
INTRODUCTION

Relevance of sediment sorting and scope

It has been established that sediment transport
and deposition in channel beds with sand and
gravel entails consideration of the different sedi-
ment sizes and their sorting in the river bed (e.g.
Klaassen, 1987, 1991; Klaassen et al., 1987; Bridge
& Bennett, 1992; Wilcock, 1993, 2001; Wathen 
et al., 1995). In sand–gravel-bed rivers with both
large dunes and significant grain-size variation,
the sediment is sorted during the development,
migration and decay of dunes during discharge
waves. As sediment transport depends on grain
size, the sorted sediment in turn will affect sedi-
ment transport rates in the course of a discharge
wave. Sorting during deposition and success-
ive entrainment therefore must be linked in 

morphodynamic models (Kleinhans, 2001). In the
past, mathematical, so-called ‘active layer’ models 
have been developed to link dune migration, sedi-
ment transport and vertical sediment sorting (e.g.
Ribberink, 1987). Usually the sediment involved
in dune migration is modelled as a single or at best
a few active layers, which has the disadvantage
that vertical sediment sorting trends related to 
the dunes cannot be well represented. Recently
Parker et al. (2000) developed a mathematical
morphological model concept with a continuous
(instead of discrete) description of sediment sort-
ing in the dunes and the bed, but could not imple-
ment it because a general predictor for the vertical
sediment sorting was not available. A generic
understanding of vertical sorting mechanisms is
important for the further development of morpho-
logical models for sand–gravel-bed river channel
behaviour.
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ABSTRACT

The importance and role of sorting processes in dune-phase bedload transport
and deposition is demonstrated with flume experiments, vibracores from the
River Rhine (The Netherlands) and with sediment transport and dune data from
the River Rhine. The entrainment and deposition depth of the sediment depend
on dune trough levels below the average bed level and therefore on the dune
height. As bedload sediment transport depends partly on grain size, it will be
dependent upon the relict vertical sorting left in the bed by former discharge
waves. The vertical sorting is created by sorting in grain flows on the lee side 
of dunes and by gravel lag formation in the dune troughs. Based on these 
principles, a simple reach-representative process model is developed for the
prediction of bed sediment reworking, vertical sorting and deposition by dunes.
The model is applied to two successive discharge waves of different magnitude,
and predicts qualitatively the same vertical sorting characteristics as observed
in the vibracores from the River Rhine (The Netherlands) after two successive
discharge waves. The effect of the sorting on the sediment transport, and how 
to include this feedback in future models, is discussed.
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76 M.G. Kleinhans

This paper describes necessary elements for a
predictor of stratigraphy and sorting in channel
bed deposits, and the role of dune height variation
in this sorting. Furthermore, the effect of this 
vertical sorting in the channel bed on bedload
transport is discussed. Flume experiments and
field data from the River Rhine are used to verify
concepts of sorting and their relations with 
transport. A process model is developed for the
sorting in the bed, and the necessary elements are
identified for a future mathematical model by
which both the sorting patterns and the relation
between sorting and the bedload transport can be
predicted. The model developed is an extension
of Klaassen (1987) and Klaassen et al. (1987),
which may be applicable in a model like the one
described by Parker et al. (2000) for the case of
rivers with dunes.

This study is focused on reach-representative
conditions and daily averaged sediment transport
for three practical reasons: data collection of sedi-
ment sorting and sediment transport in the River
Rhine were done at these scales, dune population
characteristics must be studied over a number of
dunes, and morphodynamic models necessary for
large-river management often are schematized for
these time- and spatial scales.

Cross-bedded deposits and lag deposits

Two types of deposits are distinguished genetic-
ally, according to Boersma et al. (1968), Allen
(1970), Ribberink (1987) and Kleinhans (2001):
the cross-bedded deposit with an upward fining,
and the lag deposit. Cross-bedded deposits are
formed by the propagation of dunes by discon-
tinuous grain flows of bedload sediment at the lee
side of a dune. The sediment is sorted vertically 
in the grain flow process (Fig. 1): the gravel is
deposited mainly on the lower half of the lee
slope, whereas the finer grades are predominantly
deposited in the upper half. The result is an upward
fining deposit. Allen (1963, 1970), Boersma et al.
(1968) and many others found a distinct upward
fining within subaqueous dunes in the laboratory
and in the field, indicating that sorting in the 
grain flow plays an important role. Although this
sorting principle related to grain flows is well
known, a mathematical description of the process
is not available. Hunter (1985) studied grain flow

dynamics but referred only to well-sorted sand.
Jopling (1965) developed a model for the composi-
tion of foresets and toesets as a result of settling
from suspension at the lee side of a laboratory
delta, but focused mainly on conditions with
significant suspension, which probably is not 
relevant for the gravelly sand under study here.
When the deposition on slipfaces is dominated by
suspension, vertical sorting may disappear or
even become coarsening upward (Hunter, 1985).

This study is limited to grain-flow-dominated
conditions, which reasonably can be assumed to
play a key role in rivers with coarse sediment.
Makse et al. (1997) and Koeppe et al. (1998) 
created stratification and vertical sorting in a
bimodal mixture of sand and sugar (in air), and
were able to model the sorting patterns. The fining
upward pattern was caused by kinematic sorting
on the slipface, in which the small grains move
downward through the pores of the dilated sedi-
ment mixture on the top of the slipface, but the
large grains cannot move down. The large grains
then are on top of the slipface and have more
opportunity to roll down the slope over the small
grains. In their models and experiments, however,
the cross-stratification and fining upward sorting
seem to exclude each other, which raises the 
question whether their models could be applied to
natural sediments and conditions (see Kleinhans
(2002) for an extensive review). Kleinhans (2002)

falling stage:
deposition

new cross-bedding
gravel lag
deposits

relic (fining-upward) cross-bedding

flow direction

peak discharge:

entrainment and transport

deposition

Fig. 1 Hypothesized channel-bed deposits. During peak
discharge the transported sediment is sorted in the 
grain flows on the lee side of a dune. During waning
discharge, the dunes diminish and leave cross-bedding
relics. Owing to selective deposition, an upward fining
accumulation of lag deposits is created in addition.
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Dune-phase transport and deposition of gravelly sand 77

determined fining upward sorting in a cross-
stratified subaqueous delta deposit formed in 
natural sediments in a narrow flume. It was
observed that kinematic sorting indeed caused the
large grains to emerge on the top of grain flow 
on the slip face, and this process dominated the 
sorting even in significant suspension of the finer
grades. Contrary to the experiments of Makse and
Koeppe, the net sorting in the delta was distinctly
fining upward.

Lag deposits are formed as a result of size-
selective entrainment and deposition during the
different stages of a discharge wave. The winnow-
ing of fine and intermediate grades from the bed
and their reworking into dunes leads to a lag layer
consisting of the coarsest grades that were not 
in motion (Carling et al., 2000). In addition, the
largest grains that are in motion during the peak
discharge will be deposited in lowering discharge,
whereas smaller grains remain in transport. This
results in an upward fining accumulation of lag
deposits without cross-bedding. Obviously the
process of sorting in grain flows on the lee side 
of dunes may help to transfer the coarser grades
down into the active layer (Fig. 1). However, if
cross-stratification cannot be observed in deposits

because of disturbance in the sampling procedure
or because the sediment is too coarse for cross-
stratification, then it is impossible to distinguish
between the gravelly layers formed by grain flows
and lag deposits. The importance of these two
sorting mechanisms and resulting deposits will be
demonstrated in the next sections.

Sediment transport and sorting during and after
successive discharge waves

These sorting patterns are erased and recreated by
the dunes of a next discharge event, down to the
depth of the deepest troughs of the new dunes. For
discharge waves in order of decreasing magnitude,
the lower part of their deposits may therefore be
preserved. Suppose that two successive discharge
waves rework the river bed (no measurable net
aggradation or degradation), and the first dis-
charge wave is a large one (e.g. recurrence interval
of 10 yr or so, panel 2 in Fig. 2) and the second is
smaller (panel 4 in Fig. 2). The resulting deposit
(panel 5) may consist of two lag layers, one at the
trough depth of dunes which occurred in the first
discharge wave (panel 3), and one at the trough
depth of the second. In between and above the lag

relict sorting of
previous events
(only gravel shown)

relict sorting after
waning discharge
deposition: see Fig. 1

active sorting during
high discharge
wave with high dunes

active sorting during
smaller discharge
wave, relict sorting
preserved in lower part

1

2

3

4

5

relict sorting after
two discharge waves:
gravel lags and
cross-bedding

River bed sorting model with dunes in two discharge waves

discharge peak 1

discharge peak 2

Low-Stage Bed level (LSB)

LSB

LSB

LSB

LSB

Fig. 2 Conceptual model of
sediment erosion and deposition
with emphasis on the role of dunes
in two successive discharge waves
in order of decreasing magnitude.
The vertical sorting (here only the
gravel lag layers are shown) is as
described in Fig. 1. The smaller
dunes of the second discharge wave
erase part of the sorting resulting
from the first wave, and leave a
comparable but less deep vertical
sorting.
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layers, the channel bed may consist of both cross-
bedded and lag deposits. In Fig. 2, only the lag 
layers are shown, which are the hypothesized
result of two successive discharge waves of which
the second one was smaller than the first one. Note
that consideration of an inverse order of discharge
waves (first small ones then a large one) is not 
useful for studying the deposits, because then 
the deposits of the small ones are erased and
reworked by the large one.

Dunes are fluctuations of the local bed level
around the average bed level. Assuming no net
deposition or erosion, the latter is equal to the
low-flow plane-bed level. The deepest dune troughs
locally determine the depth or lowest level of
gravel deposition or entrainment in the bed. The
variation in dune height and dune-trough-scour
depth may be large (Paola & Borgman, 1991;
Leclair, 2000; Leclair & Bridge, 2001), thus there
may only be a few deep troughs during a certain
period of time. Expressed alternatively, it takes 
a long time and many dune passages before the
gravel has uniformly been worked down to (or
entrained from) the depth of the deepest troughs
(Ribberink, 1987). Thus, on a reach-representative
length scale (c. 1 km), with rather regular dunes
that move at best a few dune lengths during a 
discharge wave, and during the non-equilibrium
conditions of a discharge wave, the deepest
troughs are not likely to dominate the vertical 
sorting pattern but occur only locally. In that non-
equilibrium case, the average or some measure
between the average and deepest dune trough
depths is more representative of the depth of 
scour and gravel deposition than in the cases 
studied, for example, by Leclair (2000) and Leclair
& Bridge (2001). As the sediment transport and
deposition on a reach-representative scale are of
interest here, the average dune height with con-
current average scour depth is assumed to be 
representative. An appropriate active layer is then
defined here as the layer of moving dunes (repres-
ented by their average dimension) in which the
sediment is sorted during the time of dune passage
(e.g. Ribberink, 1987; Klaassen, 1991). This con-
cept is only a slight simplification of that of Paola
& Borgman (1991) Leclair & Bridge (2001) and
Parker et al. (2000) because in the non-equilibrium
conditions considered here the impact of the
deepest troughs is extremely limited. Had the 

discharge waves in the Rhine been longer, then
the concept here would be oversimplified. Further
consequences of using the average dune dimen-
sions are discussed later.

Hypothesizing, the bedload transport during a
discharge wave will be affected by gravelly layers
deposited in a previous event as follows:
1 in rising discharge, the dunes attempt to lower
their troughs through a relict gravelly layer, which
may reduce the natural variation in trough scour
depth;
2 as a consequence, this gravel is being incorpor-
ated in the active layer;
3 thus the sediment available for transport (i.e.
active layer) is relatively coarse, and the bedload
transport rate consequently is relatively small;
4 in lowering discharge, the gravel is worked
down deeper into the active layer by the grain flow
process and in the form of lag deposits;
5 as the dunes become lower and rework an
increasingly shallower active layer, the gravel 
layers are abandoned and the active layer becomes
finer;
6 as a result of the fining of the active layer, the
bedload rate in falling stages is relatively larger
than in rising stages, leading to a hysteresis of 
bedload rate as a function of discharge.

The bedload transport (capacity) in turn affects
the sorting of the bed. If the transport capacity of
gravel is high enough to transport all available
gravel in the dune layer, then a gravel layer in the
dune troughs will not be very thick. Thus bedload
transport capacity, availability of sediment in the
dune layer and vertical sorting in the deposits are
intimately linked.

FLUME EXPERIMENTS

The concepts introduced in the previous section
are in part demonstrated with controlled laborat-
ory experiments. Three experiments have been
carried out recently (T5, T7 and T9; in Blom &
Kleinhans, 1999; Kleinhans, 2000, Kleinhans &
Van Rijn, 2002) with a slightly bimodal sand–
gravel mixture (D5 = 0.1 mm, D50 = 1.8 mm, D100 =
16 mm), which was dredged from the field site in
the River Rhine that is described below, and cut-
off at 16 mm to prevent choking of the sediment
recirculation system. The flume was 50 m long
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Dune-phase transport and deposition of gravelly sand 79

and 1.5 m wide and had electromagnetic bed and
water surface profilers that were automatically
moved along the flume during the experiments.
Basic data are given in Table 1. Uniform flow 
conditions were maintained to avoid large-scale
erosion and sedimentation. The transported sedi-
ment was recirculated and the submerged weight
in transport measured every few minutes. The
standard errors in measuring sediment transport
rates are less than 3%. The tests were continued
until a morphological equilibrium was reached
(change became smaller than noise), which took a
few days. The flow, sediment transport and dune
parameters were determined by averaging all 
measurements (sediment transport in the recircu-
lation, fixed flow discharge, water surface and bed
profiles over the downstream half of the flume)
during the equilibrium phase of the experiments.

The main difference between the experiments is
their history. Experiments T5 and T9 had approx-
imately the same flow conditions (0.7 m s−1),
whereas T7 had a larger flow velocity of 0.8 m s−1.
The bed shear stresses were just above the initial
motion threshold of the coarsest sediment sizes
for T7 (but not for T5 and T9), whereas suspension
of sand was negligible. Whereas T5 starts from a
fully mixed bed, T9 initially has the history of
sorting from T5 and T7. This leads to a different
final sorting for T9 although the flow velocity was

the same as in T5. In T5, the preferential entrain-
ment of sediment finer than the bulk bed sediment
led to the formation of a continuous armour layer
at the level of dune troughs below the propagating
dunes (Fig. 3) (Kleinhans, 2000). Furthermore the
sediment was vertically sorted in the dunes. T7
had higher dunes, while the armour at the level of
the troughs was lowered due to the winnowing 
of the extra sediment used to increase the dune
volume. Due to the higher shear stress of T7, the
entrained sediment also was coarser than in T5.
Comparable findings are presented by Klaassen 
et al. (1987) and Klaassen (1991). In T9 the largest
particles from the dunes of T7 were only partially
or no longer mobile. This led to a decrease of the
dune height and deposition in the dune troughs.
Thus the armour layer of the previous experiment
was buried below a growing lag deposit of fine
gravel (fining upward), seen in Fig. 3 as a fining
upward trend below the dune trough level of T9.

The transport rate and composition are affected
by the sorting in the bed, as revealed by sediment
transport measurements. The sediment transport
and the fraction of gravel in transport were highest
in T7, and were considerably different in T5 and
T9 despite their equal flow velocities (Kleinhans 
& Van Rijn, 2002). The sediment transport in T9
was 15% higher than in T5, whereas the fraction
of gravel in T9 was about the same factor lower

Table 1 Basic data from flume experiments presented by Kleinhans & Van Rijn (2002) and Blom & Kleinhans (1999).

Hydraulic Discharge Flow velocity Water surface
Number Condition* radius† (m) (m3 s−−1) (m s−−1) (Q/A) slope (10−−3)

T5 Selective transport 0.19–0.23 0.22–0.26 0.69 −1.472
T7 All grain sizes in motion 0.30–0.32 0.41–0.43 0.79 −1.520
T9 Selective transport 0.22–0.25 0.26–0.28 0.70 −1.694

Total bedload Gravel§ 
Grain shear transport‡ fraction in Dune height‡ Final bed state

Number stress (Pa) (g s−−1 m−−1) bedload (%) (10−−3 m)

T5 2.0 42.0 ± 0.4 21 28 ± 11 Small barchans over armour layer
T7 2.3 66.0 ± 0.8 25 57 ± 21 Large dunes over armour layer
T9 2.0 50.8 ± 0.6 18 49 ± 21 Large dunes over buried armour layer

*Initial condition: bed was mixed and bedslope installed at −1.400 × 10−3.
†Corrected for side-wall roughness with the Vanoni-Brooks method.
‡Given with standard deviations (67th percentiles).
§Gravel is defined as D > 2 mm. In the sediment put into the flume the gravel fraction is 40%. Values have been determined
from average sieve curve of bed and recirculated sediments and have a standard error of ±0.2%.
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(Table 1). The entrained gravel of T5 and T7 was
deposited in the troughs of the dunes in T9, and of
course the finer sediment of T9 was more easily
transported. This was also found by Klaassen et al.
(1987) and Klaassen (1991). The experiments
showed that a coarse layer is left in the bed that
reflects the level of the troughs of the highest
dunes in the recent past. The duration of the
experiments and the two-dimensionality of the
dunes allowed the vertical sorting to attain approx-
imate equilibrium, thus the observed gravel lag
layer was plane and continuous at its base, with
some cross-stratification of T7 preserved above it.

DATA FROM THE RIVER RHINE

Field site description

The effect of successive discharge waves on 
reach-representative vertical sorting and sediment
transport is studied with data collected in the
River Rhine, using vibracores of the channel bed
(Gruijters et al., 2001), statistics on dune dimen-
sions and migration rates in 1995 and 1998, as well
as suspended and bedload sediment transport
during the discharge wave in 1998 (Wilbers, 1998,
1999; Kleinhans, 1999, 2000; Kleinhans & Ten
Brinke, 2001). These datasets were all collected
near the bifurcation Pannerdensche Kop, where
the Bovenrijn splits into a large branch, the River

Waal (two-thirds of the discharge), and a small
branch, the Pannerden Channel (one-third of 
the discharge, Fig. 4). The Rhine upstream of the
bifurcation point is called Bovenrijn. The sedi-
ment at that point consists of sand and gravel with
D50 = 2 mm and D90 = 14 mm. The basic data for
1998 are given in Table 2. In 1995 the largest 
discharge wave of the past two decades occurred,
in 1997 a small discharge wave occurred, and 
in 1998 a larger one occurred, and between 1998
and the moment of vibracoring, no significant 
discharge wave occurred (the discharge was 
determined daily from water levels and calibrated
relations between discharge and water level
throughout the years).

Dune height and sediment transport
measurements

The dune dimensions were obtained from three-
dimensional echo soundings. The echo soundings
of 1998 were also used for dune tracking to esti-
mate the bedload transport rate from the propaga-
tion and dimensions of the dunes with the method
of Ten Brinke et al. (1999). Both the bedload sam-
pling method with the Helley-Smith-type sampler
and the dune tracking method in 1998 show small
bedload transport rates (of sand plus gravel) at 
rising stage and large transport at falling stage 
(Fig. 5), i.e. a considerable hysteresis. At falling
stage the transport measured with the Helley-
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Smith and determined with the dune tracking
method remained more or less constant and large
for days while the flow velocity decreased. The
measurements with the Helley-Smith have a high
accuracy: the uncertainty of cross-channel aver-
aged sediment transport related to natural vari-
ability and as a result of the sediment transport
measurement methods is 15–20% (Kleinhans &

Ten Brinke, 2001). No significant degradation or
aggradation of the measurement location could be
detected from the echo-soundings.

The dunes were observed to become inactive at
falling stage, and small secondary dunes emerged
on top of the large primary dunes while reworking
and smoothing the tops of the primary dunes. 
This phenomenon has been observed by others 
in large rivers and has been attributed to the tardy
reaction of large dunes to fast changes in dis-
charge, although a more physical explanation 
is still wanting (e.g. Allen & Collinson, 1974).
Interestingly, the phenomenon is much more
prominent in the Waal than in the upstream
Rhine. This may be related to the mobility of the
sediment, of which the diameter is only slightly
larger in the upstream Rhine whereas the flow 
discharge is 1.5 times as large. Given the rather
slow migration celerity of the large dunes relative
to their own length and their becoming inactive,
much of the sediment in these dunes was not
reworked in the remainder of the discharge wave.
Thus the opportunity for preservation of upward
fining cross-stratified deposits is considerable
(Fig. 1) in the whole area. In general, the bedforms
are much smaller than expected from empirical
relations between water depth and dune height,
which may be due to the non-equilibrium con-
ditions and the presence of groynes.
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Bifurcation point
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flow
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Fig. 4 Map of the measurement
positions of direct sampling of the
sediment transport and flow in the
River Waal and of dune tracking in
the Waal and Bovenrijn, as well as
the vibracore positions. The whole
area shown in detail was mapped
with multibeam echo-sounders.
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Table 2 (b) Dune parameters and bedload transport from dune tracking in the Waal and Bovenrijn, 1998. 
(Data from Wilbers, 1999; also see Kleinhans, 2002.)

Dune height
Dune variation Dune Dune Dune Bedload

Discharge height (95% interval) length celerity track transport*
(m−−3 s−−1) (m) (m) (m) (m day−−1) (m2 day−−1) (g s−−1 m−−1)

Date Waal

30 October 3166 0.12 0.11–0.14 3.29 250 3 59
31 October 4056 0.12 0.11–0.13 3.93 210 3 55
2 November 5363 0.22 0.20–0.25 6.76 70 5 76
3 November 5946 0.34 0.32–0.37 8.39 93 14 233
4 November 6168 0.47 0.43–0.50 10.87 73 15 261
5 November 6002 0.53 0.47–0.59 13.09 59 14 233
6 November 5536 0.53 0.47–0.58 17.75 45 12 197
7 November† 4863 0.49 0.43–0.54 8.65 80 13 217
10 November 3770 0.30 0.27–0.32 6.57 130 17 290
12 November 3436 0.29 0.27–0.32 6.31 105 14 240
13 November 3267 0.28 0.26–0.30 6.07 105 14 243
16 November 3045 0.31 0.29–0.34 5.98 119 17 287
19 November 3042 0.20 0.19–0.22 5.58 110 7 126

Dune height
Dune variation Dune Dune Dune Bedload

Discharge height (95% interval) length celerity track transport*
(m3 s−−1) (m) (m) (m) (m day−−1) (m2 day−−1) (g s−−1 m−−1)

Date Bovenrijn

30 October 4783 0.34 0.32–0.36 7.84 120 19 313
31 October 6180 0.48 0.44–0.51 10.97 61 18 311
2 November 8119 0.72 0.66–0.77 15.99 57 20 341
3 November 9045 0.90 0.84–0.97 19.99 55 22 379
4 November 9464 0.98 0.90–1.06 21.92 51 22 378
5 November 9149 1.07 0.98–1.17 24.30 41 20 337
6 November 8267 1.13 1.03–1.23 26.03 31 16 264
7 November 7273 1.19 1.09–1.29 29.16 25 13 223
10 November 5640 0.92 0.83–1.02 32.30 18 8 128
12 November† 5122 0.27 0.22–0.32 6.80 108 12 205
13 November 4851 0.26 0.22–0.30 6.68 110 12 204
16 November 4522 0.29 0.26–0.32 6.60 111 14 239
19 November 4527 0.23 0.21–0.25 7.52 96 11 181

*Unit of transport (g s−1 m−1): grammes per second per metre width. Density of sediment including pores is 1460 kg m−3.
†Small dunes become active (and large inactive) on 7 November in the Waal and on 12 November in the Bovenrijn. From this
date on, the parameters of the small dunes are given.

The bedload sediment was slightly bimodal
(like the bed material), with mode diameters of 
0.5 mm for sand and 10 mm for gravel, allowing a
convenient division between sandy and gravelly
at 2 mm. The bedload at rising stage consisted 

of 60% sand and 40% gravel, whereas it became
sandier during falling stages, with the sand con-
tent rising to 75% near the end of the discharge
wave (Kleinhans, 1999, 2000). Thus, the bedload
transport was larger after the discharge peak than
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before. This relative rise was solely due to the
absolute rise in rate of sand transport, since the rate
of gravel transport decreased after the discharge
peak.

Explanations for hysteresis of transport rate

The hysteresis observed in the River Rhine is
much larger than that observed in the flume 
experiments, and larger than can reasonably be
expected from differences in grain sizes (bedload
predictors are not overly sensitive to grain size). It
is likely that other factors amplify the hysteresis.
The possible causes of this hysteresis are dis-
cussed in detail in Kleinhans (2002) and are 
summarized here. For lack of more definite data or
modelling, the explanations remain hypothetical
to some extent. However, a key point to be kept in
mind is that in the Rhine upstream of the bifurca-
tion point, the hysteresis in bedload (measured
with the dune-track method) was opposite to that
in the lower Rhine branch, which considerably
limits the possibilities. The causes of hysteresis
are probably as follows.
1 Hysteresis of hydraulic roughness owing to
dune development (cf. Allen & Collinson, 1974)
may contribute to the transport hysteresis as 
follows. The tardy reaction of large dunes to chang-
ing flow causes a time lag (i.e. hysteresis) between
dune height and flow discharge. Thus the dune
height is temporarily larger after the discharge
peak than before. The energy that is available for
the bedload transport is the difference between
the total energy (total bed shear stress) and the 
energy dissipated by dunes, whereas higher dunes
generally dissipate more energy. At some point
after the discharge peak, secondary dunes emerge
superimposed on the primary dunes (Kleinhans,
2002), and are no longer destroyed as they arrive
at the top and lee side of the primary dunes. 
This means that there is probably no flow separa-
tion related to the primary dunes and that 
their hydraulic roughness is negligible. Thus the
hydraulic roughness is lower than it was before
the discharge peak, and there is more energy 
available for the transportation of bedload after
the discharge peak, leading to counter-clockwise
hysteresis of the bedload transport rate. The 
suspended load transport on the other hand is 
the largest before the discharge peak (clockwise

hysteresis) because the suspension depends on
the turbulence generation by dunes.
2 Vertical sorting of bedload sediment in the
dunes combined with the dune height develop-
ment resis causes hysteresis as follows. Because
the dune height is lagging behind the discharge,
the bed shear stress in falling stages is lower than
it was before the discharge peak at the same dune
height. Owing to the lower bed shear stress, the
gravel is worked down to form a lag deposit. As
the dunes further diminish in height, this gravel
layer is abandoned. As a result, the sediment in
the active layer is finer than it was before the 
discharge peak. This leads to higher sediment
transport rates after the peak than before, i.e.
counter-clockwise hysteresis.
3 The erosion of fine sediment from sand deposits
below the active river bed upstream of the measure-
ment section may lead to hysteresis as follows.
This fine sediment moves downstream as a 
sand wave, and is more easily transported than 
the sand–gravel mixture in the active river bed.
Depending on the arrival time of the sand wave
(and thus the measurement location), clockwise or
counter-clockwise hysteresis of bedload results.
The origin of the sand wave could be from low-
flow sand deposits in the upstream meander pool
or sediment derived from an (unknown) bank 
collapse or gravel mining activity upstream, but
this was unfortunately not observed. It is unlikely
that the sand was mobilized from between the
groynes, as echo-sounding and flow and con-
centration measurements show that sand enters
these areas during high discharge and leaves it
during low discharge (Schans, 1998). It is also
unlikely that the sand originates from suspension
fall-out after the discharge peak, because the 
concentrations are far too low to contribute a
significant volume of sand (Kleinhans, 2002).

Presumably all these hypotheses together are
responsible for some part of the hysteresis. The
first hypothesis should be tested with a mathemat-
ical turbulence model for flow over dunes, which
is outside the scope of this paper. The second and
third potentially explain the observed fining of
bedload sediment. Only the last hypothesis, how-
ever, is able to explain why the hysteresis in the
Rhine branch (Bovenrijn) upstream of the bifurca-
tion point is opposite to that in the lower branch
(Waal). Unfortunately, there are no measurements
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that could indicate the plausibility of a migrating
sand wave, therefore this hypothesis remains
unfounded for the time being. As neither of the
processes responsible for the hysteresis are incor-
porated in the model presented in this paper, it 
is not expected that the hysteresis of bedload
transport, especially the sandy part of it, is cor-
rectly hindcast by the model.

Gravelly layers in the Rhine

In the Waal, 42 vibracores were collected and in
the Bovenrijn 35 (Fig. 4). The total depth of the
vibracores commonly exceeded 3 m depth below
the low stage plane bed. From the measured dune
height, the likely depth of gravel lag deposition
below the low stage bed level (LSB) can be 
estimated. This estimate will be compared here
with the observed depth of gravelly layers in the
cores. When the vibracores were taken, the relict
dune tops of previous discharge waves had been
smeared out completely and the river bed was
plane. Thus, the level of the troughs and expected
gravelly layers is 0.5 times or slightly more the
dune height below the LSB. With the echo-
soundings, no measurable net erosion or aggrada-
tion was found. The coarse layers from the trough
levels of the largest dunes of 1995 and 1998 are
thus predicted at 0.5 to 0.6 times the dune height
below the top of the vibracores (Table 3).

The depths of the bottom of the gravelly layers
below the top of the cores were measured, rounded
to 0.1 m precision, and are given as frequency 
distributions for the Waal and the Bovenrijn 
(Fig. 6). Two maxima are found in both the
Bovenrijn and the Waal roughly at the expected
depth of the dune troughs (Fig. 6 & Table 3). It 
is deemed unlikely that the dunes of only the 
1998 event were the cause of this bimodal pattern
of gravelly layers, because then the bimodality 
is unexpected for this large number of vibracores
(also see Fig. 7, where the scour depth distribu-
tion is clearly unimodal). It is therefore con-
cluded that these layers were deposited by the
dunes of 1995 and 1998. There is considerable
variation in gravel layer depth around each 
maximum, which is probably due to trough scour
depth variation.

The bimodal distribution of gravel layers was
reproduced in experiments with dunes in a sedi-
ment mixture in fast changing discharges carried
out at St Anthony Falls Laboratory in Minneapolis
(USA) (Kleinhans, 2002). In that case, there was
no overlap at all between the gravel layer distribu-
tions in depth of the two subsequent discharge
waves. It is acknowledged that planar gravel layers
could also be the lowest part of cross-stratified
deposits truncated at a few grain diameters thick-
ness, but the grain size of the planar gravel layers
was considerably larger than in the overlying 

Year of

Bovenrijn Waal

discharge Dune
Gravel-layer depth

Dune
Gravel-layer depth

wave height Predicted Observed height Predicted Observed

1995 1.5 0.8 0.7 1.4* 0.7* 0.7
1998 1.2 0.5 0.3 0.6 0.3 0.3

*In 1995 no dune height measurements were done in the Waal. The dune 
height used here is estimated from the measured dune heights in 1993, during a
comparable discharge wave (Wilbers, 1998). The maximum reach-representative
dune height in the Waal was 0.6 m in 1998. The maximum reach-representative
dune height in the Bovenrijn was 1.0 m in 1998 and 1.5 m in 1995. In 1995 no 
echo-soundings were done at the measurement location but from measurements
carried out in 1993 at more or less the same discharge peak both upstream and
downstream of the measurement location, a probable reach-representative daily
maximum dune height of 1.4 m is obtained.

Table 3 Predicted and observed
reach-averaged depths (in m ±0.1 m)
below the low-stage bed level of
gravel layers in the Rhine branches
for two successive discharge waves.
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Fig. 6 Observations of the deposits in the River Waal (a) and Bovenrijn (b). The depths of the gravelly layers were
measured and used for the histograms (given as the frequency of gravel layer occurrence in the total number of
borings used: 35 in Bovenrijn and 42 in Waal). A few examples of vibracores are given, which show the gravel layers.
The gravel layers at the bed surface are armour layers, whereas the lower gravel layers are interpreted as the bases of
relict cross-bedding and lag deposits (Fig. 1). The lower gravel layers are dominantly found at the depth of dune
troughs observed during the discharge waves of 1995 and 1998 (Fig. 2).
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Fig. 7 (left) Statistics of dune scour depth of 417 dunes
at positions varying from −100 m to +100 m along the 
river axis over a 0.5 km stretch of the River Waal on 
4 November (peak discharge). The average dune 
height was about 0.5 m. The deviation of scour depth 
of individual dunes above or below the average scour
depth is determined by subtracting the moving average
over 10 dunes (to remove the large-scale morphology)
from the individual scour depth. (a) Probability
distribution of the deviation of scour depth. 
(b) Deviation of scour depth as a function of dune 
height (dots). The line denotes the 90th percentile 
of deepest trough scours calculated from a moving 
bin of 20 dunes on the list of all dunes ordered from
small to large dune height.

sediment (sudden change of grain size in depth),
indicating a lag origin.

The observations of both planar gravel layers 
of a few grains thick and of fining-upward cross-
stratification corroborate that the vertical sorting
was generated by both sorting mechanisms as
described in the introduction. This indicates 
the importance of the dune height adaptation 
time and dune celerity. On the one hand, there 
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are dunes that adapt slowly to changing flow, and
become inactive in lowering discharge (Allen &
Collinson, 1974; Wilbers, 1998, 1999). In this 
case, truncated primary cross-bedding of the relict
dunes and secondary cross-bedding of the trough-
infills by secondary dunes are both preserved, as
well as lag deposits that vary in thickness in 
the flow direction (thin below relict dunes and
thick below trough-infills). On the other hand, for
dunes that adapt very quickly to changing flow 
(no significant hysteresis), for instance in flume
experiments, the secondary cross-bedding will
not occur, but cross-bedding and fining-upward
lag deposits will be preserved.

The experiments with dunes in a sediment 
mixture in fast changing discharges carried out at
St Anthony Falls Laboratory in Minneapolis (USA)
(Kleinhans, 2002) show that this effect indeed
occurs, but that the lag deposits and primary 
foreset deposits for the experimental conditions
occur much more frequently in the bed than the
fine secondary cross-bedding. This suggests that
the effect of the secondary cross-bedding is not of
first-order importance. The vibracores of the River
Rhine show a considerable variation in grain size
and sorting, but the core-spacing is much larger
than the dune length and it is not clear whether
the variation is the result of the primary and 
secondary cross-bedding or has other causes such
as sorting of sediment in the meander bends. The
question of importance of the secondary cross-
bedding in the Rhine therefore remains unresolved.

Effect of variability of dune height and scour
depth on gravel-lag-layer depth

The statistics of the trough level (comparable to
the term scour depth in Leclair & Bridge, 2001)
have been determined from the longitudinal
profiles of dunes on 4 November 1998 (peak dis-
charge) (Fig. 7). Three-dimensional dunes are more
irregular than two-dimensional dunes and there-
fore have deeper troughs every now and then.
According to the bedform stability diagrams of
Southard & Boguchwal (1990), dunes become
more three-dimensional with increasing flow
velocity. Using the data from the peak discharge 
in the Waal ensures that the dunes are as near 
the condition for three-dimensional dunes as they
will get in the River Waal. The coordinates of the 

dune troughs were determined with the software
described earlier. A moving average of 10 trough
scour depths was subtracted from each individual
(mid-point) scour depth to obtain normalized
trough scours. The normalized trough scours were
used to compute the trough scour probability 
distribution (Fig. 7 first panel). In addition, the
individual normalized trough scour depths are
shown as a function of the concurrent dune height
(Fig. 7 second panel).

Only 10% of all dunes scour more than 0.13 m
below the average scour depth of the surrounding
10 dunes. This variation encompasses at best 
two classes in the histogram of gravel layer depth
(Fig. 6). In addition, the reach-representative stat-
istics are of interest here, although individual deep
scours do not propagate fast enough to cover major
parts of the river reach. As pointed out earlier, 
this means that the dune height and scour depth
variation is not very relevant for the modelled
depth of gravel deposition in this case, where 
the depths of the gravel layers from the two events
are sufficiently far apart.

According to Leclair & Bridge (2001), the 
average cross-set thickness is approximately one-
third (1 over 2.9 [±0.7]) times the dune height. 
For a dune height of 0.5 m this yields cross-sets 
of [1/(2.9 − 0.7) = 0.45 × 0.5 m] 0.23 m thickness
for scour depths that are one standard deviation
(67th percentile) larger than the average scour
depth. The 10th percentile of scour depth of the
dunes in the Waal, however, is less than 0.2 m
below the average scour depth. It therefore must
be concluded that the scour-depth variation, and
therefore cross-set thickness, in the Waal is con-
siderably less than predicted with the Leclair &
Bridge (2001) parameter. Indeed double gravel lag
layers with a distance of about 0.1 m or more were
only observed in about 10% of the cores in the
Waal; in most cases only one gravel lag layer was
observed at the level created by a single discharge
event.

Figure 7 shows that the deepest scour depths are
not necessarily related to the largest dunes. The
10% deepest scours are only 0.1 m extra below the
average scour depth for the largest dunes, whereas
this is 0.2 m for the average and smaller dunes.
Thus the slightly smaller dunes in the dune train
may more often have deeper scour holes than the
largest dunes.
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PROCESS MODEL OF VERTICAL
SORTING

Model description

A process model for the prediction of vertical 
sorting in the river bed is described below. It pre-
dicts the potential for the formation of gravel lag
layers and the fining upward pattern in channel
deposits as a result of two discharge waves. The
cross-bedding is assumed to be preserved over the
full depth of the active layer in the bed (details
explained below), except when a certain portion
of the active layer is filled with lag deposits (from
base upwards). A highly simplified method for the
prediction of lag deposits is followed here. From
flow parameters, the bedload transport capacity 
of that flow is predicted with the method of
Kleinhans & Van Rijn (2002). The bedload trans-
port sediment composition is compared with that
of the active layer at the same moment. If there 
is more gravel present in the active layer than can
be transported by the flow, then the difference is
potentially available for the formation of a gravel
lag layer. The objective for modelling is to hindcast
the sorting in the River Rhine for the discharge
waves of 1995 and 1998, and determine the rel-
ative importance of cross-bedding and gravel lag
layer deposits.

This model is only intended to predict the 
sediment sorting in the channel bed and serves 
to illustrate the potential importance of gravel lag
layers in the channel deposits, but cannot be used
for accurate quantitative modelling of the sedi-
ment transport. The reason is that bedload pre-
dictors always predict that bedload sediment is
finer than bed sediment (except for extremely high
discharges). If this process were allowed to con-
tinue for a long time, the model concept presented
here would eventually work down all the gravel
into a lag layer, which is not realistic. Therefore
the model is not allowed to do this, and the 
potential gravel lag layer is predicted from the
composition of the whole active layer (including
the mobile and immobile gravel of the previous
time step) in every time-step.

Furthermore, in this model it is assumed that
the gravel lag layer forms instantaneously, and 
is (for increasing dune height) instantaneously
entrained into transport in the next time-step.

Obviously the deposition and entrainment pro-
cesses take time in reality. In point of fact, the
entrainment of a gravel lag layer by growing dunes
may be so difficult that it causes the previously
discussed hysteresis of bedload transport. The
bedload transport computation in the model will
not give hysteresis, because this effect is not 
incorporated in this simplified process model.
Thus, the ‘potential’ nature of the gravel lag layer
is emphasized here.

The model (Fig. 8) (i) computes flow para-
meters, (ii) predicts the dune height, (iii) derives
the active layer from the dune height, (iv) sorts 
the sediment vertically in the active layer, (v) 
predicts the bedload transport from the grain-
related shear stress and the sediment in the active
layer, and (vi) deposits the gravel that cannot 
be transported in a lag deposit at the base of 
the active layer.

The active layer thickness is calculated from the
(average) dune height (H) as 0.5 H. The choice 
of the average dune height (rather than the 90th
percentile of the dune height distribution as rep-
resenting the deepest scour depth) is evaluated
later. The dune height is usually observed to lag
behind the discharge wave: the dune height before
the discharge peak is smaller than after the dis-
charge peak, leading to a hysteresis. The dune
height is therefore predicted including this hys-
teresis of dune height as follows. During rising
discharge, the reach-averaged dune height is com-
puted with an empirical predictor derived from
measurements of 1995, 1997 and 1998 discharge
waves at this location:

Hrise = h 0.025(D50/h)0.3T1.7 (in m) (1)

For falling discharge the dune height predictor of
Van Rijn (1993) appears to do well and is used:

Hfall = h 0.11(D50/h)0.3(1 − e−0.5T )(25 − T ) (2)

(in m) in which D50 is the median grain size of the
average bed sediment. The transport parameter 
T (Van Rijn, 1984) is given as T = (τ ′ − τcr)/τcr
(dimensionless), with τcr based on the Shields 
criterion of the D50 of the average bed sediment.
Although the trend of the dune height during low-
ering discharge is thus predicted well, the dune
height itself is systematically overpredicted in 
the Waal. The reason is the time needed for 
adaptation of the dune dimensions; the actual
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dune height attained at the discharge peak is
lower than the equilibrium dune height at the
same discharge. Therefore the second expression
for dune height is matched to the first to give the
same dune height at peak discharge by adjusting
the constant factor (0.11).

The grain shear stress τ′ is based on the grain
roughness computed from the White–Colebrook
equation in which the Nikuradse grain roughness
length is given as ks′ = D90 = 0.012 m with the 
D90 of the average bed sediment. This method,
which is also used in the transport prediction, has
been shown to work well on the Rhine sediment
(Kleinhans & Van Rijn, 2002). Alternative methods
(e.g. Engelund & Hansen, 1967 (in Van Rijn, 1993);
McLean et al., 1999) would predict the dune-
related shear stress and subtract this from the 
total shear stress (from the depthaslope product),
but in dune-dominated conditions such as those
of the Rhine, the small residual grain shear stress
would have an unacceptably large uncertainty
owing to errors in the dune-related roughness pre-
dictors and water surface slope measurements.

Sorting modelling

Two depositional units are modelled: the cross-
bedded deposit with a linear upward fining sorting
(linear decrease of gravel content in upward 
direction), and the lag deposit (deposit of gravel
only). In the model, the average bed level (equal to
the initial plane bed level) is at vertical coordinate
z = 0 (Fig. 8), and z is positive in the downward
direction. For simplicity, the sediment is repres-
ented in only two grain-size fractions (i): sand 
and gravel, where Di refers either to the sand or 
the gravel fraction. The sand abundance (psand, 
p = fraction, 100 p = percentage) is by definition
psand = 1 − pgravel. In the model, only the gravel
fraction is actually computed.

The grain-related shear stress and the D50 and
gravel abundance in the active layer are the input
parameters for the prediction of bedload transport
for each size fraction with a Meyer-Peter &
Mueller (1948) type predictor, adapted for grain-
size fractions and hiding–exposure effects, and
accounting for near-bed turbulence according to
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Kleinhans & Van Rijn (2002). The chosen hiding–
exposure function (Egiazaroff, 1965) was shown 
to represent the effects well in the flume experi-
ments with Rhine sediment described earlier, and
therefore is assumed to be representative for the
measurement location as well.

Initially, a completely uniform distribution 
of gravel in the vertical direction in the bed is
assumed:

dpz/dz = 0 (3)

in which p is the fraction of gravel. The active
layer thickness (LA) at time t is computed from:

LA,t = 0.5H t (4)

Now the available gravel is linearly distributed 
over the depth of the active layer (LA below z = 0)
with:

dpz/dz = pA,t/(0.5LA,t) (5)

in which pA,t is the depth-averaged gravel fraction
in the active layer at time t. The factor 0.5 deter-
mines that the gravel fraction at z = 0.5LA,t is 
equal to pA,t because the depth-averaged gravel
fraction in a linear distribution is by definition
equal to pz at z = 0.5LA,t. Obviously, this only
works for gravel fractions smaller than 50%,
which is the case in the application of this model
in this paper. Otherwise, the additional constraint
is that 0 < pz < 1 for all z. The use of a linear 
sorting function is justified by flume experiments
devised to measure vertical sorting resulting from
grain flows in natural sediments (Kleinhans, 2002).

In time, the dune height and active layer thick-
ness change. In the active layer at t + ∆t, only the
sediment in the new active layer is assumed to be
entrained from the sorted bed from the previous
time-step. To calculate the depth-averaged gravel
fraction (pA) of the new active layer, the gravel
abundance (pz,t ) is therefore averaged over the
depth of the new active layer at t + ∆t:

pA,t+∆t = 1/LA,t+∆t pz,t (6)

Now the vertical sorting (pz) in the channel bed 
at t + ∆t is computed as:

�
LA t t, +∆

pz,t+∆t = pz,t for z > LA,t+∆t (7)

pz,t+∆t = z dpz,t+∆t /dz = zpA,t+∆t /(0.5LA,t+∆t)

for z > LA,t+∆t (8)

in which equation (7) accounts for antecedent
gravel abundance below the active layer, and
equation (8) accounts for the linearly distributed
gravel that is sorted anew for time t + ∆t.

Now the gravel lag layer can be modelled. First,
the bedload sediment transport rates of sand, gravel
and total (sum of sand and gravel) are predicted,
based on the depth-averaged fractions, using pA,t+∆t
for gravel and 1 − (pA,t+∆t) for sand. The gravel
abundance fA,g that potentially can be transported
by the flow (and depth-averaged in the active
layer) is computed with:

fA,g = qb,gravel/qb,total (9)

in which the bedload transport qb for sand and
gravel is computed with the bedload predictor
described in the previous section for each time
step t. The gravel that is potentially transported 
by the flow can now be compared with the gravel
actually present in the active layer, to find the
gravel fraction pL that will potentially form a
gravel lag layer

pL,t = pA,t − fg,A,t (10)

This value is used to compute the potential
gravel lag layer thickness per unit width and
length in the channel bed deposit. Assuming that
a gravel lag layer consists of gravel only (p = 1),
the thickness LG of the potential gravel lag layer
can be computed as:

LG,t = pL,tLA,t (11)

This gravel layer is then deposited in the model 
at depth (LA,t − LG,t) < z ≤ LA,t, so the final sorting
in the model becomes then:

pfinal,z,t+∆t = pz,t for z > LA,t+∆t (12)

pfinal,z,t+∆t = z dpz,t+∆t/dz

= zpA,t+∆t/(0.5LA,t+∆t)

for z < (LA,t+∆t − LG,t+∆t) (13)

pfinal,z,t+∆t = 1

for (LA,t+∆t − LG,t+∆t) ≤ z ≤ LA,t+∆t (14)

in which equation (12) accounts for antecedent
gravel abundance below the active layer, equation

z=0
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(13) the linearly distributed gravel that is sorted
anew for time t + ∆t, and equation (14) the gravel
lag deposition (pgravel = 1).

Obviously, the resulting distribution of gravel
in the model does not conserve the mass of the
gravel completely (errors of a few per cent),
because it adds gravel to the sediment in the gravel
lag layer but does not subtract this amount from 
the gravel abundance in the active layer. The rea-
son is that no transfer function is known and has
been specified for working down the gravel from
the foresets to the lag deposits, and therefore it 
is not known how to subtract the lag gravel from
the cross-bedded gravel units. This error does not
propagate in the model, however, because the
composition of the active layer pA at t + ∆t is not
computed from pfinal,z,t but from pz,t, in which this
gravel has not yet been added. For future purposes
of bedload transport and morphological mod-
elling, mass must obviously be conserved.

APPLICATION OF THE MODEL TO
THE RIVER RHINE

Boundary conditions

The sediment transport and vertical sorting of 
two recent discharge waves in the Waal branch 
of the River Rhine are roughly hindcast with the
model. The exact form of the discharge wave is 
of lesser interest and was therefore generalized
and smoothed: mainly the maximum discharge
and the maximum attained dune height are of
importance here. The first modelled discharge
wave must be the largest previous discharge wave
of the period of interest. This is because the 
sorting in the bed is reset at that time and the
deposit is predictable as a singular upward fining
cross-bedded set. For the Waal, the magnitude of
the discharge wave of January 1995 (maximum
discharge about 10 000 m3 s−1) is chosen as a
boundary condition. The next discharge wave was 
in November 1998 (maximum discharge about
6000 m3 s−1). During this event, extensive field
measurements were carried out as described above.
These measurements will be used to evaluate 
the modelling results. The initial average gravel
abundance in the bed sediment in 1995 is 45%,
from the grain size analysis of the vibracores.

The model was implemented in a spreadsheet.
The vertical grid spacing and time-step were chosen
such that the change in lag deposit thickness is
smaller than the grid spacing for all time steps to
prevent unrealistic gaps in the lag deposits. In this
case, a vertical grid spacing of 13 mm was used,
which is about equal to the D90 of the sediment
mixture. Gravel lag layers thinner than 13 mm
have been ignored. The time-step was 1 day.

There are no field data available of water depths
and flow velocities for the whole range of mod-
elled discharges. Therefore a readily available
one-dimensional flow model of the Rhine branches
was used to compute width- and depth-averaged
water depth (h) and flow velocity (u) for a large
range of discharges (Q) in the Waal (A. Wolters,
SOBEK-model, Rijkswaterstaat-RIZA, personal
communication). This flow model has been cali-
brated on water levels at several stations along the
river as well as discharge measurements over a
large range of low and high discharges.

Modelled flow parameters, dune height and
bedload transport

The flow velocity and grain shear stress follow the
pattern of the discharge (Fig. 9a) as expected. The
water depth is attenuated for a discharge above
8000 m3 s−1 owing to the flooding of the embanked
floodplains, which leads to a sudden increase of
the width of the river. In Fig. 9a the measured flow
velocities of the second discharge wave are given,
and are well reproduced by the model.

The simulated maximum dune height (Figs 9b 
& 10a) in the second wave is somewhat smaller
than the observed height. Note that, in the model,
hysteresis is due to changing the algorithm for
dune height, not due to a modelled dynamic
effect. The predicted sand and gravel transport are
in the same order of magnitude as the observed
transport (Figs 9c & 10b), but the trend is obviously
totally wrong, and cannot be predicted with this
model for reasons mentioned earlier.

Modelled sediment sorting and lag deposits

The modelled sorting in the bed is shown in 
Fig. 11(a & b). During rising stages and at peak
flow, a thin gravel lag layer formed in the dune
troughs and moved downwards in the bed as the
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dunes grew until peak flow. These thin layers
result from the intrinsic difference between active
layer sediment and predicted bedload sediment
with the bedload predictor, as explained earlier.
In falling stages, the modelled gravel lag became
thicker at 0.4–0.5 m below the bed surface. During
the second discharge wave, the same pattern was
found with a gravel lag layer at 0.2–0.25 m below
the bed surface, except that it was thinner. An
important observation is that the potential for
gravel lag formation is largest during falling 
stage. The reason is that during falling stage the
bed shear stress is decreasing, which leads to

increasing demobilization and deposition of the
larger grain sizes, while the dune height is still
increasing.

The predicted, reach-representative sorting
agrees with the results from vibracores from the
Waal, in which also two layers could be found at
depths of about 0.3 and 0.7 m that were the result
of the discharge waves of 1995 and 1998 (Fig. 6).
The difference in depth of the gravel layers is
related to small errors in the dune height predic-
tions. These could be adjusted arbitrarily to
improve the predictions, but the essential feature
of the vibracores reproduced here is not the exact
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depth but the bimodality of the gravel distribution
in depth.

Sensitivity analysis

For two parameters the sensitivity was roughly
tested: the maximum dune height and the vertical
sorting function.
1 The sensitivity to the maximum dune height for
the results is marginal. When this maximum dune
height is decreased or increased, then the active
layer thickness and depth of the gravel layers
decreases or increases with the same factor. The
sensitivity to the dune height hysteresis was not
tested, but a decreased hysteresis will have the
effect that the potential gravel layers become less
thick.
2 The vertical sorting function as given here 
has the largest slope possible, which means that a
perfect sorting efficiency is assumed. When this
slope is decreased by 5%, then the gravel layers
become thinner. Between 5% and 6% decrease,
the gravel layer of the second discharge wave 
disappears altogether. Thus the results are rather
sensitive to the vertical sorting function.

Concluding, the model is able to reproduce 
the sorting in the river bed, and this sorting is
genetically traceable to discharge events, but 
the sensitivity to the vertical sorting function is
large.

DISCUSSION

Effect of sorting function for cross-bedded
(foreset) deposits

The vertical sorting at the lee side of the dunes is
assumed to be linear, therefore the transition from
cross-stratified deposit to lag deposit seems rather
abrupt in the model outcome, which is only partly
supported by the field and flume data. In the pre-
sent model, the sorting is maximal in the sense
that it yields the least possible gravel abundance
in the top layer, and the maximum possible gravel
abundance in the bottom layer. It could well be
that the sorting within grain flows in nature is less
effective than assumed here. As shown in the 
sensitivity analysis, this would lead to a less clear
sorting in the cross-bedded deposits. At the same

time, if the gravel accommodation in the top part
of the active layer was higher in falling stage, then
the potential gravel lag deposits would be thinner
or vanish altogether (see section on sensitivity
analysis). Concluding, the sorting in the active layer
depends greatly on the vertical sorting function.
Yet, the most straightforward parameter choices
and assumptions give reasonable results, indicat-
ing that the conclusions herein are at least in the
direction of what may be found with further
research. To be able to predict the sorting for more
than two grain-size fractions, a quantitative pre-
dictor must be found for the vertical sorting in
grain flows and due to selective deposition. The
results of experiments by Kleinhans (2000; see
also Blom & Kleinhans, 1999), as given in Fig. 3,
indicate that the sorting function deviates only
slightly from linear and indeed comes close to
zero gravel in the top of the dunes. Experi-
ments to study vertical sorting (carried out at St
Anthony Falls Laboratory in Minneapolis, USA)
by Kleinhans (2002) also show that the optimal
sorting does not deviate very much from a linear
profile.

Future model development

The problems notwithstanding, the main asset of
this model is that it demonstrates a possibility for
the prediction of vertical sediment sorting by two
processes. The model demonstrates that essential
elements for the prediction of sediment transport
and vertical sorting in rivers with dunes and
sand–gravel mixtures are:
1 a vertical sorting function for equilibrium 
sorting in the foreset (cross-bedded) deposits;
2 a time-dependent approach to this equilibrium
to account for the time necessary to deposit or
entrain the gravel at the base of dunes;
3 a dune height predictor including a time-
dependent approach to the equilibrium dune height.

As a result, the model should be able to 
reproduce:
1 sediment transport hysteresis during a single
discharge wave;
2 relative sediment transport differences be-
tween successive discharge events (for the same
discharge);
3 secondary, sandy cross-stratification (infilling
of dune troughs with sediment from the tops of
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these dunes) in the case of strong dune height hys-
teresis, in addition to primary cross-stratification
and lag deposits, and their relative abundance in
the channel bed for different dune height adapta-
tion time-scales.

CONCLUSIONS

River channel bed deposition of sand–gravel 
mixtures is strongly coupled to dune development
and the sorting of sediment in the grain flow at the
lee side of dunes, as well as grain-size-selective
deposition in the dune troughs (gravel lags). Data
from the River Rhine clearly indicate that vertical
sorting is generated in the river bed down to a depth
depending on the maximum (reach-averaged)
dune height attained in a discharge wave.

Consequently, strong feedbacks between bedload
sediment transport rate and composition versus
deposition in the bed are expected. The bedload
sediment transport rate and composition are
dependent on the sediment in the active layer
(down to the dune troughs), which is determined
by the sorting in previous events. The deposits on
the other hand are governed by the selective trans-
port and by sorting in dunes, as well as the dune
height development during a discharge event.
Consequently, the vertical sorting of previous 
discharge waves may cause hysteresis of the 
sediment transport, which can only be hindcast
by incorporating this sorting.

The process model developed in this paper 
is able to reproduce the main characteristics of
vertical sorting in the bed of the River Rhine
resulting from two recent discharge waves. This
approach should be seen as a first exploratory
attempt to model vertical sorting. The model
shows that both vertical sorting resulting from
grain flows on the lee side of dunes and from
selective deposition play an important role in the
sediment transport and deposition of sand–gravel
sediment. The dune height adaptation to changing
flow and dune celerity determine the ratios of lag
deposits and cross-stratification. The deposition
of gravel lag layers in the bed occurs mainly dur-
ing falling stage, because the grain shear stress 
is then decreasing while the dune height is still
increasing. Sediment transport is not correctly
predicted with this model, however, because the

phenomena that cause strong transport hysteresis
were not included in the model. The order and
magnitude of discharge waves are important, as
the largest wipes out all antecedent sorting,
whereas the processes in smaller ones depend on
the depositions of previous waves.
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NOMENCLATURE

C Chezy coefficient (m0.5 s−1)
D grain size (m)
fi fraction of grain size i in bedload sediment
g gravitational acceleration (9.81 m s−2)
h water depth (m)
H dune height (m)
kS hydraulic roughness (m)
LA thickness of active layer
LG thickness of gravel lag layer
LSB low-stage bed level (plane bed)
p probability/abundance of grain size frac-

tion (100 times p yields p in %) (-)
qb bedload transport (m3 m−1 s−1)
Q flow discharge (m3 s−1)
T relative excess shear stress parameter: 

(τ′ − τcr)/τcr (-)
t time coordinate
u flow velocity (m s−1)
z depth coordinate, z = 0 at LSB
θ Shields parameter (subscript ‘cr’ refers to

critical Shields parameter) (-)
ξ hiding-exposure coefficient (-)
ρ density (subscript ‘s’ refers to sediment) 

(kg m−3)
τ bed shear stress (N m−2)
Prime (′) indicates ‘related to grains’.
Subscripts i, 50, 90, etc. refer to grain-size frac-
tions i or grain-size distribution percentiles.
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