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8 Discussion and conclusions 

This chapter gives a short overview of the most important results of the 
various experiments. The results are combined to a schematic description of 
selective transport processes on a coastal profile and resulting heavy-mineral 
distributions. These selective transport processes can result in the heavy-
mineral distributions off the coast Ameland shown in chapter 1. The results 
of this thesis render in some practical applications. The importance of 
density gradation in fundamental studies is discussed, an overview is given on 
the possibilities of describing depth of closure with distributions of sediment 
composition, attention is paid to the mining of heavy minerals and the 
impact of density gradation for beach nourishments is briefly discussed. 
Finally an outlook is given. 
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8.1 General 
In chapter 1, we presented a map with the cross-shore heavy-mineral distribution off the 
coast of the Dutch barrier island Ameland (see Figure 1.5). These results show that heavy 
minerals are concentrated on two locations: in a region offshore of the breaker-bar 
system and in the inner surf zone. Observations on the beach showed moreover, that 
after a storm event heavy minerals were deposited near the dune foot.  The questions that 
came up with the interpretation of these data led to the investigations of this thesis and 
are summarised below:  

• What distribution patterns of density are formed on a coastal profile under storm 
conditions? 

• How do heavy minerals influence profile development, sediment-transport rates and 
suspended-sediment concentrations? 

• In what mode (bed load, suspension) are heavy minerals transported under waves? 
 

To answer these questions, we used three laboratory facilities to focus on different 
aspects. In the Scheldt flume of WL|Delft Hydraulics, The Netherlands, sorting of 
density-graded sediments on a coastal profile has been studied and the effects of this 
gradation on sediment-transport rates have been investigated. The sediments in this 
flume had a comparable grain-size distribution, and contained relatively high 
concentrations of heavy minerals. In the Large Wave Flume (LWF, Hannover, Germany) 
sorting of sediments on size and density has been examined on a coastal profile with a 
range of grain sizes and very low concentrations of heavy minerals. The experiments in 
the Large Oscillating Water Tunnel (LOWT, WL|Delft Hydraulics, The Netherlands) 
studied density gradation under conditions that resemble flow conditions on a part of the 
profile of the measurements in the LWF. The sediments for this study had again a similar 
grain-size distribution and contained various concentrations of heavy minerals.  

8.2 In situ measurements of density and size-sorted sediments 
To answer the questions stated above, we realised that the available measurement 
techniques to monitor sediment composition are insufficient because of their low spatial 
resolution, labour intensive analysis (sample analysis) or their qualitative results (systems 
as Roxann (Williamson et al., 1995)).  

Previous studies already showed that heavy-mineral concentrations can be measured 
radiometrically via natural γ-rays  (de Meijer, 1998; Greenfield et al., 1989; Tánczos, 1996), 
but a more detailed analysis of these data is necessary to determine transport rates of the 
sediment fractions accurately. This analysis is described in detail in chapter 3. An 
extensive set of calibration measurements is used to validate a model that describes the 
zircon concentration in the upper layer of the sediment. The validations and analyses of 
the experiments described in chapter 5 show that with these techniques, it is possible to 
determine transport rates of sediment fractions with a high spatial resolution. 

Also for the measurements of grain size, present-day techniques provide only point 
measurements, or give only qualitative results. In chapters 3 and 4 two techniques are 
presented that can be used to measure the median grain size of the sediment in situ and 
with a high spatial resolution. One of these techniques uses the observation that the 
activity concentration of 40K is related to the grain size of the sediment. Another 
technique to measure the median grain size in situ is the measurement of friction sound 
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(chapter 4). These analyses showed that with a simple microphone, variations in median 
grain size can be measured with a high spatial resolution. A simple physical model 
describes a mechanism that leads to the generation of friction sound generated by towing 
the detector over sediment.  

The two techniques to measure grain size are compared and validated with measurements 
of sediment samples. These results show not only that the in situ measured grain sizes 
compare well to measurements of sediment samples, but also show that both techniques 
give information with different depth resolutions. 

8.3 Questions 

8.3.1 Cross-shore distribution of density-graded sediments 
The distribution of size-graded sediments along a coastal profile is complex described in 
many (Black and Oldman, 1999; Guillén and Hoekstra, 1996; Horn, 1992; Kolmer, 1973; 
Komar and Wang, 1984; Liu and Zarillo, 1993; Liu, 1989; Medina et al., 1994; Terwindt, 
1962; Zhang et al., 1996). However, These studies show that a simple equilibrium 
distribution of median grain size can, not be given (Horn, 1992). For density-graded 
sediments, this will also be the case; the distribution of heavy minerals will (amongst 
others) be a function of slope of the profile, hydrodynamic energy, grain-size distribution 
of the light minerals, grain-size and density distribution of the heavy-mineral fraction. 
Most investigations on the cross-shore heavy-mineral distributions focussed on the 
sediment composition of beach sediments (see e.g. Eitner, 1995; Meisburger, 1989; 
Peterson et al., 1985). Some of these studies also included the sediment composition in 
the inner surf zone (Komar and Wang, 1984). In these studies, heavy-mineral placers are 
mainly attributed to the selective removal of the quartz fraction. The concentration of 
heavy minerals in the inner surf zone is visualised in the comparison with the “panning of 
gold” (Komar and Wang, 1984). Studies that also involved more offshore locations of 
heavy-mineral concentrations (Stapor, 1973; Sutherland, 1987; Veenstra and 
Winkelmolen, 1976; Winkelmolen and Veenstra, 1980) noted increased concentrations of 
heavy minerals at larger water depths. The observation off the coast of Ameland (see 
chapter 1) that heavy minerals are concentrated offshore of the breaker-bar system and in 
the inner surf zone is apparently not exceptional and such distributions occur in various 
environments. 

The studies presented in this thesis aimed to gain information on the processes that result 
in the heavy-mineral concentrations found off the coast of Ameland. Therefore, it is a 
prerequisite that these distributions are modelled in the experiments. The experiments 
with heavy-mineral placers in the Scheldt flume (series B) show that along the profile, 
heavy minerals are actively transported; the magnitude of their sediment-transport rates 
decreases in seaward direction. The measurements with a mixture of heavy and light 
minerals (series C) show that heavy minerals are concentrated in the inner surf zone due 
to removal of quartz, but also by motion of the heavy fraction. The breaker bar is 
depleted in heavy minerals. Unfortunately, the profile was not large enough to study the 
concentration process more offshore. These processes have been studied in the 
experiments in the Large Wave Flume (LWF). Although the total heavy-mineral 
concentration in the LWF sediments was very low, heavy minerals were selected in a 
region off the breaker bar probably as a result of wave shoaling. These processes have 
been studied in detail in the experiments in the LOWT.  

In summary, the distribution of heavy-mineral concentrations measured offshore of the 
breaker bar and in the inner surf zone in the field is modelled in the experiments (see 
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Figure 8.1). Since a dune area was not present in the experiments, the heavy-mineral 
placer at the dune foot is not modelled. Section 8.4 will focus on the processes that 
formed these placers.  

8.3.2 Effects of density on profile development, sediment-transport rates and 
suspended-sediment concentrations 
Effects of density on profile development 
The Scheldt flume experiments show that the presence of heavy minerals in the sediment 
results in a beach face with reduced erosion; the breaker bar is smaller and its crest is 
more pronounced. The evolution of morphology is also affected by the presence of the 
heavy minerals. In the experiments with a sediment mixture, the profile evolves faster to 
equilibrium than in the experiments with uniform quartz sediment. 

Effects of density on sediment-transport rates 
To qualitatively assess the effect of density on profile development, patches of zircon 
have been placed on a quartz profile (see section 5.3). These patches have an effect on 
sediment-transport rates of the quartz fraction. In general, the placer is broadened and 
covered with quartz. The deposition of quartz increases at the landward side of the patch; 
on the seaward side of the patches, the bed is slightly eroded. These effects decrease with 
increasing water depth. The experiments 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 comparison of morphological changes of experiments with uniform quartz and with 
a quartz zircon mixture (experiment A and C in chapter 5) indicates that morphological 
evolution of a sediment mixture is not just the sum of the morphological changes of 
individual the sediment fractions, but that the fractions influence each other during 
sediment transport. 

In the modelling of graded sediment transport, total transport rates are often described as 
the sum of the transport rates for each individual sediment fraction qi (van Rijn, 1998a). 
It is often assumed that the volumetric fraction in the bed determines the transport rate 
of a sediment fraction. In size gradation, effects of hiding and exposure are included, but 
in density-graded sediments, it is assumed that the transport rates of different sediment 
fractions are not related. The mass sediment-transport rate of a quartz fraction (qm,q) is 
determined from the sediment-transport rate of uniform quartz (q*

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

*
,, qmqqm qvq = . (8.1)

If the two fractions are transported interdependently, the transport of the quartz fraction 
is not longer described by the bed availability and the transport rates are modified by a 
factor α: 

*
,, qmqqm qvq α= . (8.2)

In case of armouring, α will be < 1. When the transport rates are less reduced than 
expected, α will be >1. Experiments by Tánczos (1996) indicated that for a bed 
composed of a range of grain sizes and densities, total transport rates under sheet-flow 
conditions are more decreased than can be expected from the bed-availability model (α< 
1). The results of the experiments in the Scheldt flume indicate that α differs from unity 
and the bed-availability model cannot be applied. In the inner surf zone close to the 
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beach armouring occurs, α< 1; in the inner surf zone close to the breaker bar sediments 
are entrained more easily than expected, α >1. In time, the extent of this latter region 
decreases at the expense of the region of α< 1. Offshore of the breaker bar, α is again 
smaller than unity.  These data show that quartz and zircon interfere during sediment 
transport. This interference results in a reduction of sediment transport in the inner surf 
zone and in enabling of sediment transport on the breaker bar and sewards. 

The experiments with quartz and zircon in the LOWT experiments (chapter 7) show hat 
under sheet-flow conditions there is a relation between the magnitude of the sediment-
transport of the quartz fraction and the fraction of quartz in the bed. The few conditions 
that are measured do not allow drawing firm conclusions, but the measurements indicate 
that the bed-availability model can describe the data. In contrast to the experiments in the 
Scheldt flume, zircon is hardly transported in the LOWT experiments and hence cannot 
interfere with the quartz. The lack of interference of quartz and zircon during sediment 
transport can explain why armouring does not occur in the LWOT experiments. 

Effects of density on suspended-sediment concentrations 
Similar to the total sediment-transport rates, the bed availability model (Figure 5.34) 
assumes that suspended load of a sediment type is one to one related to its volume 
fraction in the bed. The results of the experiments in the Scheldt flume show that the 
fraction of zircon in suspension increases with increasing zircon fraction at the bed. In all 
cases, however, the fraction of zircon in suspension is lower than the average fraction of 
zircon in the bed. Also for quartz there is no one to one relation between the fraction in 
suspension and the availability in the bed. For quartz, however, regions with relatively 
higher and lower concentrations occur, similar to the total transport rates. Consequently, 
the “bed-availability model” under and overestimates the suspended sediment transport, 
respectively. 

In the sheet-flow experiments with a sediment mixture in the LOWT, only the quartz 
fraction is suspended, irrespective of the zircon fraction in the bed. For these 
experiments, the reference concentration of quartz decreases for a decreasing quartz 
fraction at the bed. This decrease is larger than is expected from the bed availability 
model and the model overestimates the suspended-sediment concentration by almost an 
order of magnitude. 

Effects of density on vertical sediment mixing 
In two experiments (Scheldt flume and LOWT), sediment-transport processes are studied 
with mixtures of quartz and zircon. The suspension concentrations as function of 
distance to the bed of these experiments are described with solutions of a diffusion 
model. In these diffusion models, the mixing coefficient, εs, describes the mixing of the 
sediment in water. This coefficient depends on the hydraulic conditions and sediment 
properties. In present models εs is independent of the presence of other sediment 
components. 

If we compare εs of the quartz fraction with εs of uniform quartz, we observe that εs depends 
on the composition of the bed and the reference concentration (Figure 5.42 and Figure 
7.10).  

Two hypotheses are proposed. One is that the settling velocity determines the εs in pure 
“diffusive” mixing (Nielsen, 1992). Under “convective” mixing (wherein sediment is 
trapped in turbulent vortices), εs is independent of settling velocity. In the inner surf zone 
convective mixing dominates and hence the effects of density are almost absent. 
Seawards of the inner surf zone, the contribution of diffusive mixing increases and 



Discussion and conclusions 

185 

consequently effects of density increase. The experiments in the LOWT, where diffusive 
mixing dominate, show that εs is not constant and thereby undermine this hypothesis.  

A second hypothesis is based on a conservation of momentum and 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 mixed 
through the water column. When sediments are brought in suspension, the total mass of 
the “packages” of fluid mixed with sediment increases and the rotation or mixing velocity 
decreases due to conservation of momentum. This implies that by increasing the mass of 
the suspended load,  εs decreases. This model is consistent with the relation between εs 
and suspended sediment concentration in the Scheldt flume and LOWT experiments. 

For modelling of sediment mixtures, the effect of the conservation of momentum can 
play an important role. Since the reference concentration of a fraction is a function of its 
concentration in the bed (partly described by the bed-availability model), also εs will be 
related to the sediment composition. This effect is clearly present in density-graded 
sediments and we expect that it will also be important for sediments with size gradation. 

8.4 Selective transport processes 
The combined results of the experiments presented in this thesis show that under storm 
conditions, heavy minerals are concentrated at two locations: seaward of the breaker bar 
in and the inner surf zone. The heavy-mineral accumulation offshore of the breaker bar, 
in the region of the depth of closure (placer 1 in Figure 8.1) is mainly the result of the 
asymmetric water motion due to wave shoaling. Both sediment fractions are transported 
in onshore direction, but the sediment-transport rate of the zircon fraction is smaller. The 
sorting mechanism in this region can be related to lag formation, since the light-mineral 
fraction is eroded more rapidly.  

The concentration of heavy minerals in the inner surf zone (placer 2 in Figure 8.1) is 
more complex and in the experiments, several processes result in the formation of one 
placer. The experiments in the Scheldt flume show that at the seaward side of the inner 
surf zone, both fractions are transported towards the breaker bar by the undertow, but 
due to differences in settling velocity, the heavy fraction will settle first and becomes 
concentrated. In the central area of the inner surf zone, heavy minerals are concentrated 
as a lag deposit: both the heavy and light fractions are eroded from this area. Due to the 
larger erosion rates of the light fraction, heavy minerals become concentrated. The long-
wave motion is the mechanism that is responsible for the placer formation close to the 
beach. Due to the shoaling of the long waves, the onshore-directed flow becomes larger 
than the offshore directed flow and heavy minerals are selectively transported as 
suspended sediments in onshore direction by a mechanism similar to that described by 
Tánczos (1996) for high-frequency wave motion. During a high water level related to a 
storm event this mechanism will be able to transport the heavy-mineral concentration 
landward from the mean water level onto the beach. This process can be responsible for 
the large heavy-mineral concentrations found on the beach of Ameland (de Meijer, 1998), 
and that led to the questions for this study. 
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Figure 8.1: Schematic presentation of the locations of heavy-mineral concentrations and the processes that 
are important in the formation of these heavy-mineral placers. The development of placer 1 is studied in 
the LWF and LOWT experiments, the development of placer 2 is studied in the experiments in the Scheldt 
flume. 

8.5 Applications 

8.5.1 Density-graded sediments as analogue to size gradation 
Most experimental studies on the effects of gradation on sediment mixtures have been 
conducted with differences in median grain size of the sediments (see e.g. Hamm et al., 
1998b; Sistermans and van de Graaff, 1999). This is mainly because variations in 
sediment density are considered to be less common than variations in grain size.  

Suspended-sediment transport is often described by a diffusion equation. In this 
equation, lift forces (represented by a drag coefficient) counteract gravity (expressed in 
the settling velocity). In the resulting expressions, the settling velocity is included directly; 
the drag coefficient is accounted for by the sediment-mixing coefficient. The settling 
velocity can be measured, but the sediment-mixing coefficient must be determined from 
the results of suspended-sediment concentrations and composition. The settling velocity 
and the drag parameter are both related to grain size. This complicates the determination 
of the extra effect of a sediment mixture on the sediment-mixing coefficient. In the 
present study, where zircon and quartz have similar grain-size distributions, only settling 
velocity differs for quartz and zircon and it is possible to relate the variations in the 
sediment-mixing coefficient uniquely to changes in the reference concentration (see 
chapter 5 and 7). For studies on grain size, the effects of grain size variations on the drag 
coefficient might blur the results. 

Although the studies on size gradation specifically focus on effects of a sediment mixture, 
it is often not possible to draw firm conclusions on the most important influencing 
parameters. Studies that involve density gradation can therefore provide information that 
cannot be determined from size-gradation studies alone. 

8.5.2 Depth of closure 
The concept of depth of closure is based on the observation that cross-shore sediment 
transport decreases seaward and its effect on morphology becomes almost negligible 
beneath a certain depth (closure depth) (Bruun, 1962). This depth can be considered as 
the border between the outer surf zone and the lower shoreface (typically 8-15 m for the 
Dutch coast). The depth of closure is often used as an important parameter in 
engineering applications or in decision-making processes where it serves to estimate the 
extent of the active profile (Capobianco et al., 1997).  
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The location of the depth of closure is in general determined in two ways. The depth is 
calculated from the wave climate (e.g. Hallermeier’s equation) or can be determined from 
changes in coastal morphology by comparing profile measurements of an appropriate 
time span. This section will show how in situ measurements of sediment composition can 
provide information on the location of the depth of closure. Field measurements off the 
coast of Terschelling are used demonstrate the validity of the application and will give an 
estimation of the time scales involved. 

Determination of depth of closure 
Hallermeier (1981b) was the first who extensively described a water depth up to where 
sediment transport by surface waves has still significant effects on the morphology. His 
description is based on the critical value of sediment entrainment. In this description he 
accounts for sand characteristics as grain size and density, and maximum wave height for 
a given time period to calculate a seaward limit of intense sediment transport and extreme 
bottom changes. Hallermeier provided a rule of thumb to describe a depth of closure 
over relatively short time scales (seasons to several years) (Nicholls et al., 1998). 

In another approach, the depth of closure is generally determined from the variability in a 
data set of profile measurements with a time-span of at least the time-span of study (see 
e.g. Hinton and Nicholls, 1998; Nicholls et al., 1998). This approach is relatively simple if 
the data set exists, but falls short when the data are not available.  

For simple engineering purposes, profile monitoring over a time span of several years is 
too elaborate to determine the depth of closure. Approaches such as the Hallermeier’s 
equation describe the morphological changes indirectly by an assumed coupling between 
(cross-shore) hydrodynamic forcing and morphological change. The study by Nichols et 
al., (1998) shows that closure is not only determined by this external forcing but also by 
the internal behaviour of the system (for example cyclic behaviour of a breaker-bar 
system (Kroon, 1994)). Therefore, direct studies of the sediment bed will give more 
precise information in a shorter time span.  

The three studies of this thesis show that sediments along a cross-shore profile are sorted 
according to their density and grain size. The speed and nature of these sorting processes 
are different for the various cross-shore zones (see chapters 5 and 6).  

The depth of closure depends on the movement of sediment and, consequently, the 
position of the depth of closure along the cross-shore profile is a function of 
hydrodynamics, sediment density, grain size and time. In turn, the distribution of 
sediment composition is a measure of the magnitude of sediment transport. In the 
experiments in the Large Wave Flume (chapter 6), heavy minerals are mainly 
concentrated in the region seawards of the breaker bar where net sediment-transport 
rates become non-significant. The experiments in the LOWT (chapter 7) show that under 
sheet-flow conditions, heavy minerals are mainly sorted by the differences in sediment-
transport rates of quartz and zircon. Combining these two pieces of information, one can 
argue that the increased concentration of heavy minerals on the profile of the LWF 
measurements is the result of lag formation. The location where the sediment transport 
of the light mineral fraction is initiated is thus characterised by the presence of increased 
concentrations of heavy minerals. Since most natural sediments contain only small 
amounts of heavy minerals, depth of closure will in general depend on the sediment 
transport of light minerals. The location with the maximum in heavy mineral 
concentration can therefore be related to a depth of closure of the light mineral fraction. 
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Field measurements 
As part of the NOURTEC nourishment programme (see e.g. Nourtec, 1997; Westlake, 
1995), the depth of closure of the Dutch barrier island Terschelling, is assessed (Marsh et 
al., 1998). The NOURTEC nourishment was placed in the nearshore zone between the 
inner and outer breaker bars of a triple bar system. It was built in the summer of 1993. 
Prior to and after the nourishment, the bathymetry of the seafloor has been surveyed in 
detail. These profile measurements have been used to examine depth of closure before 
and after the beach fill (Marsh et al., 1998). In the study of Marsh et al. the depth of 
closure is defined as the region where maximum profile change becomes smaller than 
0.25 m. These results show that 25-years depth of closure is not constant along the 
coastline but the trend in the data shows that the depth of closure becomes deeper in 
eastward direction (Figure 8.2). For shorter time intervals, the depth of closure becomes 
shallower, but the eastward-deepening trend remains.  

146 148 150 152 154 156 158 160
X-position (km)

5
6
7
8
9

10
11
12
13
14
15

D
ep

th
 (m

)

0

0.01

0.02

0.03

0.04

0.05

Heavy mineral 
concentration (mz)

142 146 150 154 158 162
X-position (km)

596
598
600
602
604
606
608

Y-
po

si
tio

n 
(k

m
)

Terschelling

 

Figure 8.2: Longshore variation of the heavy-mineral concentration as function of waterdepth. The thin 
lines represent cross-shore maxima in the heavy-mineral concentration. The thick line shows the variation 
of the 25-years depth of closure determined from profile measurements (Marsh et al., 1998). 

In 1994, just after the placement of the nourishment, the area has been surveyed with the 
MEDUSA system (Penninga, 1995). Figure 8.2 shows the depth distribution of this heavy-
mineral fraction, inferred from the radiometric measurements, along the coastline of 
Terschelling. These results show that the heavy-mineral concentration in the area is 
generally low (< 5%) and has a maximum for x=149< x< 150 km at a water depth of 
approximately 8 m. The cross-shore maximum in the heavy-mineral concentration is 
determined from the interpolated data in Figure 8.2 by determining the directional 
derivative in cross-shore direction and is shown as a thin line in Figure 8.2. This 
maximum extends along the entire longshore section, shows a deepening in eastward 
direction for 146< x<154 km and has a more or less constant depth (~ 9 m) for x >154 
km. Compared to the closure depth calculations of Marsh et al. (1998), not only the trend 
in the maximum heavy-mineral fraction is similar, also the absolute values match well 
along the entire longshore section. 
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These results confirm that the maximum in heavy-mineral concentration occurs indeed in 
a region that can be characterised as a depth of closure. The comparison with the data of 
Marsh et al. (1998) shows that this maximum is located on the 25-years depth of closure 
and indicates that the offshore heavy-mineral concentration is a relative slow process that 
will not strongly be affected by single events.  

8.5.3 Mining of heavy minerals 
Many heavy minerals contain valuable elements and also diamonds are considered a 
heavy mineral. In several countries, mining of these sediments is a major contributor to 
the national economy and exploration of heavy minerals in recent or fossil placers, is an 
important issue. The economic value of heavy-mineral concentrations depends on the 
composition and accessibility of the heavy mineral placers. The studies presented in this 
thesis show that sorting of heavy minerals occurs mainly in two regions along the coastal 
profile. In both regions different sedimentary processes are involved.  

Prospecting 
One of the locations of placer formation is in the region of closure depth. Even when 
only low concentrations of heavy minerals are present in the original sediment, selective 
sediment-transport processes will concentrate the heavy minerals. The fact that these 
placers are located around the 25-years depth of closure indicates that sorting processes 
are relatively slow. When these sediments are mined, it will take several years, depending 
on wave climate and morphology, before new concentrations have developed. 

The studies in the Scheldt flume show that concentrations of heavy minerals can also be 
formed in the inner surf zone. These accumulations develop fast, within several hours. 
Therefore, the inner surf zone can be seen as a natural heavy-mineral plant, that 
continuously concentrates the valuable minerals. We can expect that by removing the 
upper layer of heavy minerals from the inner surf zone, sediments are sorted again and 
new placers will develop, until the bulk sediments in the inner surf zone are depleted in 
the heavy-mineral fraction.  

In developing a mining strategy, we can consider these differences in sorting processes, 
although other parameters are, of course, also important in the strategy of mining. The 
rough conditions in the inner surf zone and the long distance between the depth of 
closure region and the mainland should also be considered, but knowledge on the natural 
processes can be of importance. Heavy mineral concentrates in the region of the depth of 
closure can be mined only once. The time period for resilience is likely too long for a 
long-term mining programme. In the region of the inner surf zone, repeated mining can 
possible, provided that concentrations arte high enough, and natural processes can be 
used to pre-select the valuable minerals.  

Implications 
Important aspects of sediment mining are the environmental and morphological 
implications for the area. The present studies do not provide information on the 
environmental aspects, but we can give an estimation of the effects of mining on the 
morphological development of a region. In the experiments in the Scheldt flume we have 
seen that close to the beach, net sediment-transport rates are reduced when heavy 
minerals are added to the profile. This reduction is larger than can be expected from the 
reduced concentration of quartz in the bed and can be attributed to an armouring effect 
(see also Tánczos, 1996). In areas where coastal protection issues prevail over economical 
profits of mining, we should abandon the idea of mining from the inner surf zone. In the 
region more offshore, implications are not so evident. The experiments in the LOWT 
showed that when zircons are added to the sediment, net total transport rates even 
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increase. This would suggest that removing the heavy-mineral fraction from the region 
near the depth of closure has no extra implications on the morphology of the coastal 
profile, and only the impact of the mining works on coastal morphology and ecology 
should be assessed. 

8.5.4 Beach protection 
The study presented in this thesis is part of the European MAST-III project SAFE 
(performance of Soft beach systems And nourishment measures For European coasts). 
This project focussed specially on the improvement and development of soft 
nourishment schemes (Hamm et al., 1998a). The study by Hamm et al. (1998a) shows that, 
amongst others, grain size is a parameter that is considered in the design of a 
nourishment design. The sediment density is not deliberated, although the experimental 
results presented in this thesis show that an increase in sediment density can lead to a 
considerable reduction of beach erosion. This reduction is even larger than can be 
expected from the transport rates of the uniform sediments and their concentration in 
the bed (see section 8.3.2). Therefore, special attention should be paid to the selection of 
the borrow area. Similar to the increased concentration of heavy minerals in the region 
near the closure depth, (relict) heavy-mineral placers can be found on the foreshore. The 
techniques presented in this thesis give the opportunity to map heavy-mineral 
concentrations of appropriate grain-size suites fast and in situ. These heavy-mineral 
placers can subsequently be used as shoreface nourishment and will improve the 
effectiveness of the nourishment and reduce beach erosion. 

8.6 Outlook 
The experiments presented in this thesis are able to model the sediment distributions in 
the coastal zone as shown in chapter 1. Also a qualitative description of gradation effects 
(density and grain size) in the sediment-transport processes and the processes is given. In 
this thesis, sediment transport is not quantitatively described by e.g. numerical sediment-
transport models, but assumptions that are generally used in the modelling of graded 
sediment transport have been tested against the experimental results. These tests indicate 
that several assumptions are not valid. In general, a bed availability model is used to 
model sediment-transport rates of graded sediments. This model assumes that, for a 
given grain size, the sediment fractions behave independently and the transport rate of a 
sediment fraction can be described by the sediment-transport rates of the uniform 
sediment multiplied with the availability of the sediment fraction in the bed. The results 
of this thesis show that these assumptions are not valid. The bed availability model does 
not describe the transport of graded sediments and there are indications that the 
sediment fractions influence each other. The nature of these interactions could not yet be 
determined from the present experiments and further investigations are necessary.  

Another assumption in the modelling of graded sediment transport is that the sediment-
mixing coefficient of heterogeneous suspended sediment is equal to uniform sediment 
with equal settling velocity. The results presented in chapters 5 and 7 show that this is not 
a priori true. It appears that the sediment-mixing coefficient increases as a result of 
decreased sediment load. Again further research is needed for a precise determination of 
the mechanisms involved.  

As indicated, before improving and developing numerical sediment-transport models that 
incorporate sediment grading, more experimental research is needed. Experiments in a 
facility like an oscillating water tunnel can focus on fundamental mechanisms of sediment 
transport. In these experiments, it is recommended to first explore effects of density and 
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to incorporate more complex processes as hiding and changing drag-coefficients that 
occur in size-gradation in a later phase. Subsequently, also experiments in facilities where 
coastal profile development can be modelled (as the Scheldt flume of LWF) can help 
identifying the mechanisms on a larger scale. Once the fundamentals of graded sediment 
transport are better understood, these mechanisms can be incorporated in numerical 
models for a quantitative description of selective sediment-transport processes.  

Improvements in measuring technology are necessary for extending the measured 
parameters and data quality. Up till now, quantitative sediment compositions are mainly 
determined with techniques that are based on sediment sampling. These techniques are 
labour intensive, give consequently a low spatial resolution, influence the region of study 
and cannot be applied under all circumstances. This thesis has demonstrated that 
sediment composition (i.e. density and grain-size) can be measured in situ by non-invasive 
techniques. This is particularly important in the field where measurement of the depth of 
closure, exploration of heavy-mineral placers or finding ideal grain sizes for e.g. beach 
nourishment is one of many possibilities. Especially queries in coastal but also river 
management problems that are presently unanswered can be addressed. Further 
improvement of the techniques presented in this thesis and development of new, non-
invasive techniques will have direct applications to support the management of coasts, 
rivers and estuaries. 

 

 

 




