original channel,
but renewed flooding in 1937 led to a permanent avulsion
in the same area (Todd & Elliassen, 1940).

Other causes of avulsion are relegated to group 4
(Table 1). Animal trails (4a) can lead to overbank flow
and avulsion (McCarthy et al., 1992). On the Okavango
fan, flood flow follows hippopotamus trails, resulting
in scour, and the eventual relocation of the channel (in
combination with vegetative blocking described above).
In this particular setting, hippopotamus highways appear
to have a significant control on the location of avulsion
c