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5 Cross-shore sorting according to 
density 

To study effects of density gradation on sediment-transport rates and 
sediment-transport processes at the most active part of the profile, 
experiments have been conducted in the Scheldt flume. First the 
development of a bar system under wave conditions is studied on a profile 
composed of uniform quartz sediments. Another study involves the 
placement of patches of pure heavy minerals on various locations along the 
profile. These experiments show that heavy minerals are actively transported 
and do not only remain as a lag deposit. The displacement of the heavy 
minerals decreases with increasing water depth. The patches do also have 
effect on sediment-transport rates and sediment-transport gradients of the 
quartz sediments.  

In another experiment, the entire profile is covered with a mixture of light 
and heavy minerals with equal grain size. This experiment shows that erosion 
of the beach face is strongly reduced compared to the erosion in the case 
with uniform quartz sediment. The breaker bar is narrower and more 
pronounced in the case of the sediment mixture. The study shows that heavy 
minerals are concentrated in the inner surf zone. This concentration is not 
simply the result of lag formation, but is attributed to offshore transport of 
heavy minerals by the undertow and onshore transport of heavy minerals by 
long waves. The transport rates of quartz are reduced by the decreased 
availability at the bed. This reduction is stronger than expected close to the 
beach; close to the breaker bar crest, the reduction is less than is expected 
from bed availability.  

In the experiments with uniform sediment and the sediment mixture, 
suspended-sediment concentrations have been measured. These 
measurements show that the sediment-mixing coefficient is not independent 
of sediment composition. The sediment-mixing coefficient increases for a 
smaller suspended sediment load. 
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5.1 General 
The experiments on density gradation in the Scheldt flume focussed mainly on three 
questions:  

1) What is the effect of density gradation on sediment transport on a coastal profile? 
2) How are heavy minerals transported? 
3) Which processes cause placer formation? 

 

To answer these questions, three experiments have been conducted. The first experiment 
(series A) is used as a reference and investigates sediment transport and profile evolution 
on a profile purely composed of quartz sediments. In the second experiment (series B) 
artificial placers of heavy minerals (zircon) are added to the profile and in the third 
experiment (series C) the complete profile consists of a mixture of quartz and zircon. 

For series A, only bed heights are measured. The time evolution of the height variations 
and the total volumetric sediment-transport rates, serve as a reference experiment for the 
results of series B and C. In series B and C, zircon is added to the profile and the 
comparison of these results with the data from series A, are used to determine the effect 
of this admixture of zircon on height variations, volumetric sediment-transport rates and 
transport rates per sediment fraction.  

All experiments are described separately and compared to series A. These comparisons 
give information on the effects of density gradation. In the assessment, measurements of 
hydrodynamics and suspended-sediment concentrations are used to determine processes 
of selective sediment transport and placer formation.  

A detailed outline of the experimental programme is presented in chapter 2. In all 
experiments, bed heights are measured with a bed-profiling system (PROVO). In the two 
experiments involving zircons, bed composition is also determined with the MEDUSA 
system. The morphology of the bed profile is a direct result of interactions between water 
motion and the sediment bed, and can be parameterised in variations in profile height 
z∆ , inferred from subsequent profile measurements (Figure 5.1). Whereas the variations 

in height give information on profile change, sediment-transport rates describe the 
direction of sediment movement. To determine mass sediment-transport rates and 
sediment-transport rates for each sediment class, the information of the γ-ray 
measurements from MEDUSA is used together with bed-height variations. In chapter 3, a 
model is derived and calibrated that determines the zircon fraction in a layer of specified 
thickness from these γ-ray measurements. In the present chapter, this model is used to 
formulate a mass-balance equation from the measured height variations and zircon 
fraction in the bed. This mass-balance equation is subsequently used to determine 
sediment-transport rates for the two sediment fractions. 
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Figure 5.1: Schematisation of data analysis of the PROVO measurements (height) and the MEDUSA 
(radiometry) measurements. 

5.1.1 Volumetric sediment-transport rates 
The variations in height can be used to formulate a volume balance to determine the 
time-averaged sediment flux or transport rate <qv> per unit width (W), in m3m-1h-1 in a 
cross-section on location (x0): 

( ) ∫ ∆−
∆

=
0

)(1
0

x

offshore
v dxxz

tW
xq , (5.1)

with t∆ the time lap (in hours) between the different profile measurements. Such a 
volume-balance method only applies if the total volume in the section of study is 
constant. This implies that porosity of the sediment does not change and that total mass 
of all sediments is preserved in the section of study. If this is the case, the calculation of 
the integral from offshore to beach should yield the same results as the calculation from 
beach to offshore.  

In the set-up of the experiment, special attention is paid to the initial porosity of the 
sediment bed. The profile is built underwater to avoid the enclosure of air bubbles in the 
sediment. After the profile is constructed, the water is withdrawn several times and the 
sediment is compacted by walking through the water-saturated flume. For the A-series, 
small high-frequency waves are used to further compact the sediment underwater, for the 
C-series this is not possible, because such action would initiate segregation of quartz and 
zircon. 
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Table 5.1: Total volume of sediment in study section of the flume. The uncertainties are the standard 
deviation due to cross-width variations and are only determined for experiments where three profiles are 
measured. 

Series Total Volume (m3)  Series Total Volume (m3) 

A100 12.08  C100 12.09 

A106 12.10  C101 12.11 

A207 12.10  C201 12.10 (0.03) 

A309 12.09 (0.02)  C302 12.09 (0.02) 

A407 12.09  C402 12.04 (0.03) 

A607 12.09 (0.02)  C404 12.09 (0.02) 

A707 12.09    

A904 12.08 (0.02)    
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Figure 5.2: Volume that would have been inferred from profile measurements on the W and D sides and in 
the middle of the flume, for the first and final run and average values for series A and C. 

To test the assumption of conservation of sediment volume, the sediment volume is 
calculated for each profile measurement (the integral of the changes in bed height) and 
presented in Table 5.1. The uncertainties in these data represent variations in cross-flume 
direction. Since not for all runs the profile is measured in the middle of the flume, 
uncertainties are only given for runs with three profiles. These results show that for series 
A, volume is conserved if we consider that the uncertainties in A309, A607 and A094 are 
representative for the uncertainties in the other measurements. Also the volumes derived 
from most of the profiles of series C are equal, except for C402 that is slightly smaller 
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than the other measurements. The uncertainties in the volumes of Table 5.1 indicate that 
the sediment bed is not completely horizontal in cross-flume direction.  

To determine the cross-flume variability, the total volumes in the flume are averaged over 
all measurements per transect and compared with the volumes of the first and final runs 
of both series in Figure 5.2. For series A, the initial cross-flume profile variation indicates 
a slight slope with a larger volume on the W-side. For the final profile, this slope is 
increased. For series C, a similar feature can be observed. In this series, the final and last 
profile as well as the average volume show a slope with an increased volume at the W-
side.  

The variations in sediment volume in cross-width of the flume can be the result of the 
fact that the PROVO carriage is laterally not exactly horizontal, but since only relative 
changes for each profile–transect are used, this will not lead to systematic variations. In 
the determination of sediment-transport rates, similar transects will be compared. In that 
respect, variations in total volume between transects of different runs are of importance. 
Therefore, the volume for each transect per run is presented in Figure 5.3. These results 
clearly show the difference in total volume in cross-width of the flume as discussed in 
Figure 5.2. The uncertainties due to the random error in the PROVO measurements are 
small and averaged due to the large number of data and fall within the size of the data 
points. The changes in sediment volume show that changes of 20 dm3 between two 
profiles occur. This can be caused by various mechanisms:  

1) The total volume of sediment is not conserved due to removal of sand from the flume. 
If 20 dm3 of sediment is removed from the flume, this would have been observed at 
the stretch of flume without sediments near the wave paddle. Moreover, this effect 
would proceed continuously and result in a constantly decreasing volume of 
sediment. Such a trend in the data is not present and between several runs the volume 
increases.  

2) The porosity changes. 
Compaction leads to e decrease in porosity and consequently a decrease in volume. In 
several cases volume increases. 

3) The cross-flume profile changes in time and the 3 profilers (PROVO) are not descriptive of the total 
volume in the flume. 
The discussion on Figure 5.2 showed that the total volume on the three locations in 
the flume varies. If 3-dimensional variations of the profile exist in cross-flume 
direction, these variations are not covered by the three profilers. This effect is 
probably an important cause of losses of volume from the profile transects. Whether 
the magnitude of the cross-flume variations differ over the entire length of the profile 
is also not clear, but these effects will be assessed later.  

4) The x-calibration of the PROVO is not constant  
The x-calibration is done twice, before run A100 and, by accident, before run A106 
but is kept constant afterwards. Therefore, variations in the x-calibration can, except 
for profile A100, not account for the changes in volume. 

5) The z-calibration of the PROVO is not constant. 
Before the profiling of each new run, the z-position of the PROVO system is 
recalibrated. This calibration can have an uncertainty of ± 0.5 mm. A systematic 
difference of 0.5 mm between two profiles will lead to a difference in total volume of 
20 dm3. This value is in the range of the fluctuations in the total volume of sediment 
in the flume and the uncertainty in the z-calibration may account for the changes in 
total volume.  
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Therefore, the z-calibration of the PROVO is most likely to cause to deviations. The 
offset value between run C302-C402 is larger than the 20 dm3 and cannot be the result of 
the statistical uncertainty in the calibration of the PROVO. This large difference is not 
understood and since these data points deviate clearly from the general trend, profile 
C402 is omitted from further morphological data analysis. 
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Figure 5.3: Total sediment volume in the flume for each run of series A and C, measured with three 
different profilers. Uncertainties due to the random error of the PROVO system fall within the data points. 

If the total measured sediment volume in the flume is constant, the total transport rate at 
x=39 m (the maximum x-position of the profile measurements) should be 0. However, 
due to the offsets in the z-direction and variations in cross-flume direction, this is not 
always the case. Therefore the transport q is set to 0 and equation (5.1) is modified by 
including a correction for the offset in the z-direction (zoffset): 

( ) ( )∫ +∆
∆

=
0

)(1
0

x

offshore
offsetv dxzxz

tW
xq . (5.2)
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Figure 5.4: Sediment-transport rates between profile A309 and A904. The grey line represents the standard 
deviation in sediment-transport rate due to cross-flume variations. 
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In all runs, the profile is measured on two sides (D and W-side) of the flume and in some 
selected runs, the profile is also measured in the middle of the flume. The total transport 
rates are first determined for each transect and then averaged in cross-width of the flume. 
The remaining uncertainty in the transport rates can be determined from the standard 
deviation in the transport rates in cross-flume direction of the three different transects. 
This standard deviation is measured for the two profiles of A309 and A904 (Figure 5.4). 
These results show that the effects of variations in sediment-transport rates in cross-
flume direction are small. The cross-flume variations on the beach are clearly larger than 
in the deeper part of the profile. 

5.1.2 Sediment composition 
To determine the mass fraction of quartz and zircon, the model described in chapter 3 is 
calibrated with measurements in the flume. Variations in background γ-radiation are also 
determined. The composition of sediment samples from the final profile of the 
experiments is used to validate the results of the measurements with the MEDUSA system. 

The experiments with pure quartz are used to deduce variations in background radiation 
as a function of x-position in the flume. Figure 5.5 shows the total count rate between 0.5 
and 3 MeV measured on the D-side of profile A901 (the profile recorded after the final 
experiment with pure quartz, A901). For x<10 m, the sediment layer is thin (<0.5 cm) 
and the count rate is mainly produced by the underlying concrete. Similar to the 
validation experiments, the count rate decreases with increasing quartz layer (10<x<20 
m) and reaches a minimum around x=20 m. For x>20 m, the count rate increases again 
due to the concrete measuring cabin which is placed over the flume at x=28-32 m. In the 
region 32<x<36 m, the influence of the measuring cabin decreases and consequently 
count rate decreases. The count rate does reach the level of 15 s-1 but increases again for 
x>36 m. This is the result of a change in build-up and geometry by the decreasing water 
depth close to the water line (x=37 m). 
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Figure 5.5: Variation in total count rate along a profile of pure quartz (background measurement, profile 
A901). 

The minimum number of analysed counts measured in the experiments including zircon 
is 1400 cps. The maximum error, introduced by neglecting the variation in background, is 
<1.4 % (relative) and falls within the statistical uncertainties. Therefore the variations in 
background radiation due to the measuring bridge and the concrete bottom have been 
ignored. 
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The two-layer model described in chapter 3 is used to analyse the sediment composition 
in the upper layer accurately. The effective parameters for this 3-D case are determined 
by several calibration experiments. These measurements show that the effective mass 
attenuation of zircon is probably too small compared to the effective mass-attenuation 
coefficient of quartz. To determine the quality of the model results and the calibration 
parameters, sediment samples are taken from the final profile of the C-experiments and 
their zircon concentration is compared with the results of the two-layer model in Figure 
5.6.  

  

10 20 30 40
X-position (m)

0.0

0.2

0.4

0.6

0.8

1.0

M
z 

(-)

Medusa (C100)
Medusa (C404)
Sediment samples (0-2 cm)

 

Figure 5.6: Post experiment sediment samples of the upper layer compared with zircon concentrations for 
the first and last run of the experiments determined with the layer model and the parameters according to 
Table 3.2. 
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Figure 5.7: Post experiment sediment samples of the upper layer compared with zircon concentrations for 
the first and last run of the experiments determined with the layer model, with a µ’z=0.07. 
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The results in Figure 5.6 show that between x=10 and x=25 m, the MEDUSA 
measurements corroborate well with the sample results. In the range between x=25 and 
x=40 m, the zircon concentrations of the final profile are overestimated. According to 
the MEDUSA measurements the mean zircon concentration (by mass) of the initial profile 
(C100) is 0.51 (±0.04), whilst the sediment mixture is composed of a mass fraction of 
zircon of 0.44. This indicates that the effective parameters of the model are probably not 
correct. The calibration measurements indicate that the mass-attenuation coefficient of 
zircon (µ= 0.062 cm2g-1) is unexpectedly small, and will probably have a value similar to 
the mass-attenuation coefficient of the quartz. Therefore, the data are reanalysed with the 
mass-attenuation coefficient of zircon, µ’z=0.07 cm2g-1 (Figure 5.7). These results show 
that with the adjusted mass-attenuation coefficient, the analysed zircon concentrations 
are similar to the zircon fraction of the sediment samples. Moreover, the average zircon 
concentration of the initial measurements (0.46 (±0.04)) agrees well with the expected 
results. Therefore, for further analysis of sediment composition in series B and C, µ’z is 
set to 0.07 cm2g-1. 

5.1.3 Mass transport rates 
In the experiments where zircon is used (experiment B and C), γ-ray spectra are 
measured with the MEDUSA system. Since the MEDUSA system is towed over the 
sediment at a velocity of 0.03 ms-1 and spectra are recorded every 3 s, the measurements 
have a spatial resolution of 0.09 m in the horizontal direction. The concentration of 
zircon, is subsequently used to calculate the time-averaged mass transport rate per 
sediment fraction of quartz or zircon <qq> and <qz>, respectively, per unit width, in 
kgm-1h-1 in a cross-section on location (x0) (Figure 5.1).  

To calculate this mass transport per fraction of sediment, a mass-balance equation should 
be formulated based on the variations in profile evolution and the measured zircon 
concentrations of the bed. In the previous data analysis, the zircon concentrations are 
calculated for a constant thickness of the upper layer (z1). However, to accurately 
determine a mass balance between the sediment bed before (t0) and after the run (t1), the 
concentration of zircon should be determined in a layer with a variable thickness, but 
with a constant lower reference level (see Figure 5.8). By doing so, mainly the sediments 
that actively participated in sediment transport are included. This layer can be considered 
similar to the “active layer” (see e.g. Reed et al., 1999; de Meijer et al., 2000)).  
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Figure 5.8: Schematisation of the metrics involved in the calculation of the sediment-transport rates. 

The change rate of mass of zircon per unit width in cross-flume direction and in x-
direction (kg m-2 h-1) can then be determined by: 



Cross-shore sorting according to density 

101 

[ ]01)(1
zzzz zvvdzz

t
M −+

∆
=∆ ρ  (5.3)

with x the length of the calculation unit, ∆t the duration of the run (in hours), ρz the bulk 
density of zircon and vz1 and vz0 the volume fractions of zircon before and after the run 
respectively. Similarly the transported mass of quartz can be calculated from: 
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t
M −−−+

∆
=∆ ρ . (5.4)

In the data analysis described in chapter 3, the mass fraction of zircon (mz) is determined. 
Since the quartz and zircon have an equal grain size, the porosity is assumed to be 
constant. Under this assumption, the volume fraction of zircon (vz) follows from: 
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The mass-transport rates for the zircon fraction (<qz>, in kg m-1h-1) in a cross-section on 
location (x0) follows then from: 

( ) ∫ ∆−=
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)(0

x

offshore
zz dxxMxq  . (5.6)

5.2 Series A; quartz sand 
Series A studies the morphological evolution of a barred beach system composed of 
uniform sediments: quartz. The wave conditions are similar to storm conditions. This 
experiment is the reference experiments for series B and C that involve sediments graded 
on density. 

5.2.1 Profile evolution 
Series A is the experiment with a sediment bed composed of quartz. Figure 5.9 presents 
the evolution of bed height during four successive runs of series A. These results clearly 
show how a breaker bar (region 2) develops around x=20-25 m, corresponding to the 
location where the waves break. The crest of the breaker bar (the location of maximum 
curvature) progrades seaward to x=24 m for experiment A904. Landward of the breaker 
bar, the bed is eroded. This erosion starts at x=~30 m in experiment A207, but the 
location of maximum erosion progrades in the direction of the shoreline to x=36 m for 
experiment A904. The erosion in the inner surf zone (region 4, between breaker bar and 
water line) results in a steepening of the beach face at x=37 m. On the beach (x> 38 m, 
region 5) a swash bar is formed. 
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Figure 5.9: Bed height measurements for different profiles of series A. The straight line indicates the water 
level in the experiment, the vertical dotted lines and the numbers point to different zones on the profile. 

5.2.2 Profile change 
Local bed changes between some selected runs are determined by subtracting the profile 
measurements for the same x-position measured on a similar track (d-side, w-side or 
middle of the flume). These results are averaged over the three transects and normalised 
by the duration of the experiment and presented in Figure 5.10. A running average over 
303 data points (comprising 1.2 m) is used to reduce the scatter in the lines due to the 
migration of small ripple structures with a height of approximately 0.02 m.  

The results on morphological variation can lead to a classification of four morphological 
zones similar to the description in Figure 1.2.: 

1) The outer surf zone (x<18 m) 
At the ‘toe’ of the profile (x<13.5 m) the bed is eroded. This can partly be explained 
by asymmetric onshore sediment transport and partly by effects of the transition of 
the bottom of the flume to the sediment profile. In this transition, the transport 
capacity of the asymmetric, onshore-directed flow above the bottom of the flume is 
larger than the sediment load. Consequently, sediments are entrained when the flow 
reaches the sediment bed. Landward from this region of erosion, sediments are 
deposited. The accretion in this region is small and decreases in shoreward direction. 

2) The breaker bar (18<x<29 m) 
The sediments that are deposited on this location form the breaker bar. The 
evolution of the profile-lines shows that the location of maximum sediment 
deposition moves in seaward direction from x=24 m in the first profiles to x=21 m 
for the last profile. The sediment deposition is more or less constant in magnitude. 
The accretion patterns on the seaward side of the breaker bar are similar for all time 
intervals. The magnitude of accretion on the landward side of the breaker bar 
decreases with the evolution of the profile.   

3) The inner surf zone (29<x<37 m) 
In the inner surf zone, sediments are eroded. The location of maximum erosion 
migrates in time in the landward direction and increases. The amount of eroded 
sediments is largest in the landward part of the inner surf zone. In the variation 
between profile A100 and A106, the patterns in the inner surf zone indicate that two 
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erosion holes are formed and the bed is unchanged at x=35 m; this pattern cannot be 
observed for the subsequent measurements.  

4) The “dry” beach (37<x<40 m) 
On the beach, sediments are deposited as a swash bar (see Figure 5.9). The amount of 
deposited sediments is largest in the first time period, but the rate of change is equal 
for the subsequently measured profiles. 
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Figure 5.10: Running average of the changes in bed height for successive profiles of series A and the 
zonation described in the text. A key to the time intervals of all profile measurements is presented in 
chapter 2. 

5.2.3 Sediment-transport rates 
Volumetric sediment-transport rates for series A are presented in Figure 5.11, with 
positive values pointing to onshore sediment transport and negative values to offshore 
sediment transport. For the experiments it is expected that the profile will evolve towards 
equilibrium after a period of time and that net transport rates would decrease to zero, 
similarly to other laboratory experiments (see e.g. Newe et al., 1999). However, the results 
show that the transport rates of series A increase until the end of the experiment in the 
regions between x=20-25 m and between x=30-40 m. In the region between x=25 and 
30 m, transport rates decrease slightly. This points to a “broadening” of the region of 
large sediment-transport rates, but the maximum sediment-transport rates decrease 
slightly. It is remarkable, though, that the location of change from onshore to offshore 
sediment transport remains at x=18 m for the entire experiment, except for the first run. 
Landward from this location, transport gradients are similar for all time series and the 
onset of accretion moves offshore in time (from x=29 m for A100-A106 to x=25 m for 
A309-A904). Consequently, also the width of the region of accretion decreases. This 
indicates that the profile evolves indeed to an equilibrium, but longer times are necessary 
for a correct determination of equilibrium profile. 
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Figure 5.11: Sediment-transport rates for successive profiles for series A and locations of different regions. 
Positive sediment-transport rates are onshore directed. 

The sediment-transport rates in Figure 5.11 are inferred from the changes in profile, and 
variations in sediment-transport rates clearly reflect the changes in profile height as 
presented in Figure 5.10. In the region at the toe of the profile and outer surf zone 
(region 1 and 2) sediment-transport rates are onshore directed and point to the removal 
of sediment from the toe of the profile. At x=18 m, the direction of the sediment 
transport changes in offshore direction and increases towards x= 29 m. Only for the first 
time interval the change from onshore to offshore directed sediment transport occurs at 
x=21 m, for all later time intervals the turning point remains art x=18 m. Since the 
sediment-transport rates decrease in offshore direction, sediments are deposited in region 
2 and form the breaker bar. The curve in the most onshore part of this zone (25<x<29 
m) becomes horizontal, pointing to the absence of accretion or erosion. This indicates 
that the location of maximum accretion moves offshore in time, as can be seen in Figure 
5.10. For x>29 m, sediment-transport rates are offshore directed, and increase with 
increasing distance to the shoreline. This positive transport gradient (decreasing 
sediment-transport rate with increasing distance to the beach) results in erosion of the 
bed. The transport gradients are more or less constant in time, but the lines move in 
onshore direction and the width of the region of erosion becomes smaller. This implies 
that erosion rates are constant, but the erosion progrades towards the shoreline and also 
indicates that the profile moves to equilibrium. On the beach (region 4), sediments are 
transported in onshore direction and form the swash bar. The location of maximum 
deposition (maximum curvature of the sediment transport-rates curve) is constant, but 
the magnitude decreases in time.  

5.2.4 Assessment 
The morphologic changes in series A clearly show how with the developing and 
offshore-migrating breaker-bar, sediments are eroded from the inner surf zone. This 
erosion is strongest near the water line and increases and migrates onshore in time. A 
result of this increase of erosion, is the strong berm-slope at the end of the experiments.  

The morphological changes can be divided in four morphological units. The change from 
region 1 (outer surf zone) to region 2 (breaker bar), is characterised by a stable position 
of zero sediment transport (x=18 m). This stable position is remarkable, especially since 
the maximum accretion of the breaker bar migrates offshore in time. Apparently the 
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sediment-transport processes in region 1 are not strongly correlated to transport 
processes that form the breaker bar. The sediment-transport gradients of the offshore 
side of region 2 and of the onshore side of region 3 are more or less constant in time and 
the magnitude of the sediment-transport rates of these regions increases. This points to 
an offshore migration of the breaker bar system and onshore migration of the region of 
maximum erosion. For 25<x<30 m the sediment-transport gradient decreases to 0 and 
maximum sediment-transport rates decrease. This might indicate that the profile changes 
to equilibrium, but the total duration of the experiment was too short for a more accurate 
determination of equilibrium profile. Future studies should use longer time periods of 
study.  

5.3 Series B; zircon placers 

5.3.1 Profile evolution 
In series B, three patches of zircon with a thickness larger than the (expected) active layer 
are placed on the final profile of the A-series at I: 13<x<14 m, II: 21<x<22 m and III: 
34<m<35 m. These location are chosen such that they are located in the distinct regions 
described in series A. Figure 5.12 shows the bed height of the initial and final profile of 
series B. The location of the placers are denoted by the grey vertical lines. Profile 
evolution shows no significant changes in profile at location I. At placer II, sediments are 
deposited just landward of the placers, whilst at placer III, erosion occurs on the seaward 
side of the placer. 
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Figure 5.12: Bed height measurements for the initial and final profile of series B. The straight line indicates 
the water level in the experiment, the locations of the zircon placers are denoted by the vertical lines and 
the Roman numbers. 

5.3.2 Profile change 
To obtain insight in the rate of profile change compared to the change in series A, Figure 
5.13 is inserted. This figure presents the change of profile A during the final 16 hours of 
the experiment and the changes in profile B during the first 1.5 and the subsequent 2 
hours. Since series B lasted only 3.5 hours on a profile that developed near equilibrium, 
the expected changes of the profile should be similar to the changes of the profile in 
series A provided that the zircons do not have any effect on sediment transport. 
Variations in profile change between series A and B are therefore attributed to the zircon 
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placers. Similar to the results of the A-series, the data are smoothed by a running average 
over 1.2 m. For the four morphological zones presented in series A, following differences 
between series A and B are observed: 

1) The outer surf zone (x<18 m) 
In this region, differences are small, but it appears that just landward of zircon patch 
I, erosion occurs in the first time series of series B, whilst the profile does not change 
in series A. 

2) The breaker bar (18<x<29 m) 
In this region, clear differences occur between series A and B. In series A, a smooth 
breaker bar is built up. As a result of zircon placer II, erosion and sedimentation 
occurs at, respectively, the seaward and landward side of the placer during the first 
1.5 hours period of series B. In the subsequent 2 hours period, the erosion moves 
landward through the placer, leading to a filling up of the “erosion hole”. The 
accretion rate on the landward side of the zircon patch is smaller for the second time 
period.  

3) The inner surf zone (29<x<37 m) 
In the inner surf zone, the effect of the zircon placer resembles the one on the 
breaker bar: erosion occurs on the seaward side, whereas at the landward side 
sediments are deposited. The zircon placer is situated in an area where in series A, 
sediments are eroded in a wide region: the erosion increases from x>29 m in 
landward direction and changes sharply at x=36 m to accretion at the beach. The 
result of the addition of the zircon placer is that the sharp increase, and also the 
maximum erosion, occurs more landward (x=38 m). The maximum erosion is larger 
in series B. Contrary to the placer at the breaker bar, no change with time is observed 
at this location. 

4) The “dry” beach (x>37 m) 
The maximum erosion located in region 3 in series A, is located on the beach for 
series B. The total amount of accretion on the landward side of the breaker bar is 
similar for both series. 
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Figure 5.13: Running average of the changes in bed height for successive profiles of series B and the final 
profiles of series A. The grey lines indicate the initial locations of the zircon “placers” 
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5.3.3 Total volumetric sediment-transport rates 
The volumetric sediment-transport rates along the profile in the two time intervals of 
series B and of the last time interval of the A series are presented in Figure 5.14. The 
previous section clearly shows how differences in bed-height change between series A 
and series B in the five regions are related to the presence of the zircon placers. The 
sediment-transport rates are a derivative of the changes in bed height (Figure 5.1) and 
also in the transport rates, effects can be observed in the regions of the placers.  

Around the placer on location I, sediment-transport rates in series B are similar to the 
sediment-transport rates of series A. Only in the first 1.5 hours of series B, the sediment-
transport rates on the landward side of zircon patch I are slightly larger than transport 
rates of series A. 

The effects on the sediment-transport rates are larger for zircon placer II than for zircon 
placer I. In the first time interval of series B, the offshore-directed sediment-transport 
rates are reduced on the placer, whilst just onshore of the placer sediment-transport rates 
are increased in offshore direction. For the second time interval, the reduction of 
sediment-transport rates on the zircon patch is negligible whilst the increase on offshore 
sediment transport on the landward side is similar to the increase in the first time interval. 

At the third zircon placer, sediment-transport rates of series are also different from series 
A. Moreover, in contrast to series A, the sediment-transport rates of series B remain 
constant. On the location of zircon placer III, sediment-transport rates are reduced 
compared to series A, whilst on the landward and seaward side, sediment-transport rates 
are increased in offshore direction. 

Placer II is located entirely in region 2. The sediment-transport rates of series B on both 
the onshore and offshore side of this region are similar to the sediment-transport rates of 
series A, and the increased sediment-transport rates for 22<x<25 m are likely the result 
of placer II and not of placer III. Placer III is located entirely in region 3. On the seaward 
side of this region, sediment-transport rates of series B are identical to the sediment-
transport rates of the A-series, and effects of the placer do probably not act in region 2. 
On the landward side of region 3, sediment-transport rates between series A and series B 
differ. Here, effects of the placement of the zircon placer influences sediment-transport 
rates also in region 4. 
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Figure 5.14: Sediment-transport rates for successive profiles for series B and the final profiles of series A. 
The grey lines indicate the initial locations of the zircon patches. 
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Summarising, we can conclude that the zircon placer at deep water (placer I) has little 
influence on local sediment-transport rates, but that placers II and III locally show clear 
effects. These effects result in a decreased sediment-transport rate at the location of the 
placer and different sediment-transport gradients. The decrease in sediment-transport 
rate is constant in time for placer III, but reduces considerably in time for placer II. The 
effect of placer II is mainly an increased deposition just landward for the zircon patch. 
Also for placer III increased deposition can be observed on the landward side of the 
patch, but erosion is increased at the seaward side. The total bed height change indicates 
that the net effect on the profile close to the zircon patches is an increased deposition of 
sediment. 

5.3.4 Mass change per sediment fraction 
In the previous subsection the profile changes and volumetric sediment-transport rates 
have been presented. These results show only total volumetric changes, and do not 
contain any information on density variations and selective transport of the individual 
fractions. Therefore, the radiometric measurements are combined with the changes in 
profile to determine the mass variations of the quartz and zircon along the bed. These 
results are presented in Figure 5.15 for the first 1.5 and successive 2 hours of series B and 
of the final 14 hours of series A. Since the density of the zircon is twice the density of 
quartz, the mass changes of zircon will contribute less to total profile variations. A rough 
comparison of the mass changes shows that the height variations in series B (Figure 5.13) 
are mainly the result of changes in the quartz fraction.  
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Figure 5.15: Running average of the variations in mass of the quartz and zircon fraction of the two time 
intervals of series B and mass variation in the final part of the A-series. 

Initially, in the first time interval, all three placers show a similar type of pattern for the 
mass changes of zircon: zircon is removed from the placer and deposited mainly at the 
seaward edge. The magnitude of this phenomenon increases with decreasing water depth. 
For the second time interval, the zircon fraction is transported in both directions. 
Although zircons are removed from the placers, the zircon placers remain thick enough 



Cross-shore sorting according to density 

109 

to act as a source and visual observations on the final profile show that zircons are still 
present on the placers after the final run. 

Table 5.2: Mass change of zircon ∆Mz, (kg m-2 h-1) and average zircon mass concentration (mz) in the upper 
5 cm of the bed of the final profiles in landward and seaward direction of the three zircon-patches of the D 
and W-side of the two time intervals. 

 I II III 

 mz ∆Mz mz ∆Mz mz ∆Mz 

B100-B102       

landward from placer 0.003 1 0.02 3.4 0.03/0.02 7.8/23 

placer 0.15 -62 0.17 -110 0.20/0.20 -41/-84 

seaward from placer 0.11 37 0.06 44 0.04/0.06 27/54 

total  -24  -63  -6/-7 

B102-B104       

landward from placer 0.04/0.04 20/18 0.04/0.04 30/30 0.07/0.07 81/74 

placer 0.19/0.19 -5/-11 0.19/0.18 -28/-20 0.16/0.16 -182/-188 

seaward from placer 0.02/0.02 15/14 0.03/0.03 34/34 0.06/0.06 52/52 

total  30/21  36/44  -49/-62 

 

Table 5.2 shows the total rates of mass change for the different locations around the 
placers. To give an estimate of the cross-flume spread in the results, the data are given for 
each transect (D and W-side), divided by a slash.  For placers I and II in the first time 
interval, the data of the D-side give erroneous results and hence only the values of the W-
side are given. These results show that the concentrations of zircon in the upper 5 cm are 
low. On the placers, with a thickness of approximately 1-2 cm, the concentration is 
maximum 0.20, due to the limited thickness of the placers. The average concentration on 
the sides of the placers is approximately 0.04. It is remarkable that the average zircon 
concentrations on the patches are not constant in time, but increase in magnitude for 
placer I and II. Zircons are not added in between the experiments and the total 
concentration of zircon on the patch should be constant or become smaller by the 
removal of zircon or the covering of the quartz. This is also observed since the apparent 
differences are not larger than 5% and are within the range of the estimated uncertainty 
of the zircon concentration.  

Although the mass concentration of zircon is similar for both transects, the change in 
mass (that comprises changes in zircon concentration and changes in bed height) deviates 
for several cases. This deviation between the two transects can be up to 50%.  This is 
mainly the result of differences in bed height for the two transects and can be a 
consequence of the differences in the spatial resolution of the sediment composition 
measurements (that averages over several ripple structures) and the spatial resolution of 
the profile measurements (that includes the small-scale morphology).  

The results in Table 5.2 show that the total mass change of zircon in the experiment 
differs from zero, while this should be the case. The magnitude of the misbalance is 
larger than the differences that can occur in cross-flume direction. The initially large 
negative mass changes on the zircon patches cannot be explained by positive mass 
changes in both directions. In chapter 3, an assessment is made on the effects of the non-
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homogeneity of the upper layer z1. This assessment shows how the concentration of 
zircon is underestimated by maximum 30% if quartz covers zircon. The results in Figure 
5.15 show that on zircon patch II, quartz sediments are deposited on the entire zircon 
placer, whilst this is only partly the case for placer I and placer III. On placer III the 
measurements indicate that quartz is even eroded, which is unphysical since a layer of 
zircon covers the quartz sediments. The results in Table 5.2 show that the 
underestimation of the mass change of zircon in the first time interval is largest for placer 
II, which corroborates the results of the assessment in chapter 3 and the covering by the 
quartz. For the second time interval, total changes do not point to a net removal of 
deposited zircon. On the contrary, for placer I and II, the mass balance points to a 
positive amount of zircon. For the analyses of these results, a comparison is made 
between profile B102 and B104. This analysis reveals that the vertical zircon distribution 
in the initial profile (B102) is not homogeneous. This results in a reduction of the effect 
of the non-homogeneity as observed in the first time interval. 

Initially, mass changes are largest in seaward direction. In the second half of the 
experiment these mass changes decrease considerably, whilst the accretion in landward 
direction is increased. This accretion results in more or less equal accretion rates on both 
sides of the zircon patch for the latter time interval. 

5.3.5 Assessment 
In general, the addition of zircon placers to the profile has an effect on profile evolution. 
The volumetric differences are mainly the result of changes in sediment transport of the 
quartz fraction. Initially, this fraction shows larger erosion on the seaward side of the 
zircon patches on the breaker bar and in the inner surf zone. On the landward side of the 
patches, accretion rates are increased. In the latter time series, the effect of the zircon 
patch on the breaker bar results only in an increased deposition of quartz (equal to a 
decreased sediment transport gradient) on the landward side of the zircon patch, whilst 
on the seaward side effects are small. The effects on placer III show that the transport 
gradient is stronger on the seaward side of the patch (stronger erosion) whilst on the 
landward side, the transport gradient shows deposition instead of erosion. The net effect 
of the zircon patches is an increased deposition of sediment around the placers. At the 
beach face, sediments are eroded. The trends that are superimposed on the mass change 
of series A (Figure 5.13) are similar for all three locations, but differ in magnitude. The 
magnitudes of these trends for placer II and III are larger than for placer I. This indicates 
that morphological time scales on location I are larger. The morphological time scale in 
the region of placer II is similar to that in the region of placer III. 

These experiments with placers of zircon indicate that the heavy-mineral fraction does 
not only behave as a lag deposit, but can be actively transported in offshore and onshore 
direction. The experiments also indicate that the system reacts strongly on the artificial 
addition of a placer, by broadening the placer and covering the placer with quartz.  

Many models or parts of models that describe morphological changes are an analogy 
based on general physical principles as diffusion processes. Although these models 
cannot be coupled directly to sediment-transport processes, the physical descriptions can 
though be used to describe the patterns of morphological change (see e.g. Browder and 
Dean, 2000). The redistribution of zircon shows a pattern that can be described by a 
diffusion process, wherein the initial broadening of the placers is simply a result of 
diffusion of sediment.  The variations of the mass-change patterns in time point to a 
phase difference wherein the broadened zircon placer will respond differently to the 
forcing conditions. The observation that the magnitude of the variations increases with 
decreasing water depth and thus with increasing dissipation of energy at the sediment 
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bed, corroborates the ideas of a diffusion type of mechanism, forced by the 
hydrodynamics. Of course, also other parameters as the behaviour of the quartz and the 
initial width of the placer will influence the mass changes of zircon. However, results of 
these type of experiments can though be used in the improvement and better 
understanding of the physical mechanisms involved in the models described above.  

5.4 Series C; quartz-zircon mixture 
In series C the effect of density gradation is studied, in an experiment similar to the 
reference series A, but with a quartz-zircon mixture in the top layer instead of uniform 
quartz. For series C, the bed is flattened again to a smooth profile of 1:20, similar to the 
initial profile of series A. The upper 10 cm of the sediment in series C is replaced by a 
homogeneous sediment mixture containing 44% zircon (by mass). The hydrodynamic 
conditions of these series are identical to the hydrodynamic conditions of series A and B. 
Similar to the analysis of series B, total profile changes and volumetric sediment-transport 
rates are studied and compared to series A. Successively, the radiometric measurements, 
combined with bed height measurements, are used to derive mass changes and sediment-
transport rates for the quartz and zircon fraction.  

5.4.1 Profile evolution 
The profile evolution at various time intervals for series C (Figure 5.16) shows the 
formation of a breaker bar between x=20 m and x=25 m. Landward of the breaker bar, 
the sediment bed is eroded. In a region just below the water line (34<x<37 m), the 
profile remains unchanged. Similar to the experiments of series A, a swash bar is formed 
just above the waterline. 
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Figure 5.16: Bed height measurements for different time intervals of series C. The horizontal line 
represents the time-averaged water level. 

Compared to the profile after an equal time interval of the A-series (Figure 5.17), the 
breaker bar in series C is narrower and its crest becomes more pronounced. These results 
show that the admixture of zircons to quartz has an effect on the profile evolution; a 
considerable reduction of erosion occurring mainly in the area between the crest of the 
breaker bar and the shore. The seaward side of the breaker-bar crest is similar for both 
experiments. At the toe of the profile (x<12 m), the erosion that occurs in series A is not 
present in the C-series. In general, erosion is less for series C. 
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Figure 5.17: Profile evolution for series A and series C after approximately 14 hours. 

 

5.4.2 Profile change 
Also for the differences in profile height of various periods of series C, four regions can 
be identified that have a morphological evolution (Figure 5.18) similar to those of series 
A: 

1) The outer surf zone (x<18 m) 
In this region, changes in height are small and do not represent a specific pattern of 
accretion and erosion. Although it seems that in the initial time interval mainly 
sediments are eroded, the variations are similar in time. 

2) The breaker bar (18<x<29 m) 
The bed-height variations clearly show the offshore migration of the region of 
accretion. In the first time interval, sediments are mainly deposited between x=25-29 
m, whilst in the last time interval sediments are eroded at this location. Not only the 
location of maximum accretion moves offshore in time, also the magnitude of the 
rate of deposition changes. The maximum profile change in the first time interval 
(C100-C101) is almost four times larger than the maximum profile change in the last 
time interval (C302-C404). Also the maximum bed-height change of series A (Figure 
5.10) migrates in offshore direction but, in contrast to series C, sediments are only 
deposited in region 2. For series C, sediments are eroded for 25<x<29 m. 

3) The inner surf zone (29<x<37 m) 
Similar to the profile changes in region 2, also the variations in the inner surf zone 
differ in time. The location of maximum erosion migrates onshore in time, but the 
magnitude of erosion decreases by about 25% from the first to the last time series. In 
the most onshore part of this region (34<x<37 m) the bed height does not change 
from the first time interval, whereas this zone of constant profile change broadens in 
seaward direction to x=33 m for the last time interval (C302-C404).  

The time variations of profile change in series A (Figure 5.10), show a pattern 
different from series C. For series A, maximum erosion is located close to the beach 
at the landward side of the inner surf zone in contrast to series C whereas the 
maximum erosion occurs at the most seaward side of the inner surf zone. For both 
series, the location of maximum erosion moves onshore in time, but in series C the 
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magnitude of erosion decreases by about 25%, and the magnitude of erosion in series 
A increases until the end of the experiment.  

4) The “dry” beach (x>37 m) 
Similar to series A, a swash bar is formed during series C. The rate of bed-height 
change is constant throughout the entire series and also the location of maximum 
deposition does not vary. 
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Figure 5.18: Evaluation of the bed-height changes for four subsequent time series of series C. 
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Figure 5.19: Variations in bed height for two equal time series of series A and C. 

A comparison of bed-height changes of two time intervals with similar time spans of 
series A (Figure 5.19), shows that differences mainly occur on the breaker bar (region 2) 
and inner surf zone (region 3). In the outer surf zone, profile changes are comparable. 
Also height changes on the seaward slope of the breaker bar up to the breaker bar crest 
(17<x<24 m) are similar for series A and C. The landward slope of the breaker bar is 
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similar for series A and C in the first time interval of the experiment (A100-A207, C100-
C302), but in the second part of the experiment (A207-A309, C302-C404) accretion is 
strongly reduced for series C and the bed is even eroded for 25<x<29 m. 

At the offshore side of the inner surf zone (29<x<32 m) the changes in profile are 
similar for series A and series C, whilst on the landward side (32<x<37 m) erosion in 
series C is reduced considerably. This reduction is present from the start of the 
experiments and the reduction is larger for the second part of the series. 

 

5.4.3 Total volumetric sediment-transport rates 
The volumetric sediment-transport rates inferred from the profile changes of series C are 
presented in Figure 5.20. From Figure 5.20 one can derive that initially (C100-C101) 
sediment-transport rates are large and onshore directed for x<26 m. In subsequent runs, 
the magnitude of sediment-transport rates decrease and the region of onshore sediment 
transport moves offshore. In the latter two time intervals (C210-C302 and C302-C404) 
the onshore directed sediment-transport rates are restricted to the outer surf zone (region 
1). In the region 26<x<37 m sediment-transport rates are large and offshore directed for 
the first time series (C100-C101), with a maximum around x=30 m. In subsequent runs, 
the magnitude of the maximum decreases by a factor of two and moves in offshore 
direction. Simultaneously, sediment-transport rates reverse direction for x>32 and lead to 
swash-bar formation on the beach. The large magnitude and different pattern of the 
sediment-transport rates of the first time interval compared to the latter ones, indicates 
that in the first 0:45 hours abrupt changes occur that smoothen during latter runs. The 
gradient of the offshore directed sediment-transport rates for 25<x<32 m decreases with 
time. This implies that the rate of erosion is reduced during the experiment.  

A striking difference between the sediment-transport rates of the A-series (Figure 5.11) is 
that the transport rate patterns of series C shift in position and decrease in amplitude 
with time. In series A, the sediment-transport patterns remain centred around the same 
location, and do not differ in maximum magnitude (Figure 5.11). 
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Figure 5.20: Volumetric sediment-transport rates of different time series of series C. 

In Figure 5.21, sediment-transport rates of equal time intervals of series A and C are 
compared. This comparison shows clearly that major differences between series A and C 
occur for x>25 m, landward of the breaker-bar crest. In the region x<20 m, differences 
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are only observed for the last time interval. For x>25 m, not only the magnitude of the 
maximum, offshore-directed sediment-transport rates differ, also the locations of these 
maxima in transport rates are moved offshore for series C. The gradients of the 
sediment-transport rates in the inner surf zone (region 2) are almost identical for both 
time intervals in series A. In series C, these gradients are smaller and decrease during the 
experiment, pointing to erosion. In the most onshore side of the inner surf zone (x>32 
m), sediment-transport rates are onshore directed for series C, whilst in series A 
sediment-transport rates are directed offshore. Of course these features also show up in 
the morphology in Figure 5.19. For x<20 m, sediment-transport rates of series A and C 
are similar in for the first time interval, but in the second time interval, the sediment-
transport rates of series C are larger than for series A. The transport gradients are not 
much different. 
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Figure 5.21: Volumetric sediment-transport rates for equal time intervals of series A and C. 

5.4.4 Mass change per sediment fraction 
Previous sections showed the changes in height along the profile of series C. With the 
information on the composition of the sediment, derived with the MEDUSA 
measurements, the changes in mass can be determined for quartz and zircon separately 
(see Figure 5.1 and equation (5.3) and (5.4)). These changes in mass will subsequently 
lead to the mass-transport rates for both sediment fractions in the next section. The mass 
changes for the two sediment fractions show the individual changes in mass of quartz 
and zircon along the profile but do not represent the concentration at the bed. Only the 
combined sediment-transport rates of both fractions give information on the final zircon 
concentration at the bed.  

The mass changes of the zircon fraction for three different time intervals of series C 
(Figure 5.22) show a remarkable difference in behaviour for the first part of the 
experiments (C100-C201) compared to the subsequent part (C201-C302 and C302-
C404). In the first part of the series, the profile can be divided in two regions; for x<25 
m, zircons are eroded whilst zircons are deposited for x>25 m. Whether this 
redistribution of large masses of zircon is really the result of the transport of zircons is 
questionable and probably an artefact of the data analysis. In the initial phase of the 
experiment (see Figure 5.18), the region 22<x<30 m shows a net deposition of 
sediments. Visual observations during the experiments, showed that this are mainly 
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quartz sediments. The investigation of possible uncertainties in the zircon concentration 
in chapter 3, indicates that by covering the sediment mixture with pure quartz sediments, 
a systematic deviation can be introduced due to the non-homogeneity of the upper layer. 
The covering of the total sediment with quartz leads to an underestimation of the zircon 
concentration and, covering the sediment mixture with zircon leads to an overestimation 
of the zircon content. In the initial phase of the experiments, the profile changes are 
large. Small uncertainties in the zircon content can therefore lead to large mass changes 
of the zircon fraction. The negative mass-variations in the zircon concentration can be 
directly the result of these systematic uncertainties. However, whether the large mass 
changes of zircon between x=26 m and x=37 m is also the result of these effects is not 
clear. Since the effects will be strongest in the first profile measurements with relatively 
large profile changes, the results of the first time interval are omitted from further 
discussion.  
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Figure 5.22: Change in mass of the zircon fraction for 3 time-intervals of series C. 

For the time intervals C201-C302 and C302-C404, the results become smoother due to 
increased statistics, in which small-scale variations are averaged. Also for these 
measurements, the results indicate that zircons are removed from 17<x<~25 m; the 
region of the breaker bar. At these locations, mainly quartz sediments are deposited and 
cover the original sediments. In reality, the removal of zircon from this region is 
impossible, since the zircon is covered by the quartz and thereby hindered from sediment 
transport. Therefore, the negative mass change of zircon on the location of the breaker 
bar is related to the error introduced by the assumption of homogeneity of the upper 
layer. Taking into account the large change in bed height at this location, only a small 
uncertainly in the zircon concentration will result in a relatively large error in the mass 
variation of zircon. The relative result of this error on the mass variation of quartz is 
much smaller, since the concentration of quartz is much larger.  

We have seen that in the regions of accretion of quartz, the zircon concentration is 
underestimated, leading to unrealistic negative mass changes of zircon. The results of the 
sensitivity analysis in section 3.4 showed that the zircon concentration can also be 
overpredicted when a layer of zircon covers the initial sediment bed. In the case where 
only quartz sediments are eroded and leaving zircon as a lag deposit, this could be the 
case. However, the following reasoning shows that these effects are much smaller and 
will probably not show up in the mass changes of zircon. In regions of accretion, the 
thickness of layer l1 (see Figure 3.13 and section 3.4) is equal to the total amount of bed 
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height change. In case of erosion, this is not the case. If in an extreme case, only quartz 
sediments are eroded, a thin layer of zircon will be left as a lag deposit and can be 
considered to have a thickness l1. Since the initial concentration of zircon is 30% (by 
volume), removing 0.7 cm of quartz will leave a layer of pure zircon of only 0.3 cm. 
Moreover, the error of non-homogeneity due to the covering of zircon is much smaller 
than the error by covering with a layer of quartz (see section 3.4). Therefore, the positive 
correlation between mass changes of zircon and bed-height change for x>25 m, are the 
result of sedimentary processes and not due to inaccuracies in the data analysis. 
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Figure 5.23: Mass variations for the quartz and zircon fraction for the last time series of series C and mass 
change in a similar time interval of series A. 

In Figure 5.23, mass variations in the zircon and quartz fraction are presented for the last 
time interval of series C and the comparable time interval of series A. For reasons of 
clarity, only the last time interval is discussed. The behaviour of quartz and zircon 
fraction with respect to the total quartz is different in the four morphological zones: 

1) The outer surf zone (x<18 m) 
In this region, profile changes are small and mass changes are not significant. 

2) The breaker-bar (18<x<29 m) 
When comparing the difference between the mass changes of the quartz fraction and 
the quartz of series A, it strikes that on the seaward side of the breaker bar mass 
changes are similar. This is also observed in total bed-height changes in Figure 5.19. 
The results of these total bed-height changes also show that on the landward side of 
the breaker-bar crest volume changes are reduced compared to series A. For 
25<x<29, bed-height changes of series even C show erosion, whilst in series A 
sediments are deposited. The result in the mass change of the two fractions shows 
that the erosion is the result of the removal of quartz; zircons are even deposited in 
this region. Due to their large density compared to quartz, their effect in the profile 
change is a factor two smaller. 

The mass changes of the quartz and zircon fractions are negatively correlated and a 
maximum accretion of zircon corresponds to maximum erosion of quartz. The 
maximum magnitude of accretion of zircon and erosion of quartz is located on x=26 
m and both the erosion and accretion decrease in landward direction. 
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3) The inner surf zone (29<x<37 m) 
The total bed-height changes for the time intervals of series C (Figure 5.18) shows 
that the region of net erosion extends from 30-37 m in the first time interval of series 
C (C100-C101) to 25-37 m in the last run (C302-C404). The mass changes of quartz 
for the last time interval show that for the region 29<x<37 m, quartz sediments are 
removed, with a local maximum in erosion around x=31 m and decreasing in 
magnitude in onshore direction. The zircon fraction shows a completely different 
pattern. These sediments are eroded for 30<x<32 m, but for 32<x<37 m zircons 
accumulate. In the region where zircons accumulate, the mass changes of the quartz 
fractions are reduced by maximum a factor 6 with respect to the quartz of series A. 

4) The “dry” beach (x>37 m) 
On the beach, mainly quartz sediments are deposited, and the total amount of 
deposited quartz is similar to that of series A. The deposition of zircons is restricted 
to the seaward side of the swash bar. 

The overall pattern of mass change of the zircon fraction shows that on the breaker bar, 
zircons are not moved, whilst quartz sediments accumulate. Just landward of the breaker 
bar zircons are deposited, whereas the quartz fraction is eroded. From this point, the 
quartz fraction shows erosion for the total inner surf zone and the magnitude of erosion 
decreases in onshore direction. For the zircon fraction, different behaviour can be 
observed: erosion of zircon occurs only for 30<x<32 m, whereas more landwards 
zircons are deposited. 

5.4.5 Mass-transport rates per sediment fraction 
Since the mass variation in the zircon fraction is probably underestimated in the region of 
net accretion of quartz, establishing sediment-transport rates from the total conservation 
of the mass of zircons will yield erroneous results. From Figure 5.22 it can be inferred 
that the seaward limit of the “breaker bar” of zircon is located at x=24 m for time 
interval C302-C404, whilst the seaward limit of the zircon breaker bar for time interval 
C201-C302 is located at x=26 m. We have seen that seaward from these locations, mass 
changes of zircon are negligible and a correct estimation of sediment-transport rates 
would yield transport rates equal to 0 at x=26 and 24 m for time intervals C201-C302 and 
C302-C404, respectively.  

The volumetric sediment-transport rates indicated that the transport rates for series A 
and series C are equal in the region seaward of the breaker bar crest. Since the mass 
changes of zircon in this region are minimal compared to the mass changes in the quartz 
fraction, also the mass-transport rates of quartz should be similar for series C and A. 
Figure 5.24 shows the sediment-transport rates of the quartz and zircon fraction of two 
time intervals of series C and the transport rates of series A of similar time intervals. 
These results show that, as expected, the transport rates of the zircon fraction are close to 
zero at x=26 and x=24 m and are reproduced for both time series. The transport rates of 
the mass fraction of quartz in the C-series experiments are similar to the transport rates 
of the experiments in series A for x<25 m. This shows that, despite the difficulties due to 
the non-homogeneity of the bed in the determination of the zircon concentration in case 
of accretion, the mass-transport rates per sediment fraction can be deduced with 
sufficient precision.  
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Figure 5.24: Sediment-transport rates of the quartz and zircon fraction in two time intervals of series C and 
sediment-transport rates of similar time intervals of the A-series. 

If we compare the sediment-transport rates of quartz and the quartz fraction, the 
transport rates are similar up to the crest of the breaker bar at x=26 m for C201-C302. 
For C302-C404, the sediment-transport rates of quartz and the quartz fraction are similar 
for 10<x<15 m, but the transport rate of the quartz fraction is a factor 2 larger for 
15<x<20m. In the region of breaker bar, 20<x<25 m, sediment-transport rates are 
similar. These observations are corresponding to the comparison of total transport rates 
(Figure 5.21). This strengthens the hypothesis that mainly quartz sediments are 
transported in the region and offshore of the breaker bar. The zircon fraction is covered 
by these sediments and consequently not available for sediment transport.  

At more onshore locations, sediment-transport rates of the quartz fraction are reduced 
with respect to sediment-transport rates of the uniform quartz. This reduction is larger in 
the last time interval. For the first time interval (A100-A207 and C201-C302), the 
gradients of the sediment-transport rate (the slope of the curve) are similar for 30<x<32 
m. In the second time interval, the transport gradient of the quartz fraction is smaller 
than the transport gradient of the uniform quartz for 30<x<35 m, pointing to a reduced 
erosion of quartz. It is also remarkable that the transport gradients of the quartz and 
zircon fraction are equal for 30<x<32 m. In this region, erosion rates are similar for both 
fractions. For 26<x<30 m, the transport gradient is larger for the quartz fraction, 
indicating that the erosion of the fraction is larger in this region. As noted in the 
description of the total volumetric sediment-transport rates in Figure 5.21, the transition 
from offshore to onshore-directed sediment-transport rates close to the beach is located 
more offshore for the quartz fraction. Sediment-transport rates on the beach (x>37 m) 
are similar for the uniform quartz and the quartz fraction.  

The sediment transport of the zircon fraction is directed offshore for 25<x<31 m, similar 
to the direction of the quartz fraction, and is slightly larger for the last time interval. The 
maximum in the offshore-directed sediment-transport rates is located around x=30 m 
and from there the transport rates decrease in onshore direction and reverse in sign at 
x=31 m. The subsequent maximum in onshore-directed sediment-transport rates is 
located around x=32 m for both time intervals and the sediment-transport rates decrease 
to q=0 towards the shoreline at x=35 m. The sediment-transport rates of zircon in this 
region are opposite to the sediment-transport rates of the quartz fraction.  
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The two maxima in sediment-transport rates of the zircon fraction indicate that zircons 
are deposited at x=30 and x=32 m. At the swash bar at x=37 m the sediment-transport 
rates of zircon show a slight increase, pointing to an onshore transport of zircon onto the 
swash bar. 

In general, the sediment-transport rates of the quartz fraction only deviate from the 
sediment-transport rates of the uniform case of series A if a significant fraction of zircon 
is transported. If quartz and zircon both are eroded, erosion rates of the fractions are 
equal.  

5.4.6 Zircon distribution  
The variations in the mass-transport rates per sediment fraction show that quartz and 
zircon are transported in different ways. Since the zircon and quartz used in these 
experiments have a similar grain-size distribution, this selectivity in sediment transport 
reflects purely the effect of sediment density. 

Figure 5.25 presents the zircon concentrations in the upper layer of the sediment 
calculated for a layer with a constant thickness of 5 cm. The initial concentration of 
zircon (C100) is not constant but shows small-scale variations and increases in shoreward 
direction. These variations are the result of selective processes during filling of the flume. 
Already in the first time interval, this distribution changes with distinct differences in the 
four  morphological units of the coastal profile: 

1) The outer surf zone (x<18 m) 
Since the sediment-transport rates in this region are small, sediments are not selected 
and the zircon concentration remains constant. 

2) The breaker bar (18<x< 25-29 m) 
The variations in sediment-transport rates of the different fractions, show that mainly 
quartz sediments are deposited on the seaward side of the breaker-bar crest located at 
x=25 m. Consequently, the concentration of zircon will decrease. The zircon 
concentration is determined in a layer with a thickness 5 cm. Since the maximum 
amount of accretion is smaller than 5 cm, the zircon concentration in this 5 cm will 
not decrease to zero, although the upper layer is mostly composed of quartz. At the 
landward side of the breaker bar crest, quartz sediments are removed and zircons are 
deposited (see discussion on Figure 5.23). Consequently, the concentration of zircons 
increases in this region. As we can observe in Figure 5.25, the area of increased 
concentration of zircon moves offshore in time. For 25<x<26 m, the concentration 
of zircons is decreased for C302, whilst in the latter series (C404) the zircon 
concentration is larger than the initial profile. 

3) The inner surf zone (25-29<x< 37 m) 
In the inner surf zone, a complex interaction occurs between accretion and 
deposition of quartz and zircon sediments, but the average distribution of zircons is 
rather simple: the total zircon concentration in this region increases with a maximum 
around x=30 m. This zircon distribution points to the often-mentioned mechanism 
wherein quartz is removed from the inner surf zone, leaving zircons as a lag deposit 
(Komar and Wang, 1984; Stapor, 1973). However, the analysis of the transport rates 
of the sediment fractions shows a more sophisticated process. Apparently, the 
simultaneous removal of quartz and zircon from the region around x=31 m, and the 
removal of quartz and deposition of zircon for 32<x<35 m have a similar effect on 
the average zircon concentration at the bed. This shows clearly that by looking at 
sediment composition alone, transport rates for the different sediment fractions 
cannot be derived accurately. 
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The variations of the zircon concentration in time shows how the general increase 
continues until the end of the experiment, but this increase slows down with the 
continuation of the experiment. In the region 35<x<37 m, the zircon concentration 
does not change during the experiment. 

4) The “dry” beach (x>37 m) 
On the swash bar, the concentration of zircons decreases with time. This is the result 
of the fact that mainly quartz sediments are deposited on the swash bar. 
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Figure 5.25: Distribution of the zircon concentration in the upper 5 cm of the sediment for different runs 
of series C.  

These results show how the complex redistribution of sediments results in an average 
zircon distribution that is rather simple: a decrease of zircon concentration on the breaker 
bar and an increase of zircon in the inner surf zone. 

By just measuring the zircon concentration in the upper layer, by sediment sampling or 
radiometric techniques, and by not including bed height variations to determine a mass 
balance, these results will lead to the erroneous conclusion that quartz minerals are 
selectively removed from the inner surf zone and zircons remain as a (passive) lag 
deposit. This stresses the importance of the detailed, high-resolution measurements of 
both profile variations and zircon concentration in the bed. 

5.4.7 Assessment 
If we describe the profile change of all fractions and the total profile change between 0 
and 7 hours of experiments (A100-A207 and C100-C302) in terms of accretion and 
erosion (Figure 5.26), it strikes that the trend of erosion and deposition of the zircon 
fraction is similar to the trend of the total C-series, but the patterns are scaled differently. 
All patterns of erosion and deposition can be described by a region offshore with only 
limited profile change followed by a zone of net accretion (the breaker bar). In landward 
direction sediments are eroded, whilst more close to the beach deposition of sediments is 
observed. Compared to the quartz fraction, the breaker bar of the zircon fraction is 
located more landward, and the region of erosion is much smaller.  

This description raises the questions whether the total profile change of a sediment 
mixture of quartz and zircon is the sum of the changes in two profiles of uniform quartz 
and zircon and if both fractions behave independently. If this is the case, the erosion-
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deposition patterns of the quartz fraction should be equal to the patterns of series A for 
all time intervals.  

The patterns of erosion and deposition for the first and last time interval of series A, the 
total series C and the sediment fractions of series C are compared in Figure 5.26 and 
Figure 5.27, respectively. The patterns in Figure 5.26 show that the onset of breaker-bar 
formation at x=17 m is equal for the total of series C and series A. Also the change of 
accretion to erosion at x=26 m occurs at an equal location. The only difference between 
the changes of the total of series C and series A occurs in the transition from erosion in 
the inner surf zone to accretion on the beach. This change occurs more seaward for 
series C (x=34 m) than for the A series (x=36.5 m). If we compare the fraction of quartz 
in series C with the uniform quartz of the A-series, the patterns of erosion and deposition 
are similar. 

For the last time interval of series C, the patterns are compared in Figure 5.27. These 
results show that the onset of breaker bar formation is located similarly for the total 
series C and series A. The subsequent change to erosion occurs at x=25 m for series C, 
whilst for series A this is the case at x=26 m. Also the width of the region of erosion, the 
inner surf zone, is different for series C and the uniform sediments of series A. Accretion 
of sediments starts at x=32.5 m for series C and at x=36.5 for the A series. Unlike the 
comparison of the first time interval, the patterns of erosion and accretion are not similar, 
but differ at one location. Similar to the total of series C, the transition from deposition 
on the breaker bar to erosion in the inner surf zone occurs at 25 m for the quartz 
fraction. This indicates that the region of erosion in the inner surf zone is larger for the 
quartz fraction. For the other parts of the profile, the changes in the quartz fraction are 
equal to the uniform quartz. 

The variations in morphology in the zircon fraction have not only a different spatial 
scaling from the A series, they differ also in time. In the first time interval, the system of 
the “breaker bar” of zircon and erosion of zircon is restricted to 26<x<31 m, whilst this 
region increases in the second time interval to 25<x<32 m.  

For the first time interval, the changes in the total C series can indeed be described by the 
profile evolution of quartz and the profile evolution of zircon. For the second time 
interval, this is not the case. These results (Figure 5.27) show that the change of accretion 
to erosion for the quartz fraction is altered. Since this location is also the onset of “bar” 
formation for the zircon fraction, the zircon fraction possibly influences the transport of 
quartz.  

The total morphological variation of the C-series, is a combination of the morphological 
changes of the quartz and zircon fraction. The location of the seaward extent of the 
breaker bar in series C is mainly determined by the quartz fraction. This is not surprising 
since the breaker bar is merely composed of quartz. The extent of the region of erosion 
in the inner surf zone is determined by the variations in both the quartz and zircon 
fraction. This is a qualitative indication that morphology of a sediment mixture is not just 
the sum of the morphological changes of the sediments fractions, and the two fractions 
influence each other’s sediment transport.  
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Figure 5.26: Division of the profile in regions of erosion, deposition and a region of little profile change for 
the first time interval of the total series C (C100-C302), series A (A100-A207) and for both fractions. 
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Figure 5.27: Division of the profile in regions of erosion, deposition and a region of little profile change for 
the last time interval of the total series C (C302-C404), series A (A207-A309) and for both fractions. 

5.5 Hydrodynamics 
One of the most common concepts that describes the barred morphology of a coastal 
system attributes breaker-bar formation to the combined result of onshore directed 
sediment transport by the shoaling of high-frequency waves, by low-frequency wave 
effects in the shoaling and surf zone and by offshore-directed transport of sediments 
from the undertow, induced by breaking (see e.g. Grasmeijer and van Rijn, 1999; 
Greenwood and Osborne, 1991; Roelvink and Stive, 1989). 

Sediment transport is often described by an energetic approach (Bailard, 1981). This 
concept assumes that sediments are transported by the capacity or energy of the flow. 
This flow-capacity (and related sediment load) is assumed to be proportional to some 
power of the near-bottom oscillating flow ( )( )ntu . The sediment transport can than be 
described by the flow velocity time the sediment load: 
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( ) ( )ntutuq∝  (5.7)

In this expression, n ranges between 2 and 4. The total velocity signal consists of a wave-
group averaged component, u , a short wave oscillatory component, us(t), and a 
component that varies on the time scale of wave groups, ul(t). Assuming that ul « us and 
that us is not correlated to 2

lu and 3
lu , the contribution of these components to the 

third order flow moment can be approximated with a Taylor expansion by (see Bosboom 
et al., 1999; Roelvink and Stive, 1989): 

( ) ( ) 2222 33 sssls uuuuuututu ++= . (5.8)

In this approximation is assumed that the transport capacity of the flow is fully 
determined by the high-frequency oscillating component. The first term in the right-hand 
side of equation (5.8) is related to the mean (return) flow, the second term describes the 
low-frequency component, the third term describes the high-frequency component of 
sediment transport. The second term is only non-zero if there exists a correlation 
between the long-wave component, ul, and the short-wave velocity variance, us

2. This 
correlation is negative for the case of group-bound long waves. A positive correlation 
exists when short-wave variance corresponds with slowly varying water level. The third 
term is only non-zero when the oscillating water motion is asymmetric due to wave 
shoaling.  

It should be mentioned that the flow moments described in equation (5.8) do not exactly 
represent the sediment-transport rates induced by mean flow, long waves and short 
waves. Qualitatively, the patterns are representative, but for a correct estimation of total 
transport components, ( ) ( )2tutu  should be written as (Bosboom et al., 1999): 

( ) ( ) [ ] [ ] [ ]222222 22 slssssls uuuuuuuuuututu ++++=
. (5.9)

In this expression, the first term represents the mean-flow component of the sediment 
load, the second term represents the component induced by low-frequency waves and the 
last term represents the component induced by high-frequency waves. For the present 
analysis, the three components of the flow moment (according to equation (5.9)), 
measured with the ADV, are presented in Figure 5.28 (Bosboom et al., 1999; Bosboom and 
Koomans, 2000). For the A series, velocities are measured at various heights above the 
sediment, but for series C velocities are all measured at 3 cm above the bottom. The flow 
moments presented in Figure 5.28 are all measured at 3 cm above the bed for both series. 
Visual observations on small-scale morphology showed that more than one ripple crest 
passed below the ADV during one run. The measurements represent therefore an 
overage over ripple trough and crest. 

The mean-flow component is primarily due to the undertow, induced by wave breaking. 
This flow becomes significant at x ≥ 20 m where the breaker bar starts to develop and 
reaches its maximum in the surf zone at x=27-32 m. Close to the beach, the offshore 
directed mean flow decreases.  

The low-frequency component is offshore directed for the major part of the profile. The 
magnitude of this component increases from x=15 m to x=23 m, just seaward of the 
breaker-bar crest. From this point, the offshore directed flow decreases to zero at x=30 
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m and shows an onshore directed flow at x>30 m. For series A, the velocities at x=33 m 
are not determined at 3 cm above the bed. However, the measurements at 0.5 cm above 
the bottom show that also for series A, the net low-frequency oscillation is onshore 
directed at x=33 m. 

The high-frequency component of the velocity moment at 3 cm above the bed is onshore 
directed along the entire profile. The velocity is lowest at the most offshore measuring 
point and increases in shoreward direction to x=28 m, onshore of the breaker bar. From 
there, the short-wave component reduces in onshore direction. 
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Figure 5.28: Velocity moments of high frequency, low frequency and mean flow for the A and C series at 3 
cm above the bed, together with the initial profile and final profiles of series A and C. Positive velocities 
indicate onshore direction. The dotted lines represent polynomial fits to guide the eye. 
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From Figure 5.28, it can be concluded that differences in hydrodynamics between the A 
and series C are in general small. The variations that can occur within one series, as 
shown by some duplo measurements, are of the same magnitude as the differences 
between the A and C series.  

The results indicate that the hydrodynamic conditions of both series are similar and that 
the differences in hydrodynamics due to variations in large-scale morphology are not 
likely to be the dominant factor giving rise to the differences in sediment-transport rates 
between series A and C. This shows that the differences in sediment density are 
dominant in generating the differences in sediment-transport rates. 

5.6 Suspended-sediment transport 

5.6.1 Suspended-sediment concentrations 
Previous sections show the result of changes in morphology and sediment composition 
and the total sediment-transport rates inferred from these changes. No attention has yet 
been paid to the different modes of sediment transport. In chapter 1, an overview is 
given of these different modes. An often-used classification of sediment transport modes 
is the division in bed-load transport and suspended-load transport. However, a generally 
agreed concept on what part of sediment transport can be considered bed load and which 
part should be named suspended load is not available (Dohmen-Janssen, 1999; van Rijn, 
1993). In the present experiments, measurements of suspended-sediment concentrations 
are made down to 0.5 cm above the bed and for present analysis, sediment transported at 
heights <0.5 cm are considered as bed load and sediment transported at elevations >0.5 
cm are considered as suspended load. The time-averaged suspended-sediment 
concentrations of series A and C are determined with a transverse suction system (see 
chapter 2). Therefore, sediments are sampled out of the water column at a constant 
height above the sediment bed during an entire run. Small-scale ripple structures passed 
below the suction system and the data represent and average over ripple crest and ripple 
trough. 

Time-dependent suspended-sediment concentrations are measured with an optical 
concentration meter (OPCON). Bosboom et al. (1999) analysed the contribution from 
the suspended-sediment transport to the total sediment-transport rates, by summing the 
products of the mean, high-frequency and low-frequency components of the velocity 
signal multiplied with similar components of the time-dependent signals of the OPCON. 
This analysis showed that the suspended-sediment transport (at elevations >0.5 cm above 
the sediment bed) describes the majority of the total sediment-transport rates.  

In series A, the time-averaged suspended-sediment concentrations are measured at one 
elevation per run and after each run the elevation is adjusted. In total 8 elevations (0.5, 1, 
1.5, 2, 3, 4.5, 6 and 9 cm) above the bed are sampled.  In series C, 8 elevations (0.5, 1, 1.5, 
2, 2.5, 4, 6 and 8 cm) are sampled simultaneously in one run. The sediment samples of 
series A are analysed on their grain size in a settling tube. The samples from series C are 
analysed on their zircon concentration with radiometric techniques (see chapter 3). The 
concentrations of zircon in the suspended sediment samples are used to construct a 
vertical profile of the suspended-sediment concentration for the quartz and zircon 
fraction separately (Figure 5.29).  

Figure 5.29 shows the suspended-sediment concentrations of series A and C on a 
number of positions of the profile as function of elevation. The height distributions of 
the suspended-sediment concentrations (of both the quartz and the zircon) can be 
described by a straight line on a log scale. For all position on the profile, the 
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concentration of zircon is lower than that of quartz and for location x=23 m, located on 
the breaker bar, zircon is absent. In general, we observe that the suspended sediment 
profiles of the quartz in series A and C are similar in the locations at x ≤25.5 m, but 
differ in magnitude and shape in the locations at x=30.5 and 33 m.  

The vertical distribution of the time-averaged suspended-sediment concentration (C(z)) is 
often described with a diffusion model in which the downward forces on the sediment by 
gravity  (parameterised by the settling velocity ws) are balanced by the upward vertical 
mixing of the sediment, parameterised by the sediment-mixing coefficient εs (Ribberink 
and Al-Salem, 1994): 

0
)(

)()( =+
z
zC

zzCw ss δ
δ

ε . (5.10) 

There are various descriptions for the distribution of εs over height (see e.g. van Rijn, 
1990) but experiments in the ripple regime in two oscillating water tunnels   (Bosman et 
al., 1987; Ribberink and Al-Salem, 1994) showed that the vertical profile of time-averaged 
suspended-sediment concentrations can be described with a sediment-mixing coefficient 
εs that is constant over height.  For i sediment fractions, this gives a solution of equation 
(5.10) that can be described by: 

( ) ∑








−

=
i

wz

i
s

si

eCzC ε
0 , (5.11)  

where z is the vertical co-ordinate with respect to the time-averaged bed level and with 
C0i being the reference concentration for fraction i at z=z0 (z0= 1 mm in this thesis), 
determined from extrapolation. The ratio of settling velocity over sediment-mixing 
coefficient is proportional to ripple height, caused by the increased turbulence of the 
vortices induced by the ripple structures (Nielsen, 1983; Ribberink and Al-Salem, 1994). 
Although the sediment-mixing coefficient is assumed to be constant over height, the 
mixing coefficient will of course differ in cross-shore direction due to local differences in 
turbulence depending on the interaction of the water motion and the sediment bed. 

Equation (5.11) is used to fit the suspended sediment verticals of the quartz in the A 
series and of the quartz and zircon distributions in the C series. The model describes data 
well with an average r2 of 0.99. These data show that the slopes of the fits are more or 
less similar for the uniform quartz and the quartz and zircon fraction for all locations ≤28 
m. For the locations at x=30.5 and 33 m the behaviour is different. At these locations, 
the slopes of the curves for the uniform quartz and the zircon fraction are similar, but the 
slope of the quartz fraction deviates clearly and is less steep. Since the slope of the curves 

is determined by 
s

sw
ε

, the parallel curves of the uniform quartz and the zircon fraction 

indicate that εs is not a constant since the settling velocity of zircon is more than twice the 
settling velocity of quartz.  To compare the absolute values of the slope and magnitude of 
the curves, the distribution of the sediment mixing coefficients (εs) and reference 
concentration (C0) along the profiles of series A and C are presented Figure 5.30.   
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Figure 5.29: Suspended-sediment concentration of quartz (series A) and the quartz and zircon fraction 
(series C) as function of height for a number of locations along the profile.  
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Figure 5.30: Reference concentration (C0) and sediment-mixing coefficient (εs) of a number of suspension 
verticals along the sediment bed. 

The reference concentration is a measure of the amount of sediments that are suspended 
at a reference height above the bottom. The reference concentrations of quartz of series 
A (Figure 5.30) show a general increase from deep water towards the breaker bar (x=25 
m). Landward from this location, the reference concentration is smaller, and more or less 
constant towards the beach. For the zircon, the reference concentration is low (a factor 
of 10 smaller than the quartz) but more or less constant from x=15-25m, and is higher 
but constant for the 3 verticals between the point of wave breaking and the beach. For 
location x=23 m, zircons are absent and the reference concentration equals zero. The 
reference concentration of the quartz fraction of series C has similar values as the quartz 
in the A series for x≤ 28 m. For the two locations at x=30.5 and x=33 m, the reference 
concentration of the quartz fraction is a factor 5 –10 smaller than the values of series A. 
If we combine the information on the values of the reference concentrations, we can see 
that the total load of suspended-sediment transport is similar for both experiments for 
the locations for x ≤28 m. For locations more onshore, the total suspended load in series 
C is smaller than the total suspended load of the A series. 

As we observe in Figure 5.30, the mixing coefficients of the zircon fraction are in all 
cases larger than the sediment-mixing coefficient of the quartz fraction. If we compare 
the mixing coefficients of the uniform quartz and the quartz fraction, these are similar for 
all locations except for the verticals at x-position 23, 30.5 and 33m. In the location at 
x=23 m, the mixing coefficient of the quartz fraction is smaller than the mixing 
coefficient of series A. At x=23 m, zircons are not measured in suspension and only 
quartz is transported (Figure 5.24). Why the εs of quartz is smaller than the mixing 
coefficient of zircon is not clear, but a possible explanation can be the difference in wave 
breaking in series C due to the differences in morphology. 

5.6.2 Suspended sediment composition along the profile 
The sediment samples from the suction system are stored and analysed on grain size 
(series A) and zircon fraction (series C). In Figure 5.31 and Figure 5.32, the median grain-
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size of the sediment samples from series A and zircon fractions of series C are shown as 
function of elevation above the sediment bed for various locations along the profile, 
respectively. These results show that the grain size in series A and the zircon fraction in 
series C are not constant in the vertical, but vary with height above the sediment bed. In 
general, the grain size of the suspended sediment samples is largest close to the bottom 
and the grain size decreases at higher elevations. This decrease seems to be linear, similar 
to the results of Sengupta (1975), but the slope differs for each location. The 
measurements are fitted with a linear fit to stress the relation between grain size and 
elevation. These results show that in general, the maximum grain sizes of the suspended 
material are smaller than the median grain size of the bed (129 µm) and in some locations 
median grain sizes of the suspended sediments are even smaller than the d90 of the initial 
sediment bed (93 µm). The maximum measured grain size is more or less constant along 
the profile and has a value of ~115 µm. For location x=23 m, the maximum grain size is 
smaller, whilst for locations x=30.5 and x=33 m, the maximum grain size is slightly 
larger. The slopes of the grain size over height of the locations x=15.5, x=18, x=23, 
x=25.5 and x=28 m are similar, but the slopes differ at x=20.5, 30.5 and 33m. For 
x=20.5 m and x=30.5 m, the slopes are steeper, indicating that the grain size decreases 
faster with height. The three measured points at x=33 m, indicate that grain sizes are 
constant over height and vertical sorting on size does not occur. 

In series C, the fraction of zircon in the suspended samples is determined with 
radiometric techniques, described in chapter 3. The distribution of the zircon fraction as 
function of height above the bed is presented in Figure 5.32. These results show that the 
mass fraction of zircon in the suspended sediment is rather low (<10%) for all locations 
≤28 m. For location x=23 m, the smallest grain size fraction is observed and for this 
vertical, zircons are even absent from suspension. The zircon fractions are larger for the 
three most onshore measuring points at x> 28m. For the two most offshore locations 
(x=15.5 and x=18 m), the fraction of zircon is more or less constant over height. For all 
other locations, the zircon fraction of the sediment samples decreases with increasing 
height above the sediment bed.  

The relation between zircon fraction and elevation seems to be linear and the results are, 
where possible, fitted with a linear curve to extrapolate the results to a zircon fraction at 
the sediment bed (see Figure 5.32). These fractions of zircon are compared with the 
average zircon fraction of the upper 5 cm of the sediment bed in Figure 5.33. These 
results show that the fraction of zircon in suspension increases with increasing zircon 
fraction at the bed. In all cases, the fraction of zircon in suspension is lower than the 
average fraction of zircon at the bed 

Summarising, the grain size and zircon fraction of the suspended sediments is not 
uniform in vertical direction, nor in horizontal direction along the profile. The maximum 
grain size of the suspended sediments is smaller than the median grain size of the 
sediments of the bed and also the maximum zircon fractions in the suspended sediments 
are smaller than the zircon fractions at the bed. The largest grain size and highest zircon 
concentration of the suspended material is found in the inner surf zone.  
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Figure 5.31: Grain size distributions over height on a number of locations on the profile. The dashed lines 
represent a best linear fit trough the data points. 



Suspended-sediment transport 

132 

x=
 3

0.
5m

x=
 3

3m
x=

 2
8m

x=
 2

5.
5 

m
x=

 2
3m

x=
 2

0.
5m

x=
 1

8m
x=

 1
5.

5m

in
iti

al
 p

ro
fil

e
C

 s
er

ie
s

0
2

4
6

8
10

El
ev

at
io

n 
(c

m
)

0

0.
02

0.
04

0.
06

0.
080.

1
mz

C
 s

er
ie

s 
zi

rc
on

Li
ne

ar
 fi

t

0
2

4
6

8
10

El
ev

at
io

n 
(c

m
)

0

0.
2

0.
4

0.
6

mz

 

Figure 5.32: Zircon distributions over height on a number of locations on the profile. The dashed lines 
represent a best linear fit trough the data points. 
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Figure 5.33: Mass fraction of zircon at the bed, inferred from the fraction of zircon in the suspended 
sediment load, as function of the average zircon fraction in the upper 5 cm of the sediment measured with 
MEDUSA.  

5.7 Assessment 

5.7.1 Bed availability 
The total sediment-transport rates (q) are often described as the sum of transport rates 
for each individual sediment fraction (qi) (van Rijn, 1998a).:  

∑=
i

iqq , (5.12)

In the modelling of graded sediment transport, it is often assumed that the volumetric 
fraction in the bed determines the transport rate of a sediment fraction and that these 
transport rates are not affected by other fractions. The sediment-transport rate of a 
quartz fraction in the mixture (qm,q) is the product of the sediment-transport rate of 
uniform quartz (q*

m,q) and the volume fraction (that parameterises the probability of pick-
up) in the bed (graph B in Figure 5.34) (Reed et al., 1999; van Rijn, 1998a): 

*
,, qmqqm qvq = . (5.13)

Since the sediment transport rate of uniform zircon is in general smaller than the 
sediment-transport rate of uniform quartz for equal hydrodynamic conditions, reducing 
the fraction of quartz will reduce the total net sediment transport rate:  

( ) *
,

*
,1 qmqzmqm qvqvq +−= . (5.14)

Due to the larger sediment transport rate of the quartz fraction, this fraction is selectively 
removed from the upper (active) layer of the sediment. This results in the formation of a 
thin layer with a fraction of zircon that is higher than in the original sediment. The bed 
availability should therefore be determined from the volume fractions in the active layer. 
The thickness of the active layer is not well known. Several investigators have measured 
thicknesses ranging between two grain diameters (~0.5 mm) to values of 0.3 cm (Reed et 
al., 1999 and references therein). Experiments by Tánczos (1996) in the LOWT showed 
that the active layer thickness is of the order of several cm.  
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IF the sediment transport of the two fractions is not independent, the transport rates will 
be altered by a factor α (graph C in Figure 5.34). In case of armouring, α will be <1. 
When the transport rates are less reduced, α will be >1.  

In the description of size-graded sediment, the assumption of independent transport rates 
of the fractions is not a priori valid due to hiding or exposure when smaller grains fall 
within the pores of the larger ones. Therefore, often a correction factor, (e.g. Egiazaroff, 
1965) is applied and the transport of the fraction is described by: qmqqm qvcq ,

*
, α= , with 

c a correction factor. If this correction factor is not known properly, the effect of α 
cannot be estimated. Since the sediments in the experiments on density gradation have 
equal grain size, this effect is not of importance in the present experiments. 

q qz

q*q q*qvq

qz

A B C

α q*qvq

vq vq
 

Figure 5.34: Schematic presentation of the bed availability model (see equation (5.13)). In case of uniform 
quartz (q) bed, the total sediment transport rate is equal to the transport rate of the quartz fraction (graph 
A). If zircons (z) are added to the sediment, the transport rate of the quartz fraction is reduced due the 
decreased fraction in the bed (bed availability model, graph B). If the sediment transport of the two 
fractions is not independent, the transport of the quartz fraction will be modified by a factor α (graph C). 
In case of armouring, α will be <1, in case of enabling, α will be >1. 

For the series C, the mass transport rates of quartz are compared to the adjusted 
transport rates for the uniform quartz bed (series A) according to the bed-availability 
model. Figure 5.35 present the results for two time series. 

The results show that α is not equal to 1. In region 1, the bed-availability model 
underestimates onshore-directed sediment-transport rates by, a factor 1-2. This region is 
small for the first time interval (16<x<19 m) but is larger for the second time series. In 
the second time interval, transport rates are underestimated for 13<x<17 m. 

On the breaker bar (left-hand side of region 2), α>1. The offshore limit of this region 
(x=21 m) is constant for both time series, but the seaward edge of this region moves 
offshore in time from x=29 to x=26 m. Not only the width of this region decreases in 
time, also the magnitude of the overestimation of the sediment-transport rate decreases 
in the two time series; in the second time interval, α is almost equal to one. Accounting 
for the “trend” that is present in the two measurements, the region of α>1 will 
disappear. 

In the inner surf zone (region 3), the bed-availability model overestimates sediment-
transport rates in offshore direction (α<1). For the first time interval, this occurs for 
region 29<x<34 m. In the second series, the region of overestimation is broadened in 
offshore direction (26<x<34 m). 
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Figure 5.35: A) sediment-transport rates for the quartz fraction in series C compared with calculations of 
the bed-availability model (based on the sediment-transport rates of series A and the average fraction of 
quartz in the upper 5 cm of the sediment bed), for the first 7 hours (t1) and the subsequent 7 hours (t2). B) 
Values of α (Figure 5.34) calculated from the results in figure A. 

Not only absolute values deviate, also the transport gradients (steepness of the sediment-
transport rate curve) differ. The underestimation of the sediment-transport rates on the 
breaker bar, coincides with an underestimation of transport gradients. Apparently, the 
erosion and deposition in this region is stronger for the sediments in series C. This is also 
reflected in the evolution of total sediment-transport rates (see Figure 5.21) and indicates 
that the profile of series C moves faster to equilibrium. For the inner surf zone (region 3), 
sediment transport gradients from the model and measurements are similar for the first 
time interval. In the second time series, transport gradients of the measurements are 
reduced with respect to the transport gradients expected from the model. This indicates 
that the reduction of erosion rates in the inner surf zone increases during the experiment. 
The changes in bed composition in this time period (see also Figure 5.25), result in the 
formation of an armour layer composed of zircon. This layer covers the quartz sediments 
and precludes quartz sediments from entrainment (Kuhnle and Southard, 1990; Reed et 
al., 1999). The increased effectiveness in armouring in the second time interval points to a 
process wherein the reduction of sediment transport only starts after a minimum 
concentration of zircon in the armouring layer. This observation is consistent with 
experimental results on density gradation in unidirectional flow (Kuhnle and Southard, 
1990).  
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The results show that in case of density gradation, the transport rate of the sediment is 
not only determined by the availability at the bed. If we describe the sediment-transport 
rates of the quartz fraction with a numerical model based on the assumption of equation 
(5.13) the breaker bar in series C would be too wide and erosion in the inner surf zone 
would be too large. The reduced erosion of quartz near the beach in series C cannot be 
fully attributed to the reduced availability of quartz in the sediment, but other factors are 
also important. Close to the beach, sediment-transport rates of quartz are smaller than 
expected; on the breaker bar, sediment-transport rates are larger than expected. A 
qualitative analysis of the sediment-transport rates (see Figure 5.27 and section 5.4.7) 
shows that quartz and zircon interfere during sediment transport. Together with the 
information on the validity of the bed-availability concept, it can be concluded that the 
interference of the quartz and zircon fraction result in a reduction of sediment transport 
in the inner surf zone and in enabling of sediment transport on and offshore the breaker 
bar. 

5.7.2 Processes of selective sediment transport 
Various authors studied the contribution of the three velocity components (Figure 5.28) on 
the total suspended sediment load (Grasmeijer and van Rijn, 1999; Osborne and 
Greenwood, 1992; Roelvink and Stive, 1989; Ruessink et al., 1999) and their relation to 
bar formation. The results presented in these papers show that the net sediment-
transport rates are a delicate balance between large fluxes due to onshore-directed high-
frequency oscillatory flow and an offshore-directed mean flow component (the 
undertow). Also the suspended sediment load, measured with the OpCon and ADV in 
series A and integrated over the water depth is split into a high and low frequency and a 
mean flow component in Bosboom et al., 1999. These results show that total sediment-
transport rates of uniform quartz are mainly determined by the undertow, but the high 
frequent wave motion can certainly not be neglected. The contribution of the low-
frequency suspended-sediment transport is not of major importance to the net sediment 
transport of uniform quartz.  

The previous work acknowledged the importance of all flow components to the total 
sediment-transport rates and if we consider uniform sediment, the net sediment transport 
is just the sum of all these components. In the description of graded sediment transport, 
this is not a priori true. Due to vertical segregation of the sediment fractions (see section 
5.6.2) and differences in mobility of the sediment fractions the various flow moments will 
be of different importance for each sediment fraction. To study whether the three flow 
components have indeed different effects on the sediment-transport rates for the quartz 
and zircon fraction, the net transport rates (Figure 5.24), inferred from the profile change 
and sediment composition, and flow components (Figure 5.28) are qualitatively compared 
in Figure 5.36. 

The analyses of the transport rates per sediment fraction clearly show the differential 
behaviour of the quartz and zircon fraction in series C. In the region 25<x<31 m, both 
sediment fractions are transported offshore but at different sediment-transport rates. In 
the region 31<x<35 m, the quartz fraction is transported offshore, whilst the zircon 
fraction moves in onshore direction. 
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Figure 5.36: Velocity moments of series A averaged over waterdepth (upper figure) and transport rates 
determined from profile measurements for the quartz and zircon fraction and uniform quartz for the last 
time interval of series C. 

The high-frequency velocity moment is directed onshore and the low-frequency velocity 
moment is small compared to the offshore-directed velocity moment for 25<x<33. The 
onshore transport of the uniform quartz is mainly the result of the offshore directed 
undertow. In that respect we can also assume that the offshore-directed sediment-
transport rates of the quartz and zircon fraction are also the result of the undertow. The 
erosion rates of both fractions are similar and sorting of sediments will mainly be the 
result of differential settling velocities. For the onshore directed sediment-transport rates 
of the zircon fraction, another mechanism must be of importance. If we compare the 
behaviour of the low-frequency velocity moment and the transport rate of the zircon 
fraction in Figure 5.36, the similarity in change from offshore to onshore direction at 
x=31 m is striking. The sediment-transport rate of the zircon fraction is directed onshore 
whereas the low-frequency component of the flow is also onshore directed. 
Simultaneously, the magnitude of the onshore-directed high-frequency flow decreases 
strongly for x>31 m. This gives a strong indication that the onshore transport of the 
zircon fraction is the result of low-frequency wave motion. 

The analysis of transport rates per sediment fraction and deconvolution of the water 
velocity in different components indicates that for the most seaward side of the inner surf 
zone, quartz and zircon are transported offshore by the undertow. The erosion rates of 
both fractions are similar and sorting of sediments will mainly be the result of differential 
settling velocities. At the landward side of the inner surf zone, the transport rates of the 
quartz fraction are dominated by offshore transport by the undertow. The zircon fraction 
moves onshore by low-frequency wave components. This shows clearly how effects of 
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density grading of sediments result in differential transport rates. Not only transport rates 
of the zircon fraction are lower compared to the quartz, this fraction is also subject to 
different sediment-transport processes.  

5.7.3 Effect of density on suspended-sediment transport 
Armouring 
In the modelling of suspended-sediment transport, it is assumed that the contributions of 
the reference concentrations of each sediment fraction are determined by the availability 
at the bed of and the reference concentration of the uniform sediment (C*

0,i), similar to 
the bed-availability model for total sediment-transport rates (see equations (5.12) and 
(5.13)) (Reed et al., 1999; Samaga et al., 1986; van Rijn, 1998a; Wang et al., 1998): 

∑=
i

iiCvC ,0
*

0 . (5.15)

To determine the validity of this assumption, the ratios of the reference concentrations of 
the quartz fractions in series C normalised on the quartz of the A series are presented as 
function of the volume fraction of zircon in the sediment bed of series C in Figure 5.37. 
According to the formalism in equation (5.15), the data should be on the straight line in 
Figure 5.37.  

In section 5.7.1 we have seen that the bed-availability model is not valid for the total 
sediment-transport rates. Analyses of time-dependent measurements of velocity and 
suspension have shown that for these experiments, total transport rates are mainly the 
results of suspended-sediment transport (Bosboom et al., 1999). Therefore, armouring 
effects in total sediment-transport rates (section 5.7.1) are probably related to armouring 
effects in the suspended sediment-transport rates. To validate this hypothesis, the data on 
suspended sediment load are divided in three classes (α>1, α=1 and α<1), based on the 
results on total sediment-transport rates in (Figure 5.37). These results show that also for 
the suspended-sediment concentrations, the bed availability model is not correct and a 
correction factor is needed. Moreover, the deviations between the bed availability model 
and the total sediment-transport rates are directly related to the deviations in the 
transport rates of the suspended sediment. 
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Figure 5.37: Ratio of the reference concentration of the quartz fraction with respect to reference 
concentration of quartz in uniform sediment as function of the zircon fraction at the bed. The line 
represents the values according to equation (5.15). 
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Sediment mixing 
The time-averaged diffusion equation (equation (5.10)) is often used to describe 
suspended-sediment concentrations. There is still discussion on the validity of this 
concept, especially with respect to the description of graded sediments (Nielsen, 1992). In 
the concept of diffusion as a mechanism to distribute sediments in the water column, the 

decay of suspended sediment 








s

sw
ε

 should be proportional to the settling velocity of the 

sediment. The concept of diffusion assumes that the sediments are transported in the 
water column by the turbulence of the water particles (εf). The sediment-mixing 
coefficient, εs, is related to the mixing coefficient of water, εf, by: 

fs εβε = . (5.16)

The β factor describes the difference in diffusion of a fluid “particle” and a discrete 
sediment particle. There are several assumptions on the value of β. Some authors 
conclude that β <1 because sediment particles cannot fully respond to one-dimensional 
fluctuations in water turbulence. Other experimental data showed that β>1 because of 
centrifugal forces that act on the sediment particles. These forces “throw” the particles 
out of the turbulence eddies, resulting in increased sediment-mixing coefficients (see van 
Rijn, 1993, and references therein). In this process, β will increase with settling velocity 
and is thus proportional to sediment density and grain size. Another mechanism, 
responsible for β to be larger than unity can be the contribution of convective processes 
instead of diffusive processes in the exchange of sediments. This effect can be important 
in the presence of ripple structures, where vortices, loaded with sediment, appear at the 
lee side of the ripple structure and are carried away by the wave. During movement, these 
vortices decay (Fredsoe and Deigaard, 1992). Also for convective processes, β increases 
with the settling velocity of the sediment. In sediment transport, both convection and 
diffusion contribute to the mixing of sediment (Nielsen, 1992).  

There are various descriptions of the sediment-mixing coefficient over height (Sistermans 
and van de Graaff, 1999), and also the relation between sediment properties and 
sediment-mixing coefficient is topic of debate. Some authors claim that εs is proportional 
to the sediment density, others claim that εs is inversely proportional to sediment density. 
There are also expressions that show that εs uniquely depends on flow characteristics (see 
Fredsoe and Deigaard, 1992; van Rijn, 1993). 

The assumption that εs depends on settling velocity, does not directly imply that εs is a 
function of the grain size since by changing grain size, also other parameters (e.g. drag 
force) may change. In the present experiments, grain size is similar, but settling velocities 
are different for the quartz and zircon fraction. This gives the opportunity to isolate the 
dependence of the mixing coefficient on settling velocity and to exclude effects that may 
occur due to differences in size. 

The analysis of the suspended sediment verticals of the quartz and zircon fraction and 
the uniform quartz shows that the slope of the suspension vertical of the zircon fraction 
is similar to the slope of the uniform quartz. Simultaneously, the slopes of the quartz and 
quartz fraction are not always equal. To determine the effect of sediment gradation on 
the sediment-mixing coefficient in more detail, the sediment-mixing coefficient of the 
quartz fraction is normalised on the mixing coefficient of the quartz of series A, 
measured at the same position. The results are plotted in Figure 5.38. Since we compare 
sediment-mixing coefficients of quartz, effects of settling velocity will not influence the 
results. If the ratio of the sediment-mixing coefficients differs from unity, differences in 
the contribution of convective or diffusive processes are observed. The results in Figure 
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5.38 show that for most locations, the ratio is consistent with unity. Only for x=30.5 m 
and x=33 m, the ratios become significantly larger than 1. At these locations, convective 
processes are probably larger in series C. Since the contribution of convective mixing is 
often related to the presence of ripple structures (Fredsoe and Deigaard, 1992), the ripple 
structures of various locations on the profile are compared in Figure 5.39. 

Figure 5.39 shows the bed height in the middle of the flume for six locations on the 
profile. The left axis represents the profile of series A, whilst the right axis is a measure of 
the bed height of series C. Both axes represent a similar scale. The bed height is measured 
with the PROVO system with a spatial resolution of 4 mm. With a statistical uncertainty 
in the PROVO measurements of 0.5 mm, the uncertainties correspond more or less 
within the thickness of the lines. For all measurements we can observe the presence of 
ripple structures with a height of ~1-2 cm and a length of 5-10 cm. For the locations 
x=15-28 m, the ripple patterns are similar for both series and for this region, the mixing 
coefficients of series A and series C are equal. For the measurements around x=30.5 m, 
the morphology shows a different pattern. The ripple structures of series A have a rather 
constant height, whilst ripple structures of the C-series show much more variation. Some 
ripples are larger than those of series A, but also rather small ripple structures occur. This 
difference is even stronger for the measurements around x=33 m. It seems that each 
large ripple of series C is accompanied by a small ripple structure whilst the rhythmic 
pattern of series A is more constant. These variations can cause the increased 
contribution of convective processes to the sediment-mixing coefficient for series C. For 
locations <30.5 m, ripple structures are similar and the contribution of convective and 
diffusion processes in series A and C is similar. This corroborates the results in Figure 
5.38. 

The results in Figure 5.30 showed that the normalised sediment-mixing coefficient of 
zircon changes along the profile. This can be the result of variations in hydrodynamic 
conditions, but can also be the result of spatial variations in sediment composition or 
suspended sediment concentrations. By comparing the sediment-mixing coefficients of 
the quartz and zircon fraction of series C, we eliminate possible effects of differences in 
small-scale morphology (Figure 5.39). Therefore, the ratios of the sediment-mixing 
coefficients of the zircon and quartz fractions are presented as function of the ratio of 
the reference concentrations and of the zircon fraction in the bed in Figure 5.40. The 
relative sediment-mixing coefficient is equal to unity for a relative reference 
concentration of 0.7 and increases with decreasing reference concentration (left-hand plot 
of Figure 5.40). The results in the right-hand plot in Figure 5.40, show that there is a clear 
relation between bed composition and mixing coefficient of the zircon fraction. This 
indicates that the mixing coefficient is not simply related to the settling velocity, but is 
also influenced by other parameters. In next section two hypotheses are discussed. The 
first hypothesis states that the sediment-mixing coefficient changes due to varying 
contributions of diffusive and convective processes; in the second hypothesis, variations 
in the sediment-mixing coefficient are related to the total suspended sediment load. 
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Figure 5.38: Ratio of sediment-mixing coefficient of the quartz fraction of series C and of uniform quartz 
of series A. 
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Figure 5.39: Small-scale morphology for series A and series C at 6 measuring locations, measured in the 
centre of the flume. 
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Figure 5.40: The εs of the zircon fraction normalised on εs of the quartz fraction as function of the 
normalised reference concentration and of the zircon fraction in the bed. (mz). Black dots point to 
domination of diffusive processes, grey dots point to domination of convective processes (see discussion 
Figure 5.38). 

We observe that in the locations where convective processes are more important, the 
sediment-mixing coefficient is independent of the settling velocity. For other locations, 
an increasing settling velocity  (or sediment density) results in an increased sediment-
mixing coefficient that is at maximum 2.3 times larger. The factor 2.3 is consistent with 
the ratio of the settling velocity of quartz and zircon. One of the possible explanations is 
that settling velocity determines the sediment-mixing coefficient in pure diffusive mixing, 
whilst under convective mixing, the settling velocity does not affect the mixing 
coefficient. The contribution of convective and diffusive processes varies along the 
profile. Offshore, diffusive processes are important, whilst convective processes become 
more important in onshore direction.  

The second hypothesis considers the composition of the bed and the total suspended 
sediment load. In the processes of diffusion, the turbulent water motion can be 
considered as small packages of fluid, with mass M0, mixed through the water column 
with a rotation velocity, εs,0 (Figure 5.41). When sediments are brought in suspension, the 
total mass of the “packages” of fluid and sediment increases (M1). Due to conservation of 
momentum, the sediment-mixing coefficient εs,1 decreases with increasing mass of the 
packages. This implies that by increasing the mass of the suspended load, the sediment-
mixing coefficient decreases. In this mechanism, the sediment-mixing coefficient is 
inversely proportional to the reference concentration. To validate this hypothesis, Figure 
5.42 is constructed. In this figure, the sediment-mixing coefficient of the quartz fraction 
is normalised by the sediment-mixing coefficient of uniform quartz at corresponding 
locations on the profile. Similarly, the reference concentration of the quartz fraction is 
normalised by the reference concentration of uniform quartz. These results indicate that 
the sediment-mixing coefficient is indeed inversely proportional to the reference 
concentration.  

The results on the suspended-sediment concentrations clearly show how the magnitude 
of the suspended quartz is affected by the fraction of zircon at the bed, but the bed 
availability model cannot describe this relation. Also the slope of the suspension vertical 
is different compared to the uniform quartz case. This difference in slope cannot fully be 
explained by existing theories on the relation between settling velocity and mixing 
coefficient. Two hypothesis are proposed that can describe the relation, but more detailed 
investigations are necessary to solve this query. 
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Figure 5.41: Schematic representation of the mixing of fluid packages with rotation velocity εs mass M0 and 
M1. 
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Figure 5.42: Ratios of the sediment-mixing coefficient of the quartz fraction with respect to uniform quartz 
as function of the normalised reference concentration. The black dots denote measurements where 
diffusive processes dominate, at the grey dots convective processes become more important. 

5.8 Conclusions 
The experiments with the heavy-mineral placers (series B) show that zircons are actively 
transported and are not only concentrated as a lag deposit. Heavy-mineral placers have 
effects on total sediment-transport rates and sediment transport gradients. These effects 
are largest for the heavy-mineral patch in the inner surf zone and the magnitude of the 
effect decreases in seaward direction. A heavy-mineral placer on the breaker bar results 
mainly in an increased deposition of quartz sediment onshore of the zircon patch. Also 
for the heavy-mineral placer located in the inner surf zone, quartz sediments are 
deposited onshore, whilst offshore of the placer, erosion is increased.  

The admixture of heavy minerals to the entire profile has an effect on the morphology. In 
case of a sediment mixture (series C), the breaker bar is smaller and more pronounced. 
Moreover, erosion near the beach face is considerably reduced. A comparison of the 
morphological evolution of the profile with and without heavy minerals shows that the 
various sediment fractions do not behave independently. In the inner surf zone near the 
beach face, sediment-transport rates of the quartz fraction are reduced with respect to the 
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uniform quartz case (armouring). This reduction is more than can be expected from the 
availability of quartz at the bed (armouring). Close to the breaker bar, sediment-transport 
rates are also reduced, but this reduction is smaller than can be expected from a bed-
availability model. The width of the region with armouring increases in time. It seems 
that for effective armouring, the zircon fraction in the bed should first be concentrated to 
a certain level. This concentration occurs first close to the beach and extends later in 
seaward direction. Offshore of the breaker bar, sediment-transport rates of the quartz 
faction are less reduced than can be expected from the bed availability model. 

Not only total sediment-transport rates are affected, also the suspended sediment load of 
the quartz fraction is reduced when heavy minerals are added to the profile. This 
reduction is not directly related to the fraction of quartz at the bed, but, similar to the 
total transport rates, regions occur where the “bed availability model” over or 
underestimates the suspended sediment load.  

The mixing coefficient of suspended sediment appears to be dependent on sediment 
composition. Some of these results can be explained by a difference in ripple structures at 
the bed due to differences in sediment composition. Other results indicate that the 
sediment-mixing coefficient is not independent of settling velocity of the sediment and 
that the magnitude of the suspended load can also be of importance. To describe this 
effect, two hypotheses are mentioned that both can describe the data. More detailed 
investigations are necessary to investigate this relation. 

The comparison of velocity moments with the transport rates of the sediment fractions 
indicates that different mechanisms result in density sorting in the inner surf zone. For 
the most seaward side of the inner surf zone, quartz and zircon are both transported 
offshore by the undertow and the erosion rates of both fractions are similar. Sorting of 
the heavy-mineral fraction occurs mainly as a result of differences in settling velocity. At 
the landward side of the inner surf zone, the transport rates of the quartz fraction are 
dominated by offshore transport by the undertow, whilst the zircon fraction moves 
onshore by low-frequency wave components.  


