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Mont Ventoux 
Schrijven is fietsen op de Mont Ventoux 
waar Tommy Simpson toen is overleden 
onder zo tragische omstandigheden 
werd hier de wereldkampioen doodmoe 

Op deze col zijn velen losgereden 
eerste categorie, sindsdien taboe. 
Het ruikt er naar dennengeur, Sunsilk Shampoo 
die je wel nodig hebt, eenmaal beneden. 

Alles is onuitsprekelijk vermoeiend; 
de Mont Ventoux opfietsen wel heel erg, 
waarvoor ook geldt: bezint eer gij begint. 

Toch haal ik, ook al is de hitte schroeiend, 
de top van deze kaalgeslagen berg: 
ijdelheid en het najagen van wind. 

(naar: Jan Kal (1979) Fietsen op de Mont Ventoux, Amsterdam.)
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1 Introduction 

After the discovery of large concentrations of heavy minerals on the beach of 
the Dutch barrier-island Ameland, a detector system has been developed that 
can measure offshore heavy-mineral concentrations fast and in situ. 
Investigations with this system, revealed offshore heavy mineral placers. 
Present knowledge on processes leading to heavy mineral placer formation is 
not sufficient to describe the location and formation of these heavy-mineral 
concentrations. Selectivity in sediment transport and effects of density and 
grain size on sediment-transport rates are studied in three experimental 
facilities. Newly developed techniques are deployed to measure median grain 
size and heavy-mineral concentration in situ. 
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1.1 General 
Sedimentary coastlines have a large attraction to many human beings. For many of them 
it is a place to relax, for others it is a way to earn a living, either on the dry part or from 
the regions offshore. Consequently, coastlines are often densely populated areas. These 
reasons make the presence and quality of a sandy coastline a valuable asset. 

Due to a continuous relative rise of sea level and antropogenic structural interventions on 
the coastline (e.g. the building of harbours), erosion occurs. This leads to a change of the 
offshore profile, reduction in beach volume and in the worst case, retreat of the 
protecting dune area. Therefore, authorities are often involved in an active maintenance 
of these geographical systems. The reasons for the maintenance of a coastline are diverse. 
In Spain for example, coastlines have mainly a recreational purpose and the main effort is 
to keep nice wide, white beaches. In France ecological preservation is of main concern, 
the coastlines in the Netherlands and Germany are maintained regularly to prevent the 
hinterland from flooding.  

Because of the complex morphological coastal system and inherent natural variations, 
standardised methods to “cure” the problems are not available. The European MAST-III 
project SAFE (performance of Soft beach systems And nourishment measures For 
European coasts), focussed on the problems of coastal retreat. This project aimed at 
establishing new methodologies for solving present problems and tried to gain improved 
insight in the processes acting in the coastal zone for a better understanding for future 
protection. The work in this thesis is part of the project SAFE and focuses on the 
improved understanding of sedimentary processes acting in the coastal zone. 

One of the fundamental properties of a coastline is sedimentary composition. Coastal 
sediments are rarely composed of one type of sediment. Grain sizes may vary from 
pebbles to coarse and fine sand, silt and clay; densities show variations from about 1.6 
kgl-1 for certain carbonates to heavy minerals as dense as cassiterite (7.4 kgl-1). Also the 
shape of the grains can vary e.g. from almost pure spheres to flat pebbles and flaky clays. 
Due to these differences, the hydrodynamic properties of the sediments will differ and 
the sediments are sorted on the beach and foreshore leading to the observed grouping of 
materials. For example on the beach where shoes, bottles and shells are often grouped 
together along the swash line. The observations on the distribution of these sediments 
may lead to questions as: 

How do properties (like shape, grain size and density) influence sediment transport on the coast? 
The rearrangements of the sediments are a “silent witness” of sediment-transport 
processes that acted in that region. If we consider recent deposits, the sediment 
distribution reflects processes that acted recently, but older formations of sediment can 
give information on hydrodynamics and sediment-transport processes of the past. 
However, before the sediment distribution can be coupled to hydrodynamic processes, 
the inverse question: 

How can graded sediment distributions give quantitative information on sediment-transport processes? 
should be solved. 

These questions are the basis of this thesis.  
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1.2 Sediments 
Sediments on the present Dutch coast are mainly composed of terrigeneous clastic grains, 
commonly referred to as sand. These sands are fragments of rocks or minerals derived by 
physical or chemical breakdown of the source rock. Every near surface rock or outcrop is 
a potential source of such grains. The chemical and physical weathering processes that act 
on these outcrops will generate rock fragments that are further broken down during 
transport by gravity, water, wind and ice. These changes are particularly effective on 
“soft” minerals as plagioclase and K-feldspar ((K,Na,Ca)[AlSi3O8]) and to a lesser extent, 
quartz (SiO2). The resulting sediments can have a large range of grain sizes. A widely 
adopted scale of grain size classification is the Wentworth scale (Figure 1.1) in which the 
various grades are separated by factors of 2, based on the Phi-classification. The Phi 
grain-size measure represents the negative logarithm of 2 over the grain size d (in mm): 

dlog2−=Φ . (1.1)

In this thesis, grain size is classified in the metric scale. 
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Figure 1.1: Summary of the Wentworth size classification with grain sizes in mm and Phi units. 

Heavy minerals are minerals that have densities larger than quartz (>2.65 kg l-1). They 
occur only in small amounts in the source rock and consist of crystals like zircon 
(ZrSiO4), monazite ((Ce,La,Th)[PO4]) and garnet ((Mg,Fe,Mn,Ca)[Al2Si3O12]). The heavy 
minerals have in common that, besides their large density, they are more resistant to 
weathering than soft minerals and can therefore be concentrated in the sediment during a 
sedimentary cycle. The finest fraction of the soft minerals is easily transformed in clay 
minerals, but the more resistant heavy-mineral fraction becomes mainly concentrated in 
the finer sand fraction. 

Locally, heavy minerals in Dutch beach sands can be concentrated up to ~30% (Schuiling 
et al., 1985) but the total mean concentration of heavy minerals in Dutch beach sands is 
low (~1%). Heavy minerals often have appreciable amounts of U and Th included in 
their crystalline structure, whilst these two elements are almost absent in light minerals. 
Since the radionuclides 238U and 232Th are radioactive (see chapter 3), measurements of 
decay properties can be used to determine the concentration of those heavy minerals with 
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respect to light minerals (de Meijer, 1998; de Meijer et al., 2000; de Meijer and Donoghue, 
1995; Schuiling et al., 1985; Tánczos, 1996).  

1.3 The coastal profile 

1.3.1 Morphology and hydrodynamics 
In coastal zones, different regions can be identified that are characterised by specific 
hydrodynamic processes and associated morphological features. Despite the wide variety 
of beaches, the present classification will focus on one type of shoreline, that consists of 
sediment (without any rocks or other hard structures). Sandy dissipative beaches with a 
barred nearshore zone are typical for the Dutch coastline and the investigations in this 
thesis focus on similar coastal profiles. In many laboratory experiments, only cross-shore 
sediment transport can be modelled. Also in the description of morphology and 
hydrodynamics in this thesis, only cross-shore processes are considered. Therefore, long-
shore sediment-transport processes will not be discussed. 

Outer surf zone

Breaker bar

Inner 
surf zone

Dune
Beach

Wave breaking

Wave shoaling

Swash

Lower shoreface  

Figure 1.2: Schematic presentation of different morphologic units of a nearshore single-barred coastal 
profile (after Einsele, 1992). 

Figure 1.2 presents schematically the various morphologic units of a sandy coastline. On 
the lower shoreface, normal wave conditions have (on short time scales) little impact on 
the sediment bed due to the relatively large water depth. When waves approach the beach 
from the offshore, the waves start to “feel” the sediment bed, become shorter, 
horizontally asymmetrical and their height increases in the outer surf zone (shoaling) until 
they collapse. Large waves collapse in the outer surf zone but most of the waves break on 
the breaker bar and inner surf zone.  

Bed forms on the lower shoreface and outer surf zone reflect the transformation of deep-
water waves (symmetric wave ripples) that were formed during storm conditions, to 
symmetric wave ripples of fair-weather conditions. These ripples become increasingly 
asymmetric towards the beach. Under storm conditions, planar lamination from upper-
stage sheet-flow conditions can be found. Most bedforms in the lower shoreface and 
outer surf zone mainly indicate an onshore migration of these ripple structures (Einsele, 
1992). 

The breaker zone is characterised by the presence of one of more breaker bars. These 
large scale structures can have lengths from 100-1000 m and heights up to 10 m and can 
migrate periodically through the breaker zone and the inner surf (Kroon, 1994; Wijnberg 
and Terwindt, 1995). In the breaker zone, besides the breaker bar, lunate-shaped mega-
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ripples are often found. Also ripple structures in the inner surf zone can be composed of 
mega-ripples.  

At the beach, swash processes of the broken waves are dominant. These processes form 
small ripple structures, but the dominating sedimentary structures are the swash laminae 
consisting of low angle to parallel, seaward dipping, cross bedding. These swash laminae 
often include shell debris, wood and bottles, but also distinct layers of heavy minerals are 
present (Einsele, 1992). 

In a long-shore uniform situation, two types of motion can roughly describe the cross-
shore transport of water: uni-directional flow and bi-directional (oscillating) flow. The 
uni-directional flow acting in a sandy coastline is the result of undertow. This flow is 
always offshore directed. The bi-directional flow is the result from wave action. Waves 
that generate cross-shore water motion are generally the result of the interaction between 
winds and the water surface. These waves can have periods of typical 1-25 seconds and 
wave heights ranging from several centimetres to several metres. As long as the waves 
have an infinite water depth (deep-water waves), the oscillating motion is more or less 
symmetric and velocities under wave crest and wave trough are equal. These velocities 
decay exponentially with increasing water depth. As soon as the water bottom starts to 
influence the wave motion (at water depths, h <0.5 L, with L the wavelength) the water 
motion becomes asymmetric with larger velocities in shoreward than in seaward direction 
(wave shoaling). Simultaneously the waves become steeper, i.e. the ratio between wave 
height and wavelength becomes larger. Eventually the waves will break, where they 
generate turbulence. Shoaling waves periodically transport water towards the beach above 
the wave-trough level. The water runs up over the beach and returns by gravity as 
backwash to the inner surf zone and with a bottom return current (undertow) from the 
inner surf zone to the breaker bar. The undertow results in seaward facing asymmetrical 
ripple structures. This presentation of hydrodynamics is only schematically and in nature 
net cross-shore sediment transport is the result of a delicate balance by all these processes 
(see e.g. Greenwood and Osborne, 1991, and references therein). 

1.4 Sediment transport 

1.4.1 Forces on sediment grains 
The transport of sediments is initiated when a fluid exerts a force that overcomes the 
forces of gravity and friction. This initiation of motion has been extensively studied since 
the middle of the years ’30 (Hjulstrom, 1935; Shields, 1936). Shields studied the initiation 
of motion of single grains from a uniformly sorted, plane sediment bed under different 
flow conditions. These data are compiled to extract empirical relations to describe the 
initiation of grains parameterised by the dimensionless Shields parameter, θ. This 
parameter represents a balance of the fluid forces (described by the shear stress acting on 
the bed, τb) and gravity forces on a grain: 

gdws

b

)( ρρ
τθ
−

=              (1.2) 

In this expression, ρs is the specific density of the sediment, ρw is the density of water 
(both in kgm-3), g is the acceleration of gravity (ms-2) and d is the grain size of the particle 
(m). When the bed shear stress is high enough, θ becomes larger than the critical Shield 
parameter (θcr) and sediments are transported. The bed shear stress τb is related to the 
velocity of the water motion and a friction factor which depends on the bed roughness, 
determined by grain and ripple size. The bed shear stress that is needed to entrain a grain 
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is derived empirically by Komar and Wang (1984). They studied mixtures with varying 
size and density and derived an empirical formulation that included density and grain size: 

( ) Φ−⋅= − tan101.7 57.04 dwscrit ρρτ ,              (1.3)

with Φ being the angle of repose of a grain. 

Once sediments are picked up from the bed, they will settle back to the stratum unless 
upward forces of the water can balance the gravity. In settling, the friction forces 
eventually equalise gravity and the grain reaches the so-called settling velocity ws (m s-1). 
The settling velocity is determined by the effective diameter and density. Various 
formulas for the settling velocity have been derived empirically (see e.g. van Rijn, 1993) 
but all equations have a form similar to: 

j
i

s

ws
s dgcw

ρ
ρρ )( −

≅ , (1.4)

with c a constant and i and j vary between 0.5 and 2. Equation (1.4), shows that the 
settling velocity is related to the submerged density (ρs-ρw) and scales with the grain size 
of the sediment. 

1.4.2 Sediment transport modes 
Once the movement of sediment grains is initiated, sediments can be transported in 
different modes that are traditionally classified as: 

� bed load 

� suspended load 

� wash load 

In bed-load transport, grains move close to the bed, by rolling, sliding or jumping. The 
transport of these sediments is thus directly related to an excess shear stress. There is no 
uniform definition for the distinction between bed-load and suspended load. However, 
generally spoken, suspended load are those grains that move without contact with the 
bed. The total load of suspended sediment is not only determined by the excessive shear 
stress at the bed, but depends also on the turbulence of the fluid, that can move the 
sediment from the bed load into the suspended load mode. The wash load consists of 
very fine particles that are transported in the water, but will normally not settle to the 
bed. These sediments are normally neglected when sediment transport is considered.  

Whereas the transport modes define how sediments are transported, the transport regime 
defines the morphological features that arise from these transport processes. In turn, the 
morphologic features will also influence the local hydrodynamics and influence the 
transport modes. In nature, three characteristic regimes can be identified: 

� flat immobile bed 

� rippled bed regime 

� flat mobile bed regime (sheet flow) 

When the mobilising shear stress is much smaller than the normal stress on a sediment 
grain (Shields parameter is smaller than the critical Shields parameter), sediments will not 
move and the bed will remain flat (flat immobile bed). 

When the Shields parameter increases, sediment grains start to roll, jump or slide over the 
bed until they are deposited at a location along the bed where the mobilising shear stress 
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is again smaller than the normal stress on the grain. Due to this redistribution of 
sediment, the morphology of the sediment bed is altered and very small ripple structures 
start to develop. With the development and growth of these ripple structures, turbulent 
vortices will form, enhancing the effect of ripple formation. The length, height and 3-
dimensional shape of the ripple depend on grain size and density of the sediment, and 
flow velocities of the water. Ripple heights can vary considerably, from 0.01 m for small-
scale wave ripples to 1 m for mega-ripples. Also the length of ripples can vary from 0.1-3 
m. In the rippled bed regime, sediments can be transported as bed load as well as 
suspended load. 

For very high Shields parameters, small ripple structures are flattened by the flow and the 
sediment is transported in a thin layer of sediment close to the bed (sheet flow). The 
thickness of the sheet flow layer is generally 10-100 times the grain size and sediment 
concentrations are very high. This thin layer of sediment is often called bed load 
(Bagnold, 1956), although various names exist. Just above the bed-load layer sediments 
are transported without contact with the bed as suspended load. 

1.5 Sorting of sediments 
Sorting on size and density occurs in both the suspended and bed load transport due to 
differences in settling and in thresholds for pick-up of grains.  To illustrate the effects of 
density and grain size on both sorting processes, the settling velocity and critical bed 
shear stress are presented as function of grain size and density in Figure 1.3.          
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Figure 1.3: Critical bed shear stress (equation              (1.3)) and settling velocity (Cheng, 1997) as function 
of grain size and density. 

A comparison between both figures shows that settling and entrainment processes 
respond differently to variations in grain size and density. Whilst grain-size variations will 
have a larger effect on the settling velocity of a grain, variations in density will have 
relatively larger effects on the entrainment of a grain. Since the bed-load transport is 
mainly determined by the grain entrainment, and in suspended-load transport settling 
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processes are of large importance, effects of density are probably largest in the bed-load 
regime. 

Classification of sediments in their composition has been one of the few possibilities of 
deriving information on sediment-transport processes in modern day environments for a 
long time. In geology this is, apart from observations on morphology, still the only clue 
to derive the hydrodynamic conditions of the depositional environment. From the 50’s to 
the 70’s a lot of work has been conducted on variations in sediment composition 
(Cordes, 1966; Eisma, 1968; Hand, 1967; Komar and Miller, 1974; Rao, 1957; Stapor, 
1973). However, these analyses were time consuming: samples have to be taken, and the 
precise work on the counting of heavy-mineral types, sieving of grain sizes, measuring the 
rollability is a major effort, whilst separating heavy-mineral fractions with the toxic 
bromoform is expensive and unhealthy. The development of techniques to measure 
hydrodynamic conditions directly (e.g. current meters, wave-height measuring systems 
and equipment to measure suspended-sediment concentrations more precisely) caused a 
decreasing interest in the elaborate analyses of sediment composition. Also the 
development of numerical models resulted in a reduced interest in tedious and laborious 
measurements. With the increase of computer power and the better understanding of the 
modelling of sediment transport, models on sediment-transport and morphological 
change started to incorporate variations in sediment characteristics. However, due to the 
lack of high-resolution data of sediment grading in time and space, it is difficult to 
validate these models and the importance of effects of sediment grading in the sediment-
transport processes is poorly understood. 

With the development of the MEDUSA system (de Meijer, 1998; de Meijer et al., 1996) 
sediment properties as heavy-mineral composition (Tánczos, 1996) and clay 
concentration (Venema et al., 1999c) can be measured in situ with a high spatial resolution 
over large areas (>100 km2) at short times (days). This gives opportunities for detailed, in 
space and time, measurements of the composition of sediments and makes it possible to 
study sorting processes of sediment at a scale previously not feasible. 

This thesis focuses on the in situ measurements of two sedimentological parameters that 
are of interest in the near-shore coastal environment: grain size and density. In the first 
part it is investigated which measuring techniques have to be used to measure these 
parameters fast and with a high spatial resolution. The second half of the work focuses 
on the effects of sediment density and grain size on sediment transport and shows how 
the knowledge of these parameters can help to identify sediment-transport processes and 
sediment-transport routes. 

This thesis focuses only on the density and size of sediments. This does not imply that 
other sediment characteristics as shape and rollability (Winkelmolen, 1969) are of minor 
importance. On the contrary. However, present day techniques of in situ measurements of 
the sediment bed are not (yet) capable to measure these properties. Therefore, only 
density and grain size are regarded when the term graded-sediment is mentioned in this 
thesis. 

1.5.1 Grain size 
In large-scale geological studies, grain-size distributions along a coastal profile are often 
used as a parameter of the hydrodynamic energy (Walker and James, 1992). Many studies 
on the distribution of grain sizes along a coastal profile were conducted in the field (see 
e.g. Guillén and Hoekstra, 1996; Liu, 1989; Medina et al., 1994) and in flume experiments 
(Zhang et al., 1996). In a very generalised form, the cross-shore grain-size distribution can 
be described as having the coarsest material at the plunge point, at the change of inner 
surf zone and swash, with decreasing grain sizes in onshore and off-shore direction. 
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Although attempts have been made to model the distribution of grain size along a profile 
(see e.g. Horn, 1992; van Rijn, 1998a), the importance of grain size distributions along a 
coastal profile is still poorly understood: “The mechanics for selective transport have to 
be identified and their sensitivity needs further evaluation; is it simply a second-order 
effect or will it generally be a first-order effect which is of prime importance for 
nearshore morphodynamics?” (Hoekstra et al., 1994). Flume experiments on the effect of 
sediment grading on total sediment-transport rates, show that a mixture of sands with 
different grain sizes is more stable than uniform sands and shows a reduction of sediment 
transport compared to uniform material (de Meijer et al., 2000; Dibanja and Watanabe, 
1996; Foti and Blondeaux, 1995). 

In many studies, the morphological shape of the coastal profile and grain-size distribution 
are assumed to be in equilibrium with present day hydrodynamics (see Horn, 1992, and 
references therein). Due to the equilibrium with present day hydrodynamics, the 
distribution of grain size will vary in time. Studies on the temporal changes in grain-size 
distribution during a storm surge over seasons (Medina et al., 1994; Stauble and Bass, 
1999; Terwindt, 1962) revealed variations in grain size on a time scale of days to months. 
Short-term variations (hours-weeks) in cross-shore grain-size distribution are hardly 
studied. 

Recently, Van Rijn (1998a) incorporated gradation of grain-size in a cross-shore sediment 
transport model and was able to model the distribution of grain sizes for some field 
studies. Although these kind of models can give valuable information and predictions on 
the distribution of sediments on a coastline, improved knowledge to understand the 
processes that cause sorting of sediments is still required.  

1.5.2 Density 
The variation of heavy-mineral concentrations in beach sands is easily observed and has 
been studied for a long time. Meyn (1876) already mentioned the occurrence of heavy-
mineral placers on the North Frisian Island of Sylt in 1876. The presence of placers on 
the Dutch Island Terschelling was described by van den Sleen in 1912 (in Eitner, 1995). 
These early studies on the composition of the heavy-mineral fraction were all based on 
microscopic analyses of sediment samples and were mainly used to determine the 
provenance of these sediments (see also de Meijer and Donoghue, 1995; de Meijer et al., 
1990).  

In the studies on the processes responsible for the placer formation on beaches, the 
concept of hydraulic equivalence was first hypothesised by Rubey (1933). This concept 
states that various minerals are transported and deposited according to their settling 
velocities. Consequently, placer formation on beaches will form due to the contrasting 
settling velocities of light and heavy minerals. Subsequent studies on natural placers 
demonstrated that the light and heavy fraction in a sediment placer does not necessarily 
have an equal settling velocity (Rittenhouse, 1943; Slingerland, 1977). The results in 
Figure 1.3 show that effects of density on settling velocity are smaller than effects of 
grain size. Experimental studies by Slingerland  (1977; 1984) focussed on the role of 
processes of selective entrainment and selective transport of heavy minerals in the 
formation of placers. This work shows that heavy minerals have in general smaller grain 
sizes than the associated light minerals and are ‘hidden’ between the light grains. 
Consequently, heavy minerals are less easily entrained from the sediment bed and the 
minerals become concentrated by the selective removal of the light minerals in a 
combination of sorting on size and density. This concept of entrainment sorting will 
mainly result in heavy-mineral placers that are passively formed as a lag deposit and, 
consequently, heavy-mineral deposits are often related to erosional processes where the 
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bulk material (quartz minerals) is eroded under storm conditions. Following entrainment, 
the differential transport rates of the various minerals can lead to further separation. 
Since part of the hydrodynamic energy is already used to entrain a heavy grain, less energy 
is left for the transport. This will lead to smaller transport rates of heavy-minerals 
compared to light ones. 

Another concept often mentioned on the sorting of heavy minerals on beaches is shear 
sorting (Bagnold, 1956; Sallenger, 1979). When a granular material as sand is sheared by 
waves or wind, the grains interact and produce a dispersive grain pressure at right angles 
to the shear direction (normal to the sediment bed).  In this process, the dispersive stress 
will be larger on the large grains than on the smaller ones. This causes the large grains to 
migrate towards the surface of the sheared layer, producing an inversely graded bed. This 
process is thought to be responsible for the thin laminations in beach sands, each 
lamination being inversely graded with higher concentrations of heavy minerals at the 
base. This process is most effective in density-graded sediments that are hydraulic 
equivalent and which have consequently different grain sizes. Shear sorting results in fine 
laminae of heavy minerals and is mostly not responsible for the generation of thick layers 
of heavy-mineral concentrates. 

May (1973) was the first one who in a flume experiment studied the transport of heavy-
mineral grains under oscillatory flow on a plane sloping beach. He states that placer 
formation is not a process that occurs only under unusual conditions as storm (erosional) 
events, but can be the result of everyday sedimentological processes under moderate 
conditions. May states that we should be aware of the fact that under unusual storm 
events, energies can be so large that all sediments are transported at equal speeds such 
that transport processes are not selective. The results of his experiments corroborate his 
hypothesis that asymmetric wave motion of moderate conditions can actively sort heavy-
mineral sediments.  

Tánczos (1996) also studied active selection of natural heavy-mineral sands in a flume 
experiment. The sediments consisted of a mixture of grain sizes and density taken from a 
beach site. These experiments showed that heavy minerals are not only concentrated due 
to lag-formation or decreased transport rates, but under asymmetric waves the heavy 
grains can also move in different direction compared to the light grains. With a simplified 
model, she describes how grains of both sediment types are picked up under the wave 
crest (moving in landward direction). During flow reversal, the heavy grain settles, whilst 
the light grain remains in suspension (Figure 1.4). During the longer lasting, less energetic 
backward flow under the wave trough, the light grain is moved backwards relative to its 
initial location. The heavy grain is simultaneously transported less far but effectively in 
forward direction. The net result of this process is a predominantly landward transport of 
heavy grains.  

Tánczos studied sorting processes of heavy-mineral sands on two scales: in flume 
experiments and by the monitoring of a beach site. In the flume experiments she showed 
that active small-scale sorting of heavy minerals on ripple structures is rather the rule than 
the exception. These experiments showed how the light minerals go into suspension, 
follow the water motion and give almost no net transport, whilst the heavy grains are 
transported as bed load into the direction of the largest peak velocity. Other experiments 
under sheet-flow conditions in an oscillating water tunnel showed how sediment naturally 
enriched in heavy minerals shows smaller transport rates compared to sediments with 
equal settling velocity without heavy minerals. However, the mixture of grain sizes of the 
natural beach sand can influence this result. An important outcome of her investigation is 
the difference in transport rates of the light and heavy sediment fractions: both fractions 
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move in the same direction as the wave-crest, but the heavy fraction lags behind the light 
fraction. Her measurements on a natural beach showed that placers developed due to lag 
formation by wind-generated sediment transport removing the light fraction, but that 
swash processes actively transport heavy-mineral enriched sediments onshore. 
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Figure 1.4: Grain trajectories calculated with the Tánczos model (left graph) and water motion (right graph) 
for the horizontal velocities under the wave crest (black lines) and wave through (grey lines). 

Measurements on the effects of sediment density and grain size on sorting on a natural 
coastal profile were studied by Veenstra and Winkelmolen (1976) and Winkelmolen and 
Veenstra (1980). They concluded that density, shape and size each play an important role 
in the redistribution of the sediments and all sediment parameters are responsible for the 
large-scale distribution of sediment characteristics around two barrier islands in the 
Netherlands. 

Stapor (1973) describes placer formation in marine and dune sands at the coast of 
Florida. He hypothesised that placers found on the beach are actively transported from 
an area offshore where these minerals were ‘pre-selected’ by the selective removal of the 
quartz material. 

In summary, the concepts behind previous work on selective sediment transport under 
wave conditions can schematically be divided in two classes (Table 1.1): passive sorting 
(where concentrations of heavy minerals develop due to the movement of other mineral 
types) and active sorting (where the heavy-mineral fraction actively participates in 
sediment transport). Both classes comprise different concepts that, according to most 
literature, seem to be mutually exclusive. However, due to the range of hydraulic 
conditions and sediment transport modes along a coastal profile, various processes will of 
course occur simultaneously. 

Table 1.1: Classification of different concepts of sorting of heavy minerals 

Passive sorting 

 - Entrainment sorting (Eitner, 1995; Komar and Wang, 1984; Slingerland, 1977) 

 - Hydraulic sorting (Rubey, 1933) 

 - Shear sorting (Bagnold, 1956; Sallenger, 1979) 

Active sorting 

 - Wave assymmetry (May, 1973; Tánczos, 1996) 
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1.6 Field measurements and aim of the study 
In 1992 large concentrations of heavy minerals were found on the beach of the Dutch 
island of Ameland. This >4 km long, 100 m wide heavy-mineral placer was deposited 
after a period of storms, had a thickness of about 1 m and consisted of >30% heavy 
minerals (by weight). The presence of such heavy-mineral concentrations has not been 
noticed before and led to the question where the heavy minerals came from. Mass 
balance calculations and sample analysis from the dune sands proved that only a small 
amount (~10%) of heavy minerals could be attributed to lag deposit formation from 
eroded dune sands. As a consequence it was concluded that the heavy minerals were 
deposited from off-shore locations. To investigate this hypothesis, a tool for the 
prospecting of heavy minerals underwater, the Multi Element Detector System for 
Underwater Sediment Activity (MEDUSA), has been developed (de Meijer, 1998; de Meijer 
et al., 1996). With this system, the concentration of heavy minerals is determined by 
radiometric mapping of the seafloor (see chapter 3). In 1994 and 1995 surveys were 
conducted in the coastal waters of the island. The results of the 1994 campaign are 
plotted in Figure 1.5 and Figure 1.6 and reveal an increased concentration of heavy 
minerals, uniform in long-shore direction, at around 4 m and 7 m water depth. The 
averaged cross-shore results show the location of the breaker bar system at y-position 
609 km and indicates that heavy minerals are concentrated at two locations: just landward 
of the breaker bar in the inner surf zone and seaward of the breaker bar on the lower 
shoreface. The presence of these heavy-mineral concentrates off-shore led to the 
tentative conclusion that these offshore concentrates are transported as a sludge towards 
the beach and deposited as storm deposits, similar to the reasoning of Stapor (1973). The 
off-shore heavy-mineral concentrates were also determined in a successive measuring 
campaign off Ameland in 1995. This led to the conclusion that these placers are probably 
actively formed and are not the result of one major (storm) event. The subsequent studies 
by Tánczos (1996) showed that asymmetric wave motion (e.g. by wave shoaling) can be 
an important process in the formation of placers. These placers can be formed actively, in 
contrast to the overall assumption that heavy-mineral concentrations form passively as a 
lag deposit by the selective removal of light minerals.  
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Figure 1.5: Total heavy-mineral concentration (THM) off the coast of the Dutch island Ameland. 
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Figure 1.6: Averaged cross-shore transect of profile and heavy-mineral concentration off the coast of 
Ameland. 

1.7 Layout of the thesis 
How the placers on the profile off Ameland are exactly formed is not yet understood. 
Therefore, this field study led to the investigation presented in this thesis. The 
distribution of the heavy-mineral concentrations led to the following questions: 

• 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, three experiments have been conducted: one experiment that 
described the sorting of heavy mineral sands along a coastal profile; an experiment on a 
coastal profile that focussed on sorting of grain size and density under storm and 
moderate conditions; and a third experiment that focussed on detailed effects of density 
gradation under oscillatory flow conditions. The set-up of these experiments is described 
in chapter 2. The results are presented in chapter 5,6 and 7, respectively. 

To answer the questions stated above, we have to determine sediment composition 
accurately and with a high spatial resolution. The development of the MEDUSA system 
showed how by measuring natural γ-ray activity, sediment composition and especially 
heavy-mineral concentrations can be measured (de Meijer et al., 1996; Tánczos, 1996). 
The analyses of these data give an average heavy-mineral concentration over a sediment 
layer with a thickness of about 30 cm. However, in the determination of sediment-
transport rates for each sediment fraction, the sediment composition should be known in 
a layer with a specified thickness. To determine the sediment composition in such a layer 
it is crucial to use information on the stratification of the sediment. This leads to the 
following question: 
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• Can we measure the heavy-mineral concentration in a sediment layer with specified 
thickness? 

 

To answer this question, a model is formulated that accounts for sediment stratification. 
Experiments are used to validate the assumptions that are used in this model.  

The use of radiometry in determining heavy-mineral concentrations and the fraction of 
clays in the sediment has been described before (Tánczos, 1996; Venema et al., 1999a), 
but a quantitative determination of the median grain size of the sand fraction was not 
possible. To determine sediment-sorting processes, techniques that can measure grain 
size in situ are indispensable. Another question reads then: 

• How can we measure grain size in situ? 
 

In chapter 3 and 4, two techniques are described that can be used to measure median 
grain size of the sediment, quantitatively and in situ. Chapter 3 focuses on the 
measurements via natural radioactivity, where in chapter 4 a new technique is presented 
that is based on the measurement of friction sound. 

The assessment in chapter 8 focuses on the importance of the sorting processes on 
coastal profile evolution and will address how the presented innovative measuring 
techniques can contribute to coastal zone management. 
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2 Experiments 

Studies of sediment transport under controlled conditions can help to focus 
on different aspects of sediment transport. This chapter describes the 
techniques and experimental set-up of the three experimental facilities used 
for this thesis. One experiment studies effects of density gradation on 
sediment transport on an entire coastal profile. The second experiment 
studies sorting of size and density-graded sediments on a coastal profile on 
prototype scale. For the third experiment, only part of the coastal zone is 
studied. In this experiment, sediment-transport rates of sediments with 
varying mixtures of heavy and light minerals are studied under oscillating 
sheet-flow conditions. 
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2.1 Introduction 
One of the possibilities for studying effects of density and grain size in sediment 
transport is the use of controlled conditions in a laboratory set-up. With these studies, we 
can focus on parts of an entire coastal profile or adjust the sediment composition and 
hydrodynamic conditions to specific queries, scaled with respect to nature or on 
prototype scale. The advantage of the scaled models is that large-scale processes can be 
simulated in relatively small-scale facilities, but scaling difficulties set a limit to the 
reliability of the results. For the prototype-scaled models hydrodynamics and sediment 
properties are similar to nature, but large facilities are required for this kind of studies.     
To address the questions stated in chapter 1, three experiments have been conducted.  

The first experiment focussed on the effect of density gradation in a medium-sized wave 
flume.  This flume (Scheldt flume of WL|Delft Hydraulics) is a scaled model where a 
broad spectrum of waves can be generated, with variations in wave height and wave 
period similar to that of (scaled) waves in nature. These experiments focussed on cross-
shore sediment sorting on a barred profile with small-scale ripple structures present. The 
effects of density on sediment-transport rates have been studied by comparing 
experiments where the sediments were composed of uniform quartz with experiments 
where the upper layer of the sediment are composed of a mixture of quartz and zircon, 
with different densities, but equal grain size (section 2.2). 

In the second experiment, sediment sorting according to variations in grain size and 
density have been studied on prototype scale on a coastal profile under storm and fair-
weather conditions. This flume (the Large Wave Flume (LWF) in Hannover, Germany) is 
comparable to the Scheldt flume but is about six times larger. The large size of the flume 
gives the opportunity to generate waves that are almost similar to that of nature, such 
that scaling effects are negligible (section 2.3). 

The above-described experiments covered a coastal profile and included horizontal 
variations in bed height. Effects of density gradation on sediment-transport rates under 
asymmetric wave conditions on a horizontal bed have been studied in a third type of 
experiment in the Large Oscillating Water Tunnel (LOWT) of WL|Delft Hydraulics. The 
LOWT is a facility that can generate a horizontal oscillating water motion on prototype 
scale. With this water tunnel, a total coastal profile cannot be studied, studies focus on 
sediment-transport processes under sheet-flow conditions. The sediments in this study 
comprised several mixtures of quartz and zircon with equal grain size but different 
density (section 2.4). 

This chapter describes the type of experimental facilities, experimental set-up, sediment 
types that were involved and the standard measuring techniques of the three experiments. 

2.2 Cross-shore sorting according to density 

2.2.1 Scheldt flume 
The experiments in the Scheldt flume of WL|Delft Hydraulics, conducted in the summer 
of 1998, were part of the EU-MASTIII project SAFE. The objective of this study was 
twofold: 

• The generation of data on selective transport phenomena of density-graded 
sediments on a coastal profile (Koomans et al., 1999). 



Cross-shore sorting according to density 

20 

• The generation of high-quality and high-resolution data on hydrodynamics and 
sediment transport on a “natural beach” under erosive conditions, with special 
attention to near-bottom resolution (Bosboom et al., 1999). 

To meet the objectives of this study, a coastal profile has been constructed with a length 
of 41 m, a width of 1.0 m and a total depth of 1.2 m (see Figure 2.1). The Scheldt flume 
has an iron bottom and is placed on the concrete floor. The sides of the flume are made of 
glass windows that give the opportunity (if the water is clean enough) to look at the 
sediments and sediment-transport processes during the experiments. In this thesis, the set-
up and experiments are reported briefly, a more detailed description of the experiments and 
experimental set-up can be found in two data reports: Bosboom and Koomans (2000), and 
Koomans and Bosboom (2000). 

WHM 1              2   3 4

X=0 m X=9 m X=37 m X=41 m  

Figure 2.1: Schematic set-up of the experiment. The locations of wave-height meters (WHM) and positions 
of measuring verticals (vertical dashed lines) are indicated. The wave board moves within the area indicated 
by the grey box at the left. 

For the location of the instruments in the facility the following co-ordinate system is 
adopted (see also Figure 2.1) : 

• The x-direction is parallel to the length of the flume, the positive x-direction is from 
the wave-board towards the “beach face”, and x=0 is located at the rest position of 
the wave board.  

• The y-direction is parallel to the width of the flume, the positive y-direction is to the 
right when looking from the wave board to the “beach face”, and y=0 is located inside 
the channel at the glass window. For practical reasons, the two sides of the flume are 
named as D (“drukleiding”) and W (“wand”)-side. The D-side is located at y=1m, the 
W-side is located at y=0m. 

• The z-direction is directed vertically upward, with z=0 located at the top of the 
horizontal iron bottom part of the flume. 

 

2.2.2 Measurement programme and acquisition of data 
Measurement programme 
The measurement programme consisted of four series (see Table 2.1) each divided in a 
number of runs: In series A special attention was paid to high-resolution measurements of 
hydrodynamics and sediment transport of uniform sediment. This series has been carried 
out on an initially plane beach, with a slope of 1 in 40, consisting of quartz (dune sand) 
(see Figure 2.1). During the runs, suspended-sediment concentrations were measured 
with an Optical concentration meter (OPCON) and with a transverse suction system. 
Flow velocities have been measured with an Acoustic Doppler Velocity meter (ADV). 
These instruments were attached to a movable carriage (see section 2.2.4). Four wave 
gauges were placed at a fixed position in the flume during the entire programme and 
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measured the water elevation. The carriage with instruments was placed at several positions 
along the flume. Measurements have been conducted for about half an hour at a fixed 
horizontal and vertical position. Afterwards, the instruments were moved to another 
vertical position or the carriage was replaced. To validate the results of series A, the 
experimental conditions and beach geometry have been chosen according to test 1 of 
Roelvink and Stive (1989). 

Series B focussed on the selective transport of placers of a mineral with a higher density 
than dune sand: zircon. Thin layers of zircon were placed at three positions on the single-
barred final profile of series A. In this series, the bed height and sediment composition 
have been measured after each run with a bed profiler and the MEDUSA system, 
respectively. After the series, sediment samples have been taken. 

Series C aimed at measurements of selective transport processes and profile evolution of 
density-graded sediments. The series started again from a 1 in 40 sloping plane bed, in 
which the upper 10 cm of the bed consisted of a mixture of ~60% quartz and ~40% 
zircon by mass. Wave heights were recorded by 4 fixed wave-height meters and by one 
wave-height meter located on a carriage. The flow velocities were measured at one 
position above the bed during all runs and suspended-sediment concentrations have been 
sampled with a transverse suction system at 8 locations above the bed. In between the 
runs, bed height and sediment composition were measured with a bed profiler and with 
the MEDUSA system. Sediment samples have been taken after series C. 

The objective of the series D was to calibrate a new device that relates the sound, 
generated when the system is towed over the sediment bed (‘friction sound’), to the 
median grain size of the sediment (see chapter 4). These experiments have been carried 
out without waves on the final profile of Series C. 

Table 2.2 presents the cumulative time of the various runs of series A and C. 

Table 2.1 : Initial geometry, sediment composition (in mass percentages) and total duration of the various 
experiments 

Series Initial 
geometry  

Sediment 
composition 

wave 
duration 
(hrs:min) 

Objective 

A plane, 1:40 quartz 29:36 reference test 

B final profile 
series A 

quartz + zircon 
placers 

3:32 effects of zircon placers on 
morphology 

C plane, 1:40 60% quartz, 40% 
zircon 

14:33 effects of density gradation 
on morphology 

D final profile 
series C 

quartz of different 
grain sizes 

- calibration friction sound 

 

Table 2.2: Cumulative times of profile evolution for the A and C series 

Profile A-series Profile C-series time of profile evolution (h) 

A100 C100 0:00

 C101 0:30
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 C201 1:30

A106  4:00

 C302 7:00

A207  8:00

 C402 11:30

A309  13:30

 C404 14:30

A904 29:30

 

Steering and wave conditions 
Random waves have been generated by a wave board equipped with an active wave-
absorption system (Klopman, 1995), such that at the same time waves were generated 
and reflected waves were absorbed. The waves have been generated according to a 
second-order Stokes wave theory (see equation (2.4)) with the JONSWAP model. The 
JONSWAP spectrum has been developed to model growing storm waves with a limited 
fetch (Hasselmann et al., 1973) similar to conditions that occur on the North Sea. The 
incident wave conditions at deep water (water depth h = 0.7 m) were characterised by 
wave height Hm0 = 0.17 m and the wave period Tp = 2 s. The random wave field was 
stored as a steering signal for the wave-board. This steering signal had a duration of 1820 
seconds (~30 minutes) and was repeated subsequently.  

Data acquisition 
Series A was subdivided in 52 runs. Each run lasted one steering-signal period (~30 min). 
Each run started at the same phase in the steering signal. To allow all sediments to get in 
motion before the start of the measurements five extra wave minutes have been added to 
each run. In the data analysis, the first five minutes of each run have been ignored. In series 
C, besides half-hour runs also one-hour runs were measured. These runs lasted twice the 
steering signal plus five extra minutes to stir up the sediment. All instruments with time-
dependent measurements were sampled simultaneously at 50 Hz. To avoid aliasing, a low-
pass 25Hz analogue filter filtered each signal before storage.  

At selected time intervals (mostly the end of a day) the profile was measured by a bed 
profiling system. In most cases, measurements are made along two parallel trajectories, 
each running 33 cm from one of the side-walls of the flume and after some of the runs also 
the trajectory in the middle of the flume (50 cm from each wall) was measured. The profile 
data were recorded at 0.04 m intervals and were stored on a separate PC. For the final 
profile in the series A and for all profiles in series B, C and D, the MEDUSA system has 
been used to measure the natural γ-ray activity.  

The MEDUSA system was connected to the PROVO data-acquisition system with an 
Rs232 cable. Via this connection, the x-positions of the PROVO-carriage were saved in 
the MEDUSA data files. With the information of the x-positions of the PROVO system, 
the exact x,z-positions of MEDUSA were calculated (see section 2.2.4). 

2.2.3 Sediment 
The experiments focussed on the effect of density gradation in sediment transport, and 
special attention was paid to the selection of the sediment types. In the series A 
experiments, the grain-size distribution of the quartz sand is comparable to sand used in 
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the experiments of Roelvink and Stive (1989). In the experiments of series B and C 
zircons, with a higher density than quartz, were added to the quartz sediment. To avoid 
hiding effects, the grain size of the zircons was similar to that of the quartz minerals. The 
dense mineral zircon is a reddish-coloured mineral and is considerably enhanced in 
radionuclide concentrations of 232Th and 238U. The large difference in radionuclide 
concentrations allows the radiometric measurement of zircon concentrations in the 
sediment with a high accuracy. 

The sediment properties of the quartz and zircon used in series A-C are summarised in 
Table 2.3 and Figure 2.2. The grain-size distributions in Figure 2.2 shows that the d50 of 
zircon is 14 µm smaller than the d50 of the quartz but the shape of the distribution is 
similar. The densities of both sediments (Table 2.3) were calculated after measuring the 
weight dry and underwater (see equation (2.6)) several times and the uncertainty 
represents the standard deviation in these measurements. The higher density of the 
zircon results in a settling velocity that is about twice the settling velocity of quartz. Table 
2.3 clearly shows that the activity concentrations for 238U and 232Th in zircon are about 
three orders of magnitude higher than in quartz. The activity concentration of 40K in 
zircon is lower than the detection limit. The high value of the lower limit of detection is 
due to the high activity concentration of 232Th, contributing to the 40K signal. The large 
difference in γ-ray activity of both sediments shows that the zircon concentration in the 
sediment can be derived from the radiometric characteristics. 

Table 2.3: The grain size properties (in µm), measured settling velocity, density and activity concentrations 
(with external uncertainties) of 40K, 238U and 232Th  for quartz and zircon. 

Sediment d10  

(µm) 

d50  

(µm) 

d90 

(µm) 

ws50 

(mm s-1) 
ρ 

(103 kgm-3) 

40K 

(Bqkg-1)

238U 

(Bqkg-1) 

232Th 

(Bqkg-1) 

quartz 93 129 187 12 2.43 (0.10) 6.8 (0.9) 5.6 (0.3) 4.82 (0.15)

zircon 83 115 153 27 4.4   (0.2) <580 12400 (400) 2300 (100)
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Figure 2.2: Relative and cumulative grain-size distributions for quartz and zircon 

2.2.4 Instrumentation 
The measurements can be grouped in two types: 

• Measurements during runs 
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• Measurements in between the runs 
 
The measurements during the runs (velocity measurements, wave height and suspended-
sediment concentrations) give direct information on sediment transport or 
hydrodynamics; the measurements in between the runs give only information on the 
results of sediment transport and hydrodynamics on the sediment bed. The 
measurements during the runs comprised recordings of: wave-height meters (WHM), 
optical concentration meter (OPCON), acoustic Doppler velocity meter (ADV) and a 
transverse suction system. In between the runs profile evolution (PROVO) and γ-ray 
activity (MEDUSA) was measured. Sediment samples were collected with the transverse 
suction system during the runs and sampled from the sediment bed in between the series. 
They have been analysed on median grain size or zircon concentration with a settling 
tube and a γ-ray detector, respectively.  

Most of the instruments that measured during the runs were placed on a moveable 
measurement carriage. Only four of the wave-height meters (WHM) that measure the 
surface elevation were placed at fixed positions in the flume. These fixed locations have 
been chosen such that in the analysis of this data the incoming bound, incoming free, the 
reflected free and reflected bound components may be separated. Besides the four wave 
gauges at a fixed position, a wave gauge was located on each of the measurement 
carriages. 

Since the general objectives of series A and C differed, special assemblies of the 
measurements carriages were used for each experiment.  

During series A, two measurement carriages (number 1 and 2) are used; each equipped 
with: 

• Transverse suction system (2 separate suction tubes at each carriage at equal height 
but different y-locations) 

• Acoustic Doppler Velocity meter (ADV) 
• Optical Concentration Meter (OPCON) 
• one resistance type wave gauge 
 
During series C one measurement carriage (number 2) is used, equipped with similar 
instruments but the transverse suction system had 8 suction tubes distributed in vertical 
direction. 

Except for the ADVs, the instruments on both measurement carriages are similar during 
the A series. During the experiments only two different ADVs were available. ADV01 
refers to the ADV placed on carriage 1 and has a cylindrical sampling volume located 0.10 
m below the probe tip (see Figure 2.8). ADV02  is located on carriage 2 and its sampling 
volume is located 0.05 m below the probe tip. The smaller distance between sampling 
volume and probe tip for ADV02 means that the second carriage can be operated in 
shallower waters than carriage 1. Consequently carriage 1 is located “offshore” of carriage 2 
in case of simultaneous deployment (series A only). In the C-series, only carriage 2 is used.  

The carriages can be moved along the length of the flume. Moreover, the OpCon, ADV 
and suction tubes on the carriages are moved jointly in vertical direction to allow 
measurements at equal elevations. The wave-height meters (WHMs) on the carriages are 
not connected to the other instruments and are kept at a fixed position with respect to 
the water level. 

To determine the vertical positions of the instruments with respect to the sediment bed, 
the carriages are equipped with a ‘depth-reference rod’, a metal rod with on the lower end 
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a PVC plate which can be rotated vertically (second instrument from the right in Figure 
2.3). In this way it can be placed on the sloping sand bed over the ripple structures. 
Before each run, this ‘depth-reference rod’ is placed on the sediment and a marker on the 
metal rod is used to place the instruments exactly 10 cm above the bed. Subsequently, the 
instruments are lowered to the described elevation with the use of a measuring rod 
attached to the carriages. The uncertainty in the position of the instruments with respect 
to the bed (due to cross-flume morphologic variations and uncertainties the deployment 
of the measuring rod) is estimated to be 0.5 cm. The measurement of the vertical position 
of the instruments is repeated after each run to determine bed-level change.  

Table 2.4 gives a general overview of the instruments that are used in each series. The 
OpCon and the ADV on carriage 1 and carriage 2 are named OPC01 and ADV01 and 
OPC02 and ADV02, respectively.  

Table 2.4: Overview of the use of the different ADVs, OPCONs, number of tubes of the transverse 
suction system that are used during the experiment, PROVO, MEDUSA, Wave-height meters (WHM), 
settling tube and KVI in-house γ-ray detector (see section 3.2.2). 

Series ADV  
01 

ADV 
02 

OPC 
01 

OPC 
02 

# 
tubes 

Provo MEDUSA WHM Settling 
tube 

γ-ray 
detector 

A * * * * 4 * * 6 *  
B      * *    
C  *  * 8 * * 5  * 
D      * *    
 

 

Figure 2.3: Measurement carriage 2 during the C-series, looking into the direction of the wave board. From 
left to right equipped with: wave-height meter, suction tubes, OPCON, depth-reference rod and ADV. 

In the measurements of the profile, PROVO and MEDUSA data are collected 
simultaneously. In the PROVO measurement after run C100, the data acquisition system 
failed and the profile had to be measured again. These measurements showed that the 
sledge of the MEDUSA system flattens small ripple structures, and the measured small-
scale variations in morphology for profile C100 will be reduced. To avoid these 
problems, was decided to measure the profile and the γ-ray activity (MEDUSA) of series C 
separately.  
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The measurements of the OPCON system are not used in this thesis. 

PROVO 
The PROVO system consists of a bed profiler, a position counter (which determines the 
exact x-location of the profiler), and measuring and processing software. The profiler is 
placed on a carriage that can move with a speed of 10 cm/s over the rail on top of the 
flume. The profiler, developed by WL|Delft Hydraulics, consists of a wheel connected to 
an aluminium rod by a highly sensitive spring. Whenever the pressure on the wheel changes 
(when it starts to move over a ripple structure for example) an electronic signal is sent by 
the spring to the carriage where the aluminium rod is moved. A potentio meter measures 
the vertical position of the rod. 

The horizontal (x) position of the PROVO is calibrated once, at the beginning of the 
experimental programme. The vertical (z) position of the PROVO is calibrated at the 
beginning of each series of profile measurements by positioning the profiler at y=0.67m 
and x=7m by using the position counter on the measuring PC. At this location, the profiler 
is set to the bottom of the flume and the zero level is adjusted. To test whether the 
electronic gain shifted, the electronic output of the profiler is measured at four different 
fixed heights above the bottom. This procedure was repeated after the first two days and 
showed a constant gain. 

MEDUSA 
The MEDUSA system (see chapter 3) is used to measure the zircon concentration of the 
sediment bed of series B and C with a spatial resolution of 0.09 m. Since the small-scale 
ripple structure had ripple lengths <0.1 m, the MEDUSA results give an average over these 
ripple structures.  

 

Figure 2.4: The MEDUSA set-up in the flume. Tube A is located on the left side, tube B on the upper right 
side of the picture. The tubes are placed on a sledge to prevent sediment piling up in front of the detectors. 

In these experiments, the detector is towed over the sediment bed, with a velocity of 0.03 
ms-1. The casing of the detector is connected to an aluminium rod, which is connected to 
the PROVO carriage. For these experiments the MEDUSA system contains two tubes 
(Figure 2.4): tube A, with the γ-ray detector and tube B with electronics, pressure sensor 
and “friction sound” microphone. Both tubes are placed on a PVC sledge to prevent 
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sediment to pile up in front of the tubes (see Figure 2.4). This sledge flattens the small-
scale ripple structures. Two parallel trajectories are measured with MEDUSA to sample the 
bed at two sides of the flume. 
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x

carriage

 

Figure 2.5: Schematisation of the MEDUSA and PROVO set-up. 

In Figure 2.5, the set-up of the MEDUSA system in the flume is schematised. From the 
coupling between MEDUSA and the PROVO, the x-positions of the PROVO (here 
named xFile) are coupled to the radiometric measurements of MEDUSA at position x2. 
Since the relation between x2 and z is known (these data are stored in the PROVO data 
files), the stored position xFile is related to the exact location of MEDUSA (x2) via equation 
(2.1)  

22
2 zLxxx cFile −++= . (2.1)

A more detailed description of the MEDUSA set-up and data analysis in the Scheldt flume 
experiments is given in chapter 3. 

Transverse suction system 
A transverse suction system, developed by Bosman et al. (1987), is used to measure time-
averaged suspended-sediment concentrations at a height equal to the measuring volume 
of the OpCon. During series A, two suction tubes are mounted on each carriage; each 
tube positioned on one side of the carriage. During series C, 8 tubes with different 
elevations are used. In Figure 2.6, the positions of the suction tubes for series C are 
schematically indicated. The tubes, with an inner diameter of 3 mm, are each connected 
to a pump. The pump generates a velocity of the water in the nozzle of the suction tube 
of 1.2 ms-1. The pumps extract water and sediment for about 30 minutes, producing 
about two 10-litre buckets of water and sediment. The extracted volume of water is read 
from the volume scale on the buckets in which the water and sediment are collected.  

For series A, the suspended sediment samples are flushed in a volume meter tube. To 
derive the weight of the sediment from the measured volumes in these volumetric tubes, 
calibrations for different grain sizes (with uniform density) are available. The grain-size 
analysis of the suspended sediment samples gave values between 66µm and 120µm and 
the mass of the samples is determined from the calibration values of sand with a median 
grain size of 112µm. For series C, the approach with a volume meter was not possible 
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due to differences in density. These sediments are stored in plastic bags, dried in an oven 
at 60oC for 48 hours and weighed on a balance. 
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Figure 2.6: Layout of the suction system in series C 

The suction system is not 100% efficient, and the concentration measurements under-
value the actual suspended-sediment concentration of the flow (Bosman et al., 1987). 
Therefore, the transverse suction system is calibrated by the trapping efficiency α. This 
parameter is defined as the ratio of the sediment concentration of the measurement over 
the concentration in the flow. The value of the trapping efficiency depends on the nozzle 
dimensions, their orientation relative to the flow, the ratio of the intake velocity over the 
ambient flow, the sediment particle characteristics and the relative density of the 
sediment (Bosman et al., 1987). The trapping efficiency α (0.77) used for these 
experiments is determined from the calibrations by Bosman.  

In series A, two suction tubes per carriage measured the suspended-sediment 
concentrations simultaneously at equal height above the sediment. Since it is expected 
that the two tubes will give similar results, a comparison of two data sets gives 
information on the uncertainties to be expected in the suspended-sediment 
concentrations. 
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Figure 2.7: Correlation between sediment concentrations from D and W-side for Carriage 1 and 2, with the 
results of the fit y=ax. The dashed lines represent the line y=x. The grey dots are the measurements with 
the D-side tubes faced towards the centre of the flume, the black dots represent the measurements with the 
D-side tubes faced towards the wall of the flume. 

In Figure 2.7, the suspended-sediment concentrations of the two tubes are plotted for 
carriage 1 (left-hand plot) and carriage 2 (right-hand plot). The data points are linearly 
related, but the scatter around a best fit increases for increasing suspended-sediment 
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concentration. A linear fit for both series shows that the concentrations from the tubes 
on the W-side are larger than the concentrations from the D-side tubes. This can be 
explained by their location in the flume. The suction tubes on the W-side of the flume are 
located more to the middle of the flume than the D-side tubes. If any side-wall effects 
occurs during the experiments, the effects will be most pronounced in the D-side results, 
since this tube is closer to the wall. The relation between the results of the D and W-side 
concentrations are consistent with this effect. In the analysis of the data, the D-side 
results are adjusted by a factor of 1.11 and 1.16 for carriage 1 and 2, respectively.  

Initially, the nozzles of the tubes on both carriages faced the centre of the flume and 
faced the ADV (grey dots in Figure 2.7). Since it is not clear if the flow of the suction 
tube has any effect on the measured signal of the ADV, the nozzles are turned such that 
the openings of the nozzles face the wall of the flume (black dots in Figure 2.7). The data 
before and after turning the nozzle show that the influence of the facing direction of the 
tube on the suspended-sediment concentration is negligible.  

These results indicate that, similar to the findings of Bosman et al. (1987), a statistical 
uncertainty in the suspended-sediment concentrations of 30% (relative) can be expected. 

ADV 
The velocity is measured with an Acoustic Doppler Velocity meter from Sontek 
(Lohrmann et al., 1994). The ADV is based on the Doppler principle and measures the 
three components of the water velocity: u (velocity in the x-direction), v (velocity in the 
y-direction) and w (velocity in the z-direction) at a single point. The ADV-probe consists 
of four ultrasonic transducers; a transmitter transducer at the bottom end of the probe 
and three receiver transducers, horizontally lined up and pointing towards the sampling 
volume (see Figure 2.8). This sampling volume is located at 0.10 m and 0.05 m below the 
probe tip for ADV01 and ADV02, respectively, which means that the probe does not 
disturb the flow in the sampling volume. For this thesis, the time-dependent 
measurements of the ADV-system are only used to analyse time-averaged hydrodynamic 
parameters. 
 

ADV1: 10 cm
ADV2: 5 cm

Sampling volume

30°

ADV probe

 
Figure 2.8: Schematic presentation of the ADV probe and sampling volume 
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Settling tube 
A settling tube, located at “de Voorst”, is used to determine the grain size of samples 
collected with the transverse suction system. The settling tube has a length of about 2m, 
the lowest part consisting of a measuring-cup. A teaspoon of sediment is released from 
the top of the tube and at constant time intervals, the settled volume of sediment is 
measured. From the length of the tube, and the relation between settled volume and time, 
the mean fall velocity of the sediment can be calculated. From these fall velocities, the 
grain size is determined, applying the empirical relations of Van Rijn (1993) for non-
spherical particles: 

g
wd s

∆
= ν18  for 1µm <d≤ 100µm (2.2)
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 for 100 µm <d≤ 1000 µm. (2.3)

 

In these expressions: 

ws = settling velocity (m s-1) 

g = gravity acceleration (m s-2) 

d = grain diameter (m) 

ν = kinematic viscosity (m2s-1) 

∆ = 
w

ws

ρ
ρρ −  (-) 

ρs = specific density of sediment (kg m-3) 

ρw = density of water (kg m-3) 

Sediment sampling 
At the end of series B and C, samples of the upper few centimetres of the sediment bed 
are taken with a ∅= 2.5 cm syringe from which the top had been removed. The syringe is 
pressed in the sediment, the piston is pulled back and generates an underpressure 
between piston and sediment. This underpressure is large enough to keep the sediment in 
the syringe. The collected sediment can be pressed out and sub-samples of the desired 
thickness can be taken. Visual inspection of the stratigraphy of the cores pulled out the 
syringe allowed discriminating between different layers of sediment. Based on these 
observations, the cores are split in sub-samples. These samples are stored and analysed 
on their zircon concentration with the BGO-detector system (see below). 
BGO detector sample analyses (laboratory) 
The concentrations of zircon in the samples from the suction system of series C and of 
the samples from the sediment bed, are derived from the γ-ray activity measured on the 
in-house Bismuth Germanate or BGO crystal at KVI. A more elaborate description of 
the set-up and calibration of the BGO-detector is given in chapter 3. 



Experiments 

31 

2.3 Cross-shore sorting according to grain size and density 

2.3.1 The Large Wave Flume (LWF) 
As part of the EU-MASTIII project SAFE, experiments were scheduled in the Large 
Wave Flume (LWF) in Hannover, Germany. The aim of these experiments was to study 
the morphodynamic behaviour of a beach profile under several wave and water level 
conditions and with different types of beach protection. Braunschweig University 
conducted the experiments from November 1996 to August 1997 (Dette et al., 1998). 

The LWF is 300m long, 5m wide and 7m deep (Figure 2.9) and allows scaling of 
experiments on cross-shore sediment transport to a scale similar to that of nature. The 
flume consists almost completely of concrete with some small windows on the sides of 
the flume that allows visual inspection of sediment-transport processes provided that the 
water is clean enough.  

X=0 m X=60 m

7 m

X=280 m

big bags

sediment

 

Figure 2.9: Schematic set-up of the experiment with the location of the wave board. Also the carriage with 
the aluminium rod of the profiler system is indicated.  

2.3.2 Measuring programme and acquisition of data 
The implication of the size of the flume is that filling the flume with sand and water is a 
time consuming procedure. Two weeks are needed to transport the 2300 m3 of sediment 
into the LWF by shovels and to build up the sediment to the initial profile. 

The experiments consisted of two major test phases: test phase I focussed on beach profile 
stability; test phase II concentrated on dune stability with and without structural 
protection. The results of morphology and hydrodynamics and interpretation of both test 
phases are described in Peters and Dette (1999) and Newe et al. (1999). The work of this 
thesis only focuses on the sediment sorting in some of the experiments of test phase II. 

The test phases were subdivided in experiments. Each experiment was divided in runs of 
variable length. The wave conditions and wave periods were chosen such that the 
experiments resulted in a more or less equilibrium profile. Between each run, the profile 
was surveyed and after each experiment, the water was drained from the flume, sediment 
samples have been collected and sedimentary structures were recorded on photographs. 
Before each experiment, the profile has been rebuilt to the specification of the new 
experiment, but no attention has been paid to a systematically flattening and 
redistribution of the sediments. This means that the sediment distribution of an 
experiment, partly reflects the sediment distribution of its predecessor. 

The length of the runs varied from 15 minutes to 210 minutes depending on the rate of 
profile change, which proceeded rapidly in the beginning and slowed down when the 
profile reaches an equilibrium state. The wave conditions consisted of a time series of 
random waves with a length of 15 minutes. After 15 minutes, the time series was 
repeated. The random waves were generated according to the TMA spectral shape 
(Bouws et al., 1985). The TMA spectral shape is a modification of the JONSWAP 
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spectrum (see section 2.2.2) and is intended for use in water of limited depth and 
implicitly includes the processes of wave attenuation by depth-limited wave breaking 
(Goda, 1999).  

For the work of this thesis, only two sets of experiments are used: experiment GA and 
experiment GB (see Table 2.5). Experiment GA (D-series in Dette et al., 1998) was 
constructed on a 1:20 sloping beach with a dune protection of big-bags up to 2 m above 
the water line. Initially, 16 hours of storm conditions have been used to redistribute the 
sediments along the profile. After these conditions, the water level was lowered by 1 
metre and fair-weather conditions were used. Experiment GB (E-series in Dette et al., 
1998) also started from a 1:20 beach but with a lower barrier that is overtopped by the 
waves. For these experiments, 17 hours of storm conditions have been used. 

Table 2.5: Experimental conditions of the two experiments in the LWF. 

Name barrier 
height (m) 

water 
height (m) 

wave 
height (m)

wave 
period (s) 

time (h) Objective 

GA 2 5 1.2 5 16 Effect of storm conditions 
on high barrier 

 2 4 0.65 5 7.5 Effect of fair-weather 
conditions on high barrier 

GB 1 5 1.2 5 17 Effect of storm conditions 
on low barrier 

 

2.3.3 Sediment 
The sediment of the experiments (Table 2.6) consisted of rather coarse (d50=280 µm) 
sediments taken from a nearby quarry. The median grain size is comparable to the 
sediments found on the coast of Northern Germany. The analysis of the activity 
concentrations of the bulk sediment shows that the 238U and 232Th concentrations are 
very low (see e.g. Table 2.3) even compared to other quartz sands, indicating none or 
very low concentrations of heavy minerals. 

Table 2.6: The grain size properties (in µm), measured settling velocity, density and activity concentrations 
(with external uncertainties) of 40K, 238U and 232Th  for the bulk quartz used in the LWF experiments. 

Sediment d10  

(µm) 

d50  

(µm) 

d90 

(µm) 

ws50 

(mm s-1) 
ρ 

(103 kgm-3) 

40K 

(Bq/kg) 

238U 

(Bq/kg) 

232Th 

(Bq/kg) 

quartz 160 280 390 41 2.65 200 (35) 6.0 (0.9) 5.45 (0.17) 

 

2.3.4 Instrumentation  
Profiler 
The bed height has been measured with a mechanical profiler system, described in detail 
by Berend et al. (1997). This system is composed of a 7.5 m  long aluminium pipe of, 
connected to a moveable carriage by a hinge (Figure 2.9). The carriage moved from the 
upper beach towards deep water with a speed of 0.2 ms-1. At the lower end of the pipe, 
positioned in the middle of the flume, three plastic wheels are mounted that can roll over 
the sediment surface (Figure 2.10). The vertical position of the three wheels was recorded 
by measuring the angle between the aluminium pipe and the carriage floor electronically. 
The horizontal position of the carriage was measured by recording the number of turns 
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of one of the carriage wheels. Both measurements were recorded on a PC that calculates 
the bed height as function of position in the flume. The profile was only measured in the 
middle profile of the flume.  
MEDUSA 
The radionuclide content of the sediment in the central part of the flume has been 
measured with the MEDUSA system (see chapter 3). For that purpose, MEDUSA was 
placed on a PVC sledge and dragged behind the profiler carriage (Figure 2.10). The data 
were stored every 3 s, with a towing speed of 0.2 ms-1, resulting in a spatial resolution of 
0.6 m. Since a coupling between the MEDUSA data-logging PC and the profiler data 
logging system was not possible, the horizontal position of MEDUSA in the flume has 
been calculated. The positions of MEDUSA were noted at the beginning and end of a 
measurement and locations of MEDUSA were interpolated assuming a constant velocity. 
 

 
Figure 2.10: The MEDUSA system connected to the three plastic wheels of the bed profiler. 

Sediment samples 
After each experiment, the water was drained from the flume and sediment samples were 
collected. The results of the MEDUSA measurements have been used to choose sample 
locations. The samples were taken by scooping of only the upper 2 cm of the sediment 
and by selecting sites where the very fine mud, that settled during the draining of the 
water was almost absent. These sediments have been dried in an oven for about 24 hours 
and sieved on a mesh sieve. 

2.4 Sorting according to density under sheet-flow conditions 

2.4.1 The Large Oscillating Water Tunnel 
The Large Oscillating Water Tunnel (LOWT) of WL|Delft Hydraulics is designed to 
simulate the water-sediment interaction processes under waves and currents in the near-
shore zone, in the region close to the bottom at a one-to-one scale.  

Figure 2.11 presents a schematic view of the LOWT. The LOWT is a U-shaped tube 
with a long rectangular horizontal test section and two cylindrical risers at either end. A 
piston system in the closed cylinder is capable of simulating near-bottom velocities in the 
test section, corresponding to moderate to rough wave conditions. The steering signal for 
the hydraulic piston is software generated. The other riser is open to the atmosphere. Of 
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the test section, (~14 x 0.3 x 1.1 m3), the lower 0.3 m is available for a sand bed and the 
upper 0.8 m for the oscillatory flow. At both ends of the test section a sand trap is 
located to collect the sediment transported out of the tunnel. Test measurements 
indicated that the flow in the central part of the tunnel is uniform and not influenced 
significantly by the side walls for heights <0.1 m (Ribberink and Al-Salem, 1992). 

 

Figure 2.11: Schematic cross-section of the Large Oscillating Water Tunnel (LOWT) at WL|Delft 
Hydraulics, de Voorst 

Although the tunnel is designed to model natural wave conditions at a one to one scale, 
the water motion is only horizontal. The vertical velocity variation from the orbital 
motion of real waves is absent in these type of experiments. 

The experiments in the LOWT have been conducted as part of a larger series of 
experiments on gradation effects in sediment transport. The present experiments were 
funded by the EU-programme Training and Mobility of Researchers (TMR), section 
installation facilities. The experiments were conducted in the summer of 1997. For a 
more elaborate discussion of the experiments and data analysis the reader is referred to 
Manso et al. (1999) and de Meijer et al. (2000).  

The aim of the experiments was to study the effect of sediment density and density 
gradation on sediment-transport mode and sediment-transport rate in the sheet-flow 
regime. Therefore two types of sand (quartz and zircon) with equal grain size but 
different densities have been used as sediment. Experiments comprised a number of 
mixtures. To compare the results of the mixed sediment experiments with experiments 
with pure quartz with equal grain size, the hydraulic conditions and sediment size have 
been chosen similar to the experiments of Ribberink and Al Salem (1994), known as 
series B. 

2.4.2 Measurement programme and procedures 
The experiments have been carried out with regular, asymmetric second-order Stokes 
waves without a current that can be described by: 

tututu ωω 2coscos)( 21 +=  (2.4)

where u(t) is the horizontal, near-bed orbital velocity and ω the angular frequency of the 
basic oscillation. The peak velocities under the crest, uc, and trough, ut, of the wave are 
given by uc= u1 + u2 and ut = u1 - u2, respectively. The root-mean square velocity is 
defined as: 
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)(5.0 22
tcrms uuu += . (2.5)

The propagation of the wave-crest velocity in these experiments in the LOWT was from 
left to right in Figure 2.11.  

The experiments described in this thesis are referred to as the L-series experiments. The 
numbers within the series (L1-L5) point to the various experimental conditions. The design 
of the experiments consisted of two hydraulic conditions, with a variation in crest and 
trough velocities but with equal wave period, and three sediment compositions. Table 3.1 
lists the measured hydraulic conditions (velocities of the crest and trough, urms velocity 
and wave period) and the composition of the sediment of the L-series. The 
measurements of the hydraulic conditions indicate that the lowest condition (with an urms 
of 0.67 ms-1) was reproduced within 0.01 ms-1. For the highest energetic condition, the 
urms velocities between condition L2 and L5 differ 0.11 ms-1 (see Table 2.7).  

Table 2.7: Measured crest and trough velocities in the flume, urms velocity, wave period and sediment 
compositions in mass fraction for the L-series experiments.  

experiment uc (ms-1) ut (ms-1) urms (ms-1) T (s) mquartz mzircon 

L1 1.3 0.65 0.68 6.5 0 1 

L2 1.8 0.91 0.98 6.5 0 1 

L3 1.3 0.62 0.67 6.5 0.93 0.07 

L4 1.3 0.63 0.67 6.5 0.75 0.25 

L5 1.6 0.80 0.87 6.5 0.75 0.25 

 

Each series, except for series L1 and L2, consisted of three runs, where each subsequent 
run continued with the final profile of the previous run. Before each series, the sediment 
in the flume was replaced. The bed height and sediment composition (from sediment 
samples and measurements of γ-ray activity) along the test section have been measured 
before and after each run with a PROVO system (bed height) en MEDUSA (sediment 
composition). During each run, sediments were transport from left to right and an 
erosion hole developed in the left-hand side of the tunnel and sediments settled in the 
sand traps on both sides of the flume. The sediment from these traps has been collected, 
weighed and stored for later analysis on sediment composition. In most of the 
experiments, the erosion hole has been allowed to develop further, except for series L5, 
where the erosion hole was refilled after each run. Therefore, the top layer of the 
sediment in the erosion hole was scraped off and the erosion hole was refilled with sand 
from outside the flume with the proper mixture. After the refilling of the erosion hole, 
the scraped sediments were replaced to have the composition of the upper layer of 
sediment as similar as possible to the final stage of the previous run. 

2.4.3 Sediment 
To focus on effects of density only and to exclude effects of size, two sediments with 
equal grain size have been chosen. Table 2.8 and Figure 2.12 present the grain size 
properties of the two sediments. These results show that median grain size of both 
fractions is practically identical. The distribution of the sediment fractions in Figure 2.12 
shows that the grain-size distribution of the quartz fraction is slightly narrower, but this 
will have minor effects on selective sediment transport. The density of both sands has 
been measured by weighing the sediments dry and under water (see equation (2.6)). The 
large difference in density results in a settling velocity for the zircon that is twice the 
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settling velocity of quartz. The quartz and zircon used in present experiments have a 
different origin than the minerals used in the experiments in the Scheldt flume. This 
explains the differences in radionuclide content (see Table 2.3) 

Table 2.8: The grain size properties (in µm), measured median settling velocity (ws50), density (ρ) and 
activity concentrations (with external uncertainties) of 40K, 238U and 232Th  for quartz and zircon. 

Sediment d10  

(µm) 

d50  

(µm) 

d90 

(µm) 

ws50 

(mm s-1) 
ρ 

(103 kgm-3) 

40K 

(Bq/kg)

238U 

(Bq/kg) 

232Th 

(Bq/kg) 

Quartz 152 203 279 24 2.65 216 
(13) 

6.45 (0.07) 6.8 (0.11) 

Zircon 126 201 262 53 4.4 <85 2690 (30) 660 (30) 

 

The activity concentrations, measured with the hyper-pure Germanium (HPGe) γ-ray 
detector (see chapter 3), in Table 2.8 indicate that activity concentrations of U and Th of 
quartz and zircon differ by a factor 400 and 100. Since the densities vary only a factor of 
2, the zircon concentration can be measured more accurately by radiometry than by 
measuring the density. 

The sediment mixtures of series L3, L4 and L5, have been obtained by placing 
moisturised mixtures (to avoid seggragation) in a concrete mixer and homogenising them 
for at least 15 minutes. 
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Figure 2.12: Grain-size distribution and cumulative weight percentage of quartz and zircon. 

2.4.4 Instrumentation 
During the experiments, hydraulic conditions have been monitored by measuring the 
water velocity at one location at a fixed position above the bed and by registering the 
amplitude and velocity of the wave-generating piston. Suspended-sediment 
concentrations were measured with a transverse suction system. In between the runs the 
profile was measured with an automatic bed profiling system (PROVO) and the natural 
γ-ray activity of the sediment has been determined by measuring γ-ray spectra with the 
MEDUSA system. Supplementary, small sediment samples have been cored at continuous 
intervals. This section describes the instruments and methods. 
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PROVO 
The bed-level variations have been monitored with a profiling system different from the 
PROVO system used in the Scheldt flume. This system was placed on a carriage and is 
mounted on a rail on top of the flume and positioned manually. A position counter 
indicated the horizontal position of the carriage. The system contains three profilers, two 
located at 0.05m from the sidewalls and one in the centre. Each profiler measured the 
total conductivity in a sampling area just below the probe tip. The measured conductivity 
is mainly influenced by the amount of water between the tip and the sediment. By 
maintaining a constant value of the total conductivity, a constant distance between the 
sediment bed and probe tip is enforced mechanically by a feed-back system from the 
conductivity measurement. The PROVO system was calibrated before each measurement 
at a horizontal plate. This plate had a fixed horizontal and vertical position at the 
upstream end of the tunnel. The statistical accuracy of the profilers is estimated to be 
approximately 0.4 mm (Dohmen-Janssen, 1999). 

MEDUSA 
The natural γ-ray activity of the sediment was measured between each run with the 
MEDUSA system (see chapter 3). The set-up differs from the experiments in the Scheldt 
flume and LWF but was similar to that of the experiments described in Tánczos (1996). 
MEDUSA was placed under water and connected to a moveable carriage, used for the 
profile measurements, such that the vertical position of MEDUSA was fixed. To shield the 
system from surrounding radiation (cosmic γ-rays and radiation from building materials), 
the detector was placed in a block of lead (25×17×11 cm3) with a slit at the bottom of the 
block facing the sediment (see Figure 2.13). The γ-radiation from the sediment has been 
measured at point locations at 0.25 m intervals for 30 seconds. The results were stored on 
a data-logging system and analysed according to the procedures described in section 3.7. 
 

waterline

electronics
carriage

(-ray detectorlead

PC

sediment

 
Figure 2.13: Schematic presentation of the MEDUSA configuration in the LOWT. The waterline represents 
the level during measurement with MEDUSA. During the experiment, the water level is to the top of the 
flume. 

Transverse suction system 
A transverse suction system, similar to the system used in the Scheldt flume experiments 
(see section 2.2.4) has been used to measure average suspended-sediment concentration 
profiles and to collect samples of suspended sediments from 0.5-15 cm above the 
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sediment bed. It was positioned in the middle of the LOWT at x = 10.3 m and 0.15 m 
from the sidewall (located to the front in Figure 2.11) with the nozzles perpendicular to 
the (horizontal) fluid motion. The lay out of the suction system has been slightly adjusted 
to the set-up in the Scheldt flume, by removing the suction tubes at 0.5 and 1.5 cm 
distance from the lowest tube. The volume of the suspended sediments was determined 
in a volume meter.  

Settling tube 
A settling tube located at “de Voorst” has been used to determine the median settling 
velocity of samples collected with the transverse suction system described. This settling 
tube is described in section 2.2.4. 

Laser Doppler system  
The LOWT is equipped with a forward-scattering laser-Doppler system developed by 
WL|Delft Hydraulics (Dohmen-Janssen, 1999). With this system, the horizontal and 
vertical velocity components can be measured at every desired position in the test section 
of the tunnel. The method is based on the Doppler shift of incident laser light due to 
moving particles in the water. It determines water velocities with an accuracy of 1.7%. In 
the experiments, the laser-Doppler system was positioned in the middle of the test 
section, at 40cm above the bottom of the flume (corresponding to about 10cm above the 
sediment bed). For the analysis in this thesis, only the time-averaged horizontal velocity is 
used to monitor variations in hydraulic conditions. 

Sediment samples 
Sediment samples of the upper few centimetres of the sediment bed have been taken 
with a syringe similar to the one described in section 2.2.4. The specific bulk density of 
the sediment samples was determined by applying Archimedes’ law, by measuring the dry 
weight and weighing the samples under water. The sediment density of the sample (ρ) 
follows then from: 

ud

wd
s MM

M
−

=
ρρ , (2.6)

where ρw is the specific density of water and Md and Mu are the dry and underwater mass 
of the sample, respectively. 
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3 Radiometric measurements of 
sediment composition 

One of the techniques to measure underwater sediment composition is via γ-
ray measurements. The basics of detecting naturally occurring γ-ray nuclides 
are explained in this chapter.  

In the experiment on density gradation in the Scheldt flume, special focus is 
on the determination of the transport rates of the heavy and light-mineral 
fraction. To determine the sediment-transport rates per fraction accurately, 
the concentration of heavy minerals in the upper layer must be determined 
with enough precision. Therefore, a model is derived and calibrated that 
describes the heavy-mineral concentration in the upper layer of the sediment. 
The principles of this model are also used to determine the sediment 
composition from samples measured on a detector placed in the laboratory.  

In the experiments in the Large Wave Flume heavy-mineral concentrations 
are very low but with the sensitive radiometric techniques, the heavy-mineral 
distributions can be measured. Sample analysis shows that the median grain 
size of the sediment is related to the concentration of γ-ray emitting 40K. This 
relation can be explained by a larger surface adsorption for smaller grain sizes 
or increased K-feldspar concentrations in the finest size class. This relation is 
used to determine the median grain size of the sediment from the in situ 
measurements of γ-radiation. 

In the experiments in the LOWT, the γ-radiation is measured with varying 
distance between detector and sediment. The water in between detector and 
sediment shields part of the radiation and the measurements are corrected 
for this absorption. 
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3.1 General 
One of the possibilities of determining sediment composition in situ is via γ-ray 
measurements. In the past, these techniques have been applied regularly for studies of 
radioactive tracers in the field and in laboratory experiments (see e.g. Pilon, 1963). With 
the development of improved hardware and analysis techniques, the measurement of 
variations in low-activity, naturally occurring radionuclides became possible (see e.g. de 
Meijer et al., 1994; Tánczos, 1996). These naturally occurring radionuclides can be related 
to heavy-mineral concentrations (de Meijer et al., 1987; Tánczos, 1996) but also to 
concentrations of clay and sand (Venema et al., 1999a). In this thesis, natural γ-radiation is 
not only used to determine heavy-mineral concentrations in the sediment, but also 
median grain size will be measured in situ. The first part of this chapter describes the 
background information and the techniques of measuring natural γ-rays. In the second 
half, these techniques are calibrated for measuring zircon concentrations in experiments 
in the Scheldt flume and LOWT and for grain-size measurements in the LWF 
experiments.  

3.1.1 Radioactivity 
Radionuclides are nuclei that consist of unstable combinations of protons and neutrons, 
and disintegrate to other nuclei under the emission of radiation (radioactivity). The unit 
of radioactivity is Becquerel (Bq), indicating 1 decaying nucleus per second. 

Due to radioactive decay, the number of radionuclides in a substance diminishes in time 
according to: 

teNtN λ−= 0)( , (3.1)

where N(t) is the number of nuclides at time t, N0 is the number of nuclides at time t0, 
and λ is the decay constant related of the half-life time T1/2 by: 

2/1

2ln
T

=λ . (3.2)

The activity, A (in Bq), is defined as the number of nuclei that disintegrate per unit time 

(
dt
dNA −= ) and follows from equation (3.1) as 

NA λ= . (3.3)

If the decay product is not a stable nucleus, the product will further decay until it reaches 
a stable end member. Such a chain of decay products is called a decay series. The way the 
activities of the decay products evolve with time is described by the so-called Bateman 
equations (see e.g. Evans, 1969). For the present work it is important to know that when 
members of the decay series are in secular-equilibrium (when the formation and decay rates 
of the nuclei are the same), the activities of all nuclei are equal. Since all members have 
different half-life times, the number of radionuclides according to equations (3.2) and 
(3.3) is given as: 

j

i

j

i

j

i

T
T

A
A

N
N

2/1

2/1= . (3.4)

This implies that for nuclides with a short half-life time, the number of nuclei can be very 
small and non-detectable by chemical methods, whilst the activity concentration of the 
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nuclide can still be measured. In secular equilibrium, when Ai=Aj, this equation reduces 
to: 

j

i

j

i

T
T

N
N

2/1

2/1= . (3.5)

The specific activity or activity concentration, C,  is defined as the activity per unit mass of a 
sample (in Bqkg-1). The relation between activity and mass concentrations, in units like 
ppm, follows from equation (3.3), the natural abundance of the nuclide, its half-life time 
and the relation between mass and the number of nuclei by Avogadro’s number. Table 
3.1 presents the conversion between specific activity concentration and mass 
concentration of the different radionuclides. 

Table 3.1: Relation between activity concentration (Bq kg-1) and mass concentration (in ppm) of the three 
naturally occurring radionuclides. 

Nuclide C (Bq kg-1) ppm 
40K 1 33.11 
238U 1   0.08 
232Th 1   0.24 

 

Radio nuclei decay mainly by the emission of α or β particles or by γ-radiation, each with 
different properties and energies. The decay-modes presented in next section are the 
modes that are most relevant for the study of natural radioactivity. 

Very heavy nuclei, as 238U, can disintegrate spontaneously in two parts (spontaneous 
fission). In this process several neutrons are emitted and the radioactive fragments decay 
further by emitting γ and β radiation. For naturally occurring radionuclides, this process is 
rare. 

Alpha particles are 4He nuclei, composed of two protons and two neutrons, and are 
generally emitted by heavy radio nuclei. Alpha particles have a very high rate of energy 
loss in matter. Consequently, α-particles have a penetration in depth in air of only a few 
cm, in more dense materials this penetration depth is even lower. 

Beta particles are fast electrons (e-) or positrons (e+) that result from transfer of a neutron 
into a proton (β-) or from a proton into a neutron (β+). Also β particles lose their energy 
rather easily in matter, and are absorbed within a few cm of water.  

If a nucleus is not stable after one of previously mentioned decay mechanisms but 
contains a surplus of energy, this energy is lost by the emission of photons (γ-radiation), 
without changing the Z-number (the number of protons in a nucleus) and A-number (the 
total number of protons and neutrons in a nucleus). These photons have an energy that is 
distinct for the emitting nucleus and have penetration depths larger than that of α and β 
particles. 

3.1.2 Natural radioactivity 
In nature, most elements are stable and only a few naturally occurring radionuclides with 
a long half-life time are present. For our purpose the relevant radionuclides are: 40K and 
members of the decay series 232Th and 238U (Figure 3.1). The half-life times of 238U and 
232Th are longer than, or comparable to the age of the Earth, indicating that both nuclei 
are still present in the Earth’s crust. 
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Figure 3.1: Simplified decay schemes of 238U, 232Th, and 40K with half life-times in years (y), months (m), 
days (d),  hours (h) and seconds (s). The most relevant γ-ray emitters are marked by the grey boxes. 

The decay chains of the three naturally occurring radionuclides are presented in Figure 
3.1. The emission of β-particles is denoted by diagonal lines, emission of α-particles 
occurs along the horizontal lines. The most relevant γ-ray emitters are denoted by the 
grey boxes. For each nuclide, the half-life time is given. As can be seen from Figure 3.1, 
the half-lifes, and therefore the concentrations of the members of the decay series vary by 
a factor of 1015. Most of the members can therefore only be measured by radioactive 
decay (see equation (3.5)).  

As can be seen from Figure 3.1, not all nuclei present in the decay chain emit γ-rays. For 
the 238U series, the most important γ-ray emitters are 214Pb and 214Bi and for the 232Th 
series, 228Ac, 212Pb and 208Ti. This means that concentrations of 238U and 232Th can be 
measured indirectly by the concentration of γ-ray emitters from the decay chain provided 
that secular equilibrium is present. The breaking of secular equilibrium is mainly a 
concern in the 238U series. The decay series of 238U contains a radium isotope, soluble in 
water (226Ra) with a half-life time of 1600y. The next decay product is Radon (222Rn), 
which is a noble gas and has the possibility to escape the medium. If the system in which 
the measurements take place is not a closed system, which means that nuclei disappear 
not only due to radioactive decay, and radium and or radon can escape. Measuring γ-rays 
from 214Pb and 214Bi will therefore underestimate the 238U concentration. To determine 
this effect of dis-equilibrium in sediment, concentrations of 238U in a zircon sample were 
measured with X-ray fluorescence, whilst the concentration of 214Bi was measured by γ-
ray spectroscopy. The results were compared and within the uncertainties, there were no 
indications that the systems were not closed (de Meijer et al., 1997), although it is known 
that 20-30% of radon formed in dry quartz sand does escape (van der Spoel, 1998). In 
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water saturated conditions, radon remains close to its locations of formation and secular 
equilibrium is assumed. 

3.1.3 Interaction of γ-radiation and matter 
When γ-rays penetrate matter, they can interact with atoms of the medium in various 
ways. The three main interaction processes in the relevant energy range of the γ-ray 
studies of natural radioactivity, 10keV<Eγ<3MeV, are 1) photo-electric absorption, 2) 
Compton scattering and 3) pair-production. This chapter will describe what the effect of 
these interaction processes is on the γ-ray spectrum of a source with mono-energetic 
photons (see e.g. Debertin and Helmer, 1988; Knoll, 1979).  

In the photo-electric absorption process, the full photon energy is absorbed and 
transferred to a so-called photo-electron. This electron is ejected from the atom with an 
energy Ee equal to:  

be EEE −= γ , (3.6)

where Eγ is the energy of the incident γ-ray and Eb the binding energy of the electron in 
its original shell. Unless the interaction occurs in a vacuum, the ejected electron will be 
slowed down in the neighbouring material and its energy will be absorbed. The photo-
electric effect is the predominant mode of interaction of gamma rays of relatively low 
energies. Besides the energy of the gamma rays, also the atomic number, Z, of the 
material determines the probability that a gamma ray will interact. This probability is 
expressed in cross-section (τ) per unit mass. This cross-section cannot be described by a 
single analytical expression, but its dependence on the atomic number and energy can be 
approximately described by:  

3. −≅ γτ EZConst n , (3.7)

where the exponent n ranges between 3 and 4. The strong Z dependence indicates that a 
high Z material is very effective in the absorption of photons. The strong dependence on 
the photon energy, is the reason why this effect is the dominant mode of interaction at 
low energies (<0.5 MeV) (see Figure 3.4). The photo-electric absorption effect in a 
detector will result in a sharp peak, the so-called photo peak (Figure 3.2). The intensity of 
the peak is a function of the intensity of the γ-ray flux and the absorption properties of 
the material.  

In the Compton scattering process, only a portion of the photon energy is transferred to 
a “Compton electron” and the remainder is carried away by a secondary photon (Eγ’). 
The energies of the outgoing electron and secondary photon are related to the scattering 
angle (Figure 3.3). After scattering, the secondary photon can be absorbed by photo-
electric absorption or scattered again by the Compton scattering process. It is possible 
that the photon or electron scatters out of the medium without depositing its full energy. 
The cross-section for Compton scattering (σ) per unit mass can be approximated by: 

1. −= γσ EConst . (3.8)

The fact that the Compton cross-section is independent of the atomic number Z, 
indicates that, contrary to the photo-electric effect, Compton scattering is more or less 
independent of the medium. The inverse relation with the photons energy indicates that 
Compton scattering is dominant at higher energies (~0.5-5 MeV) (see Figure 3.4).  
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Figure 3.2: The contributions of various interactions to a γ-ray spectrum of a mono-energetic source. All 
events (number of counts) that deposit their full energy in the detector, i.e. events that undergo photo-
electric absorption will show as a peak in the Eγ-spectrum: the photopeak (I). Events that interact via 
Compton scattering, show up in the Compton continuum (II). 

In an energy spectrum of a mono-energetic γ-ray bundle, the scattering process will lead 
to a distribution of energies lower than the energy of the incident γ-ray: the Compton 
continuum (Figure 3.2). Figure 3.2 is composed of a photopeak, due to the photo-electric 
absorption and of Compton scattered events in the detector (releasing their full energy by 
multiple scattering), and a continuum. This continuum is composed of Compton 
scattered photons that are not completely collected in the detector and of photons that 
were Compton scattered in the surrounding medium, and entered the detector as 
scattered photons with a lower energy than the original photon. 

Compton electron

Incident photon
Scattered photon

 

Figure 3.3: Schematisation of the Compton scattering process. 

In the process of pair production, a photon is converted to an electron-positron pair, the 
electron is slowed down in the surrounding matter and, the positron annihilates with 
electrons in the matter. The threshold for pair production is 1.022 MeV, but becomes 
dominant in the energy range >4 MeV (see Figure 3.4). The cross-section of pair 
production depends on Z2 and increases sharply with the photon energy. Since the 
maximum energy of natural γ-rays is 2.6 MeV, this process is not of great importance and 
will therefore not be considered in further discussion.  
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Figure 3.4: Relative importance of the three major types of γ-ray interaction. The lines show the values of Z 
and Eγ (hv) for which the two neighbouring effects are just equal (from Evans, 1969). 

Attenuation of γγγγ-rays 
If a parallel beam of mono-energetic photons passes through an absorber with thickness 
z, density ρ and effective atomic number Zeff, photons will loose energy due to 
interaction processes. The probability per unit path length that a photon or γ-quant is 
removed from the beam depends on the energy of the γ-quant (Eγ), the density and 
effective atomic number of the medium and is described by µ: the linear attenuation 
coefficient. The linear attenuation coefficient (µ) has the dimension m-1 and varies with 
the density ρ of the absorber. Alternatively, the linear attenuation coefficient µ, can be 
replaced by the mass-attenuation coefficient µ’ (defined µ’=µρ-1), with the dimension kg-

1m2. The mass-attenuation coefficient is more or less material unspecific (Sowa et al., 
1989), does not depend on the density of a material and is therefore independent on the 
state of a material (e.g. in liquid or in gaseous form) or on the packing of the material.  

Since both the photo-electric effect and Compton scattering remove photons from the 
beam, the total mass-attenuation coefficient is the sum of the two cross-sections: 

στµ +=' . (3.9)

In the energy range of interest the attenuation coefficient decreases with increasing 
photon energy (Figure 3.5), which means that high energy photons have a larger 
possibility to pass an absorber undisturbed than low energy photons. 

The number of photons N(Eγ) of one particular energy Eγ that pass undisturbed through 
the absorber with thickness z, is given by: 

zEeENEN ρµ
γγ

γ )('
0 )()( −= , (3.10)

where N0(Eγ) is the initial number of photons of energy Eγ hitting the absorber.  

When sediments are considered, the medium consists of a mixture of elements. The 
mass-attenuation coefficient for a mixture of elements can be obtained by: 

∑=
i

iimixture m '' µµ , (3.11)

where mi is the fraction (by mass) of element i (with mass-attenuation coefficient µi’) in 
the mixture. 
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Figure 3.5: Mass-attenuation coefficients as function of the photon energy for three different materials: 
water (Zeff=3), quartz (Zeff=10), lead (Z=82) (data from Debertin and Helmer, 1988). 

In the case of a point source and an absorber in front of a detector, part of the Compton 
energies in the spectrum originate from the Compton-scattered γ-rays in the detector 
itself. Also γ-rays that are Compton-scattered within the absorber will reach the detector 
where they are detected by Compton scattering or photo-electric-effect. Also photons 
that enter the detector via back-scattering in the surrounding medium, will end in the 
Compton continuum (part II in Figure 3.2). These additional photons contribute to the 
shape and intensity of the spectrum. This effect is called build-up and will be discussed in 
more detail in section 3.4.1. 

3.1.4 The γ-ray spectrum 
Figure 3.2 describes the shape of an Eγ-spectrum, resulting from a mono-energetic 
source. In nature, however, γ-photons with different energies are emitted and the γ-
energy spectrum will be more complex than the one described in Figure 3.2. When 
photons from a source with different energies hit a γ-ray detector, the measured 
spectrum will be composed of a number photo-peaks and different Compton continua. 
Since the natural decay series of 40K, 232Th and 238U emit γ-rays with different energies, a 
γ-ray spectrum of natural sediment will contain various photo-peaks. Depending on the 
resolution of the detector system, the information in those γ-ray spectra can be translated 
in the activity concentrations of the different radionuclides either by photo-peak analysis 
or full spectrum analysis (FSA). 

3.2 Detection of gamma-rays 

3.2.1 Choice of detectors 
For the work of this thesis, two types of measurements have been conducted. Sediment 
samples have been measured in the laboratory, and in-situ measurements have been 
carried out on the sediment bed in the flume experiments. Each condition requires its 
own type of detector best suited for the desired information and the operating 
conditions. In next section two types of detector systems are discussed: semi-conductor 
detectors and scintillation crystals. The principle of operation of both detector types is 
similar in that sense that in both systems: 
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1) The energy of the photons is transferred to electrons by photo-electric absorption or Compton 
scattering. 

2) The number of electrons is measured. 
As described in the previous sections, the amount of absorbed γ-rays (process 1)) 
depends highly on the density and of the volume of the material. The type of interaction 
(photo-electric effect or Compton scattering) that causes the absorption is a function of 
the elemental composition of the material (parameterised in Zeff) and energy of the 
photons. A higher density of the detector material results generally in a higher amount of 
absorbed γ-rays: the response is high. The same holds for the volume of the detector: the 
larger the volume, the higher the probability that a photon will interact with the detector. 
Thus, increasing the density and volume of a detector system increases the response of 
the detector. For a determination of the energy of a photon, the photons should interact 
with the detector via the photo-electric effect (equation (3.7)). Therefore, increasing the Z 
of the detector material will increase the sensitivity of the detector system. 

In process 2), the measurement of the kinetic energy, the difference in detector type is of 
importance. In a scintillation crystal, the electrons that are generated in the processes of 
photo-electric absorption or Compton scattering will generate excited molecular states in 
the scintillation crystal. The photons that are emitted in the de-excitation of these 
molecular states are measured with a photo-multiplier tube (PMT). The chain of events 
that must take place in converting the incident photons to an electrical signal from the 
PMT, involves many inefficient steps. Therefore, the energy to produce one information 
carrier (light pulse) is large and the number of generated light pulses is relatively small. 
The statistical fluctuation in such a small number of information carriers places an 
inherent limitation on the resolution of a scintillation detector system and photo peaks 
will be rather broad (Figure 3.2). The only way to increase the statistical limit on the 
energy resolution after detection, and to decrease the width of the photo-peak described 
in Figure 3.2, is to increase the number of information carriers. In semi-conductor 
detector systems, the binding energies of electrons are small. Therefore, a semi-conductor 
detector allows the photo-electric interactions to be measured with a high resolution. 

A γ-ray detector cannot detect all photons that are emitted from the sediment. The 
efficiency of the detector system depends on the geometry of the detector and the detector 
response. For sea-floor detectors, placed on a sediment bed, only half of the detector 
“faces” the radiation coming from the sediment and the “effective surface” of the 
detector will be more or less half the actual detector surface. In a laboratory set-up, other 
geometries can be used to increase the efficiency of a detector system.  When a Marinelli 
beaker with sediment is placed over the detector, the detector is almost completely 
covered with sediment and the efficiency is increased compared to the conditions on the 
sea floor. 

In general, scintillation counters have a higher Z value and density than semi-conductor 
detectors and can be produced with larger volumes. Therefore, scintillation crystals have 
a higher response, which can reduce measuring time. However, when a high resolution is 
required (e.g. for spectroscopy), semi-conductors are most suitable. For laboratory 
measurements where the focus is on determination of specific γ-rays, the increased 
resolution outweighs the large measuring time of a High Purity Germanium (HPGe) 
semi-conductor detector. In measurements on the sea floor, measuring time is an 
important parameter determining the spatial resolution of the mapping. The high-
efficiency combined with the well-known composition of the radionuclide suite and the 
absence of the need to cool the detector (a semi-conductor detector must be cooled with 
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liquid nitrogen), a scintillation crystal is preferred for field measurements (e.g. the 
underwater bottom).  

3.2.2 The HPGe set-up 
The HPGe system used at KVI is tailored for measuring low activity samples. Therefore, 
the count rate from background sources (as building materials and cosmic rays) is 
reduced by a castle of “old lead” placed around the detector. Moreover, the geometry of 
the sample on the detector was chosen to increase the efficiency of the system such that 
the sample covered the detector as much as possible (Marinelly beaker).  

A typical example of a γ-ray spectrum measured on the HPGe system is presented in 
Figure 3.6. In this figure, the energies of the different radionuclides is represented by 
sharp photo peaks or lines that are superimposed on a Compton continuum. From the 
energy of the peaks and their content, the identification and the activity concentrations of 
the different radionuclides is determined. The HPGe system is calibrated regularly such 
that the energy of the photo-peaks and the detector efficiency are well known. For the 
analysis, the total number of counts present in the photo-peaks denoted in Figure 3.6 are 
determined. Those numbers are corrected for background. By dividing this value by the 
branching ratio (that is the percentage of the decay of the nuclide that will proceed via 
the emission of a particular γ-ray), the detectors’ efficiency and the measuring time, the 
activity of the specific nuclide is determined for each line. The activity concentration of 
the decay series is obtained as the weighted average of the activity concentrations 
acquired for individual γ-rays. At present, the efficiency is only calibrated for energies 
<1.8 MeV, and hence γ-rays with higher energies are not used in our analysis. 
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Figure 3.6: Two γ-ray spectra of zircon normalised on time measured with the MEDUSA-BGO system and 
on the HPGe semi-conductor detector. The peaks that are used in the analysis of the HPGe spectrum are 
indicated. It should be mentioned that the spectra were measured in a different geometry, this difference 
and the differences in response of the systems explain the large differences in yield for both systems. 
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3.2.3 The BGO-laboratory set-up 
The BGO-laboratory set-up consists of a BGO scintillation crystal (see below) placed in a 
castle of old lead. This system is suited for measurements where nuclide-specific 
information is not required, but where small or low activity samples would result in too 
long counting times on the HPGe system. This detector system is calibrated specially for 
the measurements used in this thesis, more extensively described in section 3.5. 

3.2.4 The MEDUSA system 
The MEDUSA system has initially been designed to map natural γ-radiation in the field (de 
Meijer et al., 1996). Therefore, a γ-ray detector is needed that has a response that should 
be high enough to obtain sufficient statistics to identify individual nuclide activity 
concentrations of natural sediment in about 10 s. Moreover, the system should be able to 
withstand rough conditions under water where cooling with liquid nitrogen is not 
straightforward. Therefore, a scintillation crystal is chosen. The measurement of natural 
γ-radiation in the field is not new, but has been applied in boreholes (see e.g. Tittle, 1989) 
and airborne surveys (see e.g. Darnley, 1991), but also in seafloor measurements (Jones, 
1994).  In most of these cases NaI scintillation crystals are used. These crystals have a 
combination of properties that make them appropriate for many of these applications: 
they are available in large crystals, have a moderate resolution and can be used at normal 
temperatures. For mapping the low-activity sea-floor sediments, these detectors are not 
sensitive enough. The detector system that has been applied in the MEDUSA system 
consists of a 15 cm long, 5 cm diameter Bismuth Germanate (BGO) scintillation crystal. 
This detector has a high density (4.5¥103 kg m-3) compared to the density of a NaI crystal 
(3.7¥103 kg m-3) and a higher Zeff-value (Z=53 for Iodine compared to Z=83 for 
Bismuth). Therefore, BGO crystals have a five times higher response and a better peak-
to-Compton ratio, and acquisition time can be reduced. Compared to NaI, BGO is less 
brittle and not hygroscopic.  The disadvantage for BGO compared to NaI is the reduced 
resolution and temperature gain drift. To overcome these disadvantages, an on-line 
software gain-drift stabilisation is developed and a full-spectrum analysis technique is 
used to analyse the spectra (de Meijer et al., 1996; Hendriks et al., 2000), leading to an 
additional factor of three to five increase in sensitivity. 

The set-up of the system can be adjusted for a specific experiment, but consists in general 
of a 5 mm thick aluminium tube with an inner diameter of 6.0 cm (Figure 3.7). The tube 
(with a length of 1.3 m) is sealed on one side with an aluminium cone that contains a 
water pressure sensor; on the other closed side an armoured coaxial cable is led through a 
sealing. Besides the BGO scintillation crystal and photo-multiplier tube (PMT), 2 extra 
sensors were added to the system: a pressure sensor to measure the water depth and a 
microphone that records the sound of friction between the detector casing and the 
sediment bed (see chapter 4). The microphone is placed on the electronics board inside 
the tube. The electronics digitises, amplifies and transfers the signals from the different 
sensors to a data logging PC.  

In sea-floor measurements, the detector system is placed in a watertight casing, which is 
connected to an armored coaxial towing cable. The electrical part of the cable is used to 
power the electronics and to transfer the data to the onboard PC. The casing is placed in 
a 30 m long, 10 cm diameter PVC hose, to prevent the detector of being snatched behind 
obstacles on the bottom. Signals of the sensors are digitized in the probe and are sent 
over the cable to an onboard PC, where the signals are stored together with D-GPS 
position information. The software analyses the data in real time in terms of the activity 
concentrations. Data are also stored on disk for off-line analysis.  
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Figure 3.7: Schematic presentation of the MEDUSA detector system and its components as it used on the 
sea floor. The outer casing consists of a 5 mm aluminium tube. 

The γ-ray spectrum of zircon measured on a HPGe system, exhibits a set of sharp photo 
peaks or lines (Figure 3.6), whilst the spectrum of zircon measured with a BGO crystal 
shows only a few, much broader photo-peaks. Therefore, for some nuclides, the distinct 
energies are not recognisable (Figure 3.6). For the analysis of the BGO spectra, Full 
Spectrum Analysis (FSA) (de Meijer et al., 1996; Hendriks et al., 2000) is used. The 
principle of the FSA analysis is based on the assumption that the count rate at each 
energy bin, Yi, is the sum of the contributions of the individual nuclides plus a 
background contribution. The contributions of the individual nuclides are included in a 
standard spectrum (Xj, the γ-ray spectrum of 1Bqkg-1) multiplied with the activity 
concentration of the specific nuclide (Cj): 

∑ +=
j

ijjii backgroundCXY . (3.12)

Here, i is the number of the energy bin.  The standard spectra are detector and geometry 
dependent and are determined in the laboratory. 
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Figure 3.8: A total γ-ray spectrum composed of 3 standard spectra, representing 1 Bqkg-1 of K, U and Th. 

The activity concentration of the radionuclide j in the sediment follows from a fit of the 
calculated spectrum to the measured spectrum with a least-squares procedure. Figure 3.8 
shows a total spectrum composed of the three standard spectra of K, U and Th measured 
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with the MEDUSA BGO-crystal. This figure shows that the standard spectrum of K is 
completely different from the U and Th spectra. The spectra of U and Th are more 
similar in shape and consequently in the analysis, U and Th have a larger co-variance than 
K and Th or U. Sometimes it is therefore advantageous to determine the U+Th and K 
contribution to a spectrum and the U and Th standard spectra are often summed. 

3.3 Radiometric fingerprinting of sediments 
The differences in physical properties of sediment are often reflected in radiometric 
characteristics of sediments. It is known that some heavy minerals (e.g. zircon and 
monazite) have concentrations of U and Th that are several orders of magnitude higher 
than light minerals (e.g. quartz, feldspar and clay) (de Meijer et al., 1990). Even within the 
suite of light minerals the concentrations of K, U and Th are higher in the fraction < 63 
µm than in the fraction >63 µm (Venema et al., 1999a). The activity concentrations that 
are characteristic for each sediment fraction are called the radiometric fingerprint. The 
radiometric fingerprint is the activity concentration of the different radionuclides (i) for 
each sediment type or fraction, j: Di j. This fingerprint will not only depend on sediment 
type but of course depends also on the origin of the sediments and should be determined 
for each study.  The analysis that determines the radiometric fingerprint of the individual 
sediment types in the sample, is based on the principle that the total activity 
concentration is the sum of the activity concentration of each fraction: 

∑=
j

jiji mDC , (3.13)

where Ci is the measured total activity concentration of radionuclide i, and mj is the mass 
fraction of sediment j. When Ci is measured and Dij is determined in the laboratory, the 
fraction of sediment j can be determined. This concept is used for the determination of 
the sediment composition in the experiments described in this thesis. 

3.4 Calibration and data analysis MEDUSA data Scheldt flume 
experiments 
In the Scheldt flume experiments, only the variation in the zircon concentration in the 
upper layer (~5 cm) of the sediment is of importance. Since the measurements with 
MEDUSA give a value of the activity concentration averaged over the thickness of the 
total bed, a more detailed analysis is required. 

Interpretation of γ-radiation of a sediment bed is complex and its precise description is 
far from straightforward. At present, Monte Carlo simulations are becoming the method 
to quantitatively understand and describe the γ-ray spectra. Such simulations are, 
however, beyond the scope of this thesis. Therefore, we have opted for more 
phenomenological approach by constructing and validating a model that parameterises 
the zircon concentration in the upper layer. This parameterisation is based on an effective 
mass-attenuation coefficient, µ’, and the sediment thickness.  

3.4.1 Parameterisation 
Thus far in measurements with MEDUSA, efficiency calibrations (‘standard spectra’) are 
used to determine the relation between the γ-ray spectra and the activity concentration of 
radionuclides in the sediment, assuming a homogeneous sediment layer. This efficiency 
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calibration is measured for several geometries and thereby contains already corrections 
for self-absorption and the effects of the geometry.  

In the present data analysis, we will focus on an accurate derivation of the depth-
dependent activity concentrations or composition (the mass concentration of one 
sediment type i, mi) of the sediment bed from the measured activity concentrations. Since 
a detailed 3-D model for these type of measurements is presently not available, the 
parameterisation will be based on 1-D model. Calibration measurements will be used to 
validate this parameterisation and to determine effective parameters. 

In this section we start with a description for a homogeneous layer and subsequently 
expand the model to a configuration of two homogenous layers. In this description, we 
assume that the effect of varying sediment thickness on the measured activity 
concentrations can be described by a 1-D model (Debertin and Helmer, 1988) and that 
effects of a natural 3-D configuration (build-up, variation in geometry) can be described 
by effective parameters. Instead of presenting activity concentrations for γ-rays of 
different radionuclides, an effective activity concentration, C’, will be used. The total 
count rate, N, is the total number of counts per second of a defined part of a Eγ-
spectrum (ROI) due to the effective concentration C’ in the sediment, scattering and 
absorption of the emitted γ-rays and the response of the detector.  

The measurements of the profile in the flume and calibration measurements were not 
carried out on a finite sediment bed (Figure 3.9). Since the detector will view also areas 
outside the sediment in the flume, there will be an effect on the relation between 
sediment height and measured count rate.  
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PMT

(-detector
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Figure 3.9: Schematic presentation of the cross-width detector set-up in the flume and “view” of the 
detector for two different heights of sediment. 

In the experiments in the Scheldt flume, the detector is placed on a sledge on top of the 
sediment bed (Figure 3.10). A 5 mm thick piece of lead was needed to keep the sledge in 
contact with the sediment. Due to the weight of the detector and plate, small-scale ripple 
structures are flattened. The piece of lead was placed between the sediment and detector 
and shields part of the radiation. This shielding is energy dependent and will decrease 
accordingly the amount of γ-rays detected. The situations in Figure 3.9 and Figure 3.10 
illustrate the complex geometry and the need for parameterisation in terms of effective 
coefficients to be validated in calibration experiments. 
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Figure 3.10: Set-up of the calibration measurements. The detector is placed on the sledge on the sediment. 
A piece of wood with on top 2mm of lead is placed on one side of the sledge similar to the set-up in the 
experiments. The circle denotes schematically the “view” of the detector for γ-rays with a penetration 
depth of 35cm. 

One layer 
We assume that a detector is placed on a horizontal, infinite extending, homogeneous 
plane bed of sediment with an activity concentration C (Bqkg-1), emitting mono-energetic γ-
rays with E=Eγ. In a 1-D approximation of the radiation field, all γ-rays are assumed to 
be normal to the source surface. We consider a layer of sediments with thickness dz, 
covered by a sediment layer with thickness z (Figure 3.11). The total number of photons 
with energy Eγ, N(Eγ), entering the detector and originating from the thin layer, is the 
product of the activity in that layer, and the attenuation in the overlying sediment: 

zEedzCEbSEN ρµ
γγ

γρ )(')()( −⋅⋅= . (3.14)

In equation (3.14), S is a constant that represents the effective surface and the geometry 
of the detector (in m2), b(Eγ) is the branching ratio (fraction of gamma-rays with Eγ 
emitted per decaying nucleus), ρ is the bulk density of the sediment (kgm-3) and µ’(Eγ) 
represents the mass-attenuation coefficient of the sediment (m2kg-1). The detector at the 
“surface” in the 1D approach, will only see gamma-rays with an E=Eγ (without scattered 
photons). In the detector, these photons will interact via the photo-electric effect and 
Compton scattering, such that an energy spectrum arises. The integrated count rate, or 
total count rate N of the detector is obtained by integrating equation (3.14) over the total 
sediment bed with thickness z: 
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In this expression ε replaces S in equation (3.14) and incorporates the efficiency of the 
detector. Therefore ε is fully detector and set-up dependent and is constant for a 
particular experiment.  



Radiometric measurements of sediment composition 

55 

z

dz
 

Figure 3.11: Schematisation of a sediment layer with thickness dz, covered by sediment with thickness z. 

In reality, some γ-rays have scattered in the sediment or surrounding water prior to 
entering the detector (Figure 3.12) and will enter the detector with an energy smaller than 
Eγ, where they can interact with the detector material via photo-electric effect or 
Compton scattering. This effect is well-known in radiation protection where it is called 
build-up, resulting in a build-up factor, B. This factor is a function of the energy of the γ-rays 
(Eγ) and path length (t) through the absorber. Since the mono-energetic photons can 
release part of their energy in the surrounding material due to build-up effects, the 
energy-dependent mass-attenuation coefficient µ’(Eγ) is not anymore descriptive. The 
data in Figure 3.5 show, however, that the energy dependence of the mass-attenuation 
coefficient of quartz and water is small for energies >1 MeV and, for the present 
experiments, we assume that this parameter can be described by an effective, energy-
independent, parameter µ’. The value of µ’ is to be determined in calibration experiments 
(see later in this chapter). Therefore, the measured total count rate from a mono-
energetic source, homogeneously dispersed over a layer z can be described by: 
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Figure 3.12: Schematic presentation of the contributions to the γ-spectrum, from a sediment source under 
water: 1) Direct contribution, 2) Compton scattered photon in the sediment, 3) no contribution, 4) 
Compton scattered in the water column. 

The build-up factor B(Eγ,t) incorporates multiple scattering in the sediment as well as in 
the other materials surrounding the detector and depends on energy and the effective 
path length in the sediment. The effective path length is a function of sediment density 
and will consequently differ for different sediment mixtures. However, the increased 
scattering introduced by a high density-material will probably be cancelled by the 
increased absorption in the material. Therefore, build-up is assumed to be independent of 
density. This assumption will be validated in the calibration experiments. Build-up can 
only be calculated analytically for simple geometries but geometries, as described above, 
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are too complex and Monte-Carlo simulations are required. Such simulations are 
presently initiated by others at NGD/KVI, but are beyond the scope of this thesis. 

Natural sediments contain three γ-ray emitting radionuclide series of which 238U and 232Th 
emit a number of γ-rays with different energies. The parameterisation in equation (3.16) is 
valid for a source emitting mono-energetic γ-rays, for example a sediment containing only 
40K. When the sediment contains 238U or 232Th nuclei, γ-rays with different energies are 
emitted. Consequently, the energy-dependent build-up factor will differ for each γ-ray of 
radionuclide j, and equation (3.16) will be the sum of the nuclide-specific count rates that 
originate from each energy Eγ: 
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The next step replaces the sum over the energy by a product of the nuclide-specific 
energy independent quantities ∑=

γ
γγ

E
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For natural sediments, the total count rate N will be the sum of the contributions of all 
radionuclides:  

∑−=
j
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Similarly to the previous step, we replace the last term by an effective activity concentration 
parameter ∑=

j

jjj CBbC ' (Bq kg-1), which is a weighted sum of the activity 

concentrations 40K, 238U and 232Th. Due to the factors bj and Bj, the effective activity 
concentration is more than just the sum of the activities. For example only about 10% of 
the 40K decay produces a γ-ray, whereas the series of 238U and 232Th produce more than 
one γ-ray per nuclide of 238U or 232Th. 

Therefore, equation (3.18) can be written in terms of a detector and geometry-dependent 
constant, ε, and of variables that depend on the sediment:  

)1(
'
' ' zeCN ρµ

µ
ε −−= . (3.19)

Zircon concentration 
The mass content of zircon in the upper layer of sediment is our quantity of interest and 
can be defined in terms of activity concentrations: 
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= , (3.20)

with C’z the effective  activity concentration or specific activity of pure zircon, C’q the 
effective activity concentration of pure quartz and C’ the effective activity concentration 
of the mixture. Since the effective activity concentration of quartz is four orders of 
magnitude lower than that of zircon (see later this chapter), the contribution of the 
effective activity concentration of quartz is neglected. Therefore, equation (3.20) can be 
rewritten to: 
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To determine the effective activity concentration of zircon, calibration measurements 
were done on an infinite bed of pure zircon in the same geometry of the experiments (see 
later in this chapter).  To determine the mass concentration of zircon, equation (3.19) is 
normalised by the total number of counts that were recorded on infinite bed of pure 
zircon ( ∞

zN ): 
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Since the measured count rate from an infinite bed of zircon can de described by: 
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equation (3.22) can be rewritten to: 
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The mass concentration of zircon, mz, can be calculated by iteration by realising that the 
mass-attenuation coefficient of the sediment, µ’, is the sum of the mass-attenuation 
coefficients of the sediment fractions times the mass concentration of these fractions: 

( ) ''1' zzqz mm µµµ +−=  (3.25)

Moreover, the total sediment density is determined by the bulk densities of quartz and 
zircon and the mass fractions of both sediments: 
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Two layers 
In sediment transport, changes in bed composition will only occur near the sediment-
water interface in the upper (active) layer of the sediment and the major part of the 
sediment bed is inactive. For an accurate determination of the mass changes in the upper 
sediment layer, not only precise measurements of changes in bed height are required, but 
also the concentration of zircons in the active layer should be known exactly. By 
averaging the zircon concentration over the total thickness of layer z (see Figure 3.15), 
small changes of the zircon concentration in the active layer might be unnoticed. To 
solve this problem, the zircon concentration should be determined in a layer with a 
thickness similar to that of the active layer. Therefore a parameterisation is needed that 
describes the zircon concentration in two layers of sediment. 

The sediment bed is composed of two homogeneously-mixed layers of sediment with 
thickness z1 and z2, specific activities C1 and C2, mass-attenuation coefficients µ’1 and µ’2 
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and densities ρ1 and ρ2, respectively (Figure 3.13). The relative count rate ∞
zN
N ,  

measured on top of the sediment can be described by the sum of the γ-radiation that is 
measured from layer 2 (N2) without the radiation absorbed by the sediments in layer 1 
and the radiation from layer 1: 
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In this description we assume that the effects of build-up (included in the effective 
specific activity, C’) are the same for both layers. Of course this is an approximation, 
since photons emitted from layer 2 as build-up, can also Compton scatter in layer 1, 
resulting in a relatively larger build-up component in C’1. The photons emitted from layer 
2 as build-up will have a low energy and have consequently a large possibility of losing 
their full energy within the sediment of layer 1, reducing the effect.  

If we assume that the effective activity concentration of layer 2 equals the effective 
activity concentration of the initial sediment bed, the mass concentration of zircon in the 

upper layer of sediment,
zircC
C
'
'1 , can be calculated from ∞

zircN
N  when the thickness of the 

top layer, z1, is known. 
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Figure 3.13: Schematisation of two layers, with thicknesses z1 and z2, mass-attenuation coefficients µ’1 and 
µ’2, densities ρ1 and ρ2 and activity concentrations C’1 and C’2. 

In the experiments, only the upper 10 cm of the sediment (z0) consists of the quartz-
zircon mixture. Below this mixture, pure quartz is present which does not give a 
significant contribution to the count rate. It is assumed that, at time t0, the upper 10 cm 
of the sediment is homogeneously mixed and composed of sediment with specific activity 
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C2. At time t1, the mixed sediment bed is composed of the layers z1 and z2 (see Figure 
3.14). To quantify the sorting effects we choose a realistic value for z1 and calculate the 
zircon content in this layer. The thickness of the remaining layer z2 is than given by 
z2=z0-z1+dz. The parameter dz is the difference in bed height, with a positive value in 
case of accretion and a negative value in case of erosion. 
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Figure 3.14: Schematisation of the morphologic variation and corresponding total count rate N2 for 
accretion and erosion cases. In this schematisation, z1 is constant. 

The description of the zircon concentration in two layers gives the opportunity for a 
detailed study of the zircon concentration in the active layer of the sediment. It is, 
however, difficult to estimate the improvement of the two-layer model with respect to 
the one-layer model from the basic formulations. This will be studied together with the 
validation of the model. 

3.4.2 Validation measurements 
To determine the validity of the description with the above-described models and to 
establish the “effective” parameters derived in subsection 3.4.1, measurements are done 
in the flume. 

To determine the effective attenuation coefficients for quartz and zircon, boxes of 
0.69×0.30 m2 with several thicknesses of quartz and zircon have been placed at the end of 
the flume (at location x=7m) at a water depth of 70 cm (see chapter 2). The detector was 
placed on the PVC sledge in the same geometry as in the actual experiment (Figure 3.10). 
On this sledge, a small piece of wood with 2mm of lead was attached to prevent the 
sledge from floating. This lead was placed between the sediment and detector as similar 
to the actual measurements as possible. Since on both sides of the flume, different walls 
of the building are located (one of concrete containing radionuclides and one wall of 
PVC, the D (“drukleiding”) and W(“wand”)-side respectively), the measurements have 
been carried out on both sides of the flume. Each calibration measurement lasted about 
15 minutes, to obtain sufficient statistics. 
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Attenuation coefficients for quartz and zircon 
The boxes were placed on the iron floor of the Scheldt flume, just above a floor of 
concrete and filled up to 3, 7, 10.8, 16.8 and 22.8 cm for the zircon and 3, 7, 12, 17.8 and 
24 cm for the quartz. The total count rates of these measurements are plotted as function 
of height in Figure 3.15. The left part of Figure 3.15 presents the total count rate (where 
total counts represents the number of counts between 0.5-2.2 MeV) of zircon for several 
thickness of sediment. These data show a less than linear increase of the count rate with 
increasing sediment thickness as a result of the interaction between the variation in count 
rate with increasing source strength (increasing thickness of sediment) and self-
absorption. The boxes used for these measurements have a height of 11 cm and for the 
thickness of 16.8 and 22.8 cm a second box was placed on the one used for the first three 
measurements. As turned out later, this box was filled with zircon that originated from 
another storage big-bag and had a different activity concentration of 232Th. This 
difference mainly affects the high-energy part of the spectrum (the most important γ-ray 
of the 232Th series has an energy of 2.615 MeV) and the total count rate is analysed in the 
energy range 0.5<Eγ<2.2 MeV. For the presented calibration measurements, the total 
count rates of the two points at 16.8 and 22.8 cm are corrected for the difference in 232Th 
content. 

For quartz placed on concrete the total count rate decreases with increasing sediment 
thickness. Since the concrete has higher activity concentrations than the quartz, quartz 
will mainly act as an absorber of γ-radiation from underlying material. 
To determine the effective attenuation coefficients for quartz and zircon in the sediment, 
the calibration measurements were fitted to the expression of equation (3.27), but 
without normalising to the zircon concentration: 
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In this expression, we assume that the underlying concrete has an infinite thickness. 
From the number of counts N, measured as function of z, the effective mass-attenuation 
coefficient, µ’, can be determined. If we assume that the porosity of the sediment is 0.36, 
the bulk densities of quartz and zircon are 2.056 gcm3 and 3.176 gcm-3, respectively. 
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Figure 3.15: The response of total count rate (s-1) on the thickness of the sediment bed. The statistical 
uncertainties in the count rates fall within the data points. The black lines represent the best fit of (3.30), 
the grey line represent the fit with µ’=0.071 (cm2g-1). 
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The results of these fits are given in Table 3.2 and are presented as black lines in Figure 
3.15. Since the mass-attenuation coefficient is normally expressed in cm2g-1, also the other 
parameters are expressed in these units. 

Table 3.2: Results from the fit of the calibration measurements with (3.30). 

 N2 (s-1) µ’1 (cm2g-1) ε’C’1 (Bqcm2g-1) r2 

zircon 7 (120) 0.062 (0.003) 437 (19) 0.99 

quartz 25.6 (0.4) 0.071 (0.005) 0.79 (0.07) 0.99 

 

The results in Table 3.2 show that the background count rate N2, mainly resulting from 
the concrete, is the same for the zircon and the quartz measurements, but the uncertainty 
for the zircon measurements is large. This is the result of the high count rate of zircon 
compared to the count rate of the background. The values of the effective mass-
attenuation coefficient do not significantly differ, but the nominal value of the mass-
attenuation coefficient of zircon is lower than that of quartz. The effective mass-
attenuation coefficient of quartz agrees well with the specific mass attenuation of quartz 
from literature (0.087 cm2g-1 for 0.5 MeV and 0.034 cm2g-1 for 3 MeV (Debertin and 
Helmer, 1988)), but precise comparison is not possible since the effective mass-
attenuation coefficient determined in this experiment is averaged over energy and 
includes build-up effects. In general, the mass-attenuation coefficient increases slightly 
with increasing Z-value of the material (Debertin and Helmer, 1988). Therefore, the 
somewhat smaller value of the mass-attenuation coefficient of zircon is unexpected since 
the effective Z-value for zircon is larger than for quartz. Since the two measurements 
with the largest thickness comprised slightly different sediments, these effects can, 
although corrections are made, influence the results. To give an estimate of the difference 
between the mass-attenuation coefficient of 0.062 and 0.071 cm2g-1, function (3.30) is 
fitted to the data (grey line in Figure 3.15), with µ’1=0.071. These results show only small 
differences with an r2 of the fit of 0.99. For that reason special focus will be on the mass-
attenuation coefficient of zircon, in case validation of the measurements with sediment 
samples shows erroneous results. 

The values of the effective activity concentration clearly show the large specific activity of 
the zircon compared to the quartz. 

For the determination of the total count rates with respect to the total count rate of an 

infinite bed of zircon, 







∞
zir

zir

N
N

, the γ-ray spectra are gain-stabilised by full spectrum 

analysis (FSA). After this, the counts are summed for the energy range 0.5<Eγ<2 MeV 
and normalised on the total count rate of 22.8 cm of zircon. 

An interesting parameter is the depth of view of the detector, which is defined as the 
depth for which the count rate deviates less than a certain percentage, p, from the count 
rate for an infinitely thick bed (N∞): 
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The thickness of this layer follows then from 
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Hence, the depth of view for a given percentage, p, can be calculated as: 

ρµ '
)ln(pz −=∞ . (3.33) 

Since the effective mass-attenuation coefficients and (bulk) density of the material are 
known, the depth of view can be calculated for pure quartz and pure zircon (Table 3.3). 
As the mass-attenuation coefficients are more or less material independent (Sowa et al., 
1989), the depth of view depends mostly on the density of the material. The depth of 
view in quartz (20 cm) is a factor 1.3 larger than that of zircon (15 cm). This means that 
for all calibration measurements, the maximum thickness of zircon and quartz was large 
enough to measure ‘infinite’ bed conditions within 95% accuracy. 

Table 3.3: Depth of view penetration for quartz and zircon, corresponding to 95% of the count rate of an 
infinite layer. 

Sediment type µ’ (cm2g-1) ρ (gcm-3) p (%) z∞ (cm) 

quartz 0.071  2.056 5 20 

zircon 0.062 3.176 5 15 

 

3.4.3 Validation of the assumptions 
In section 3.4.1, a model is presented that describes the relation between the measured 
count rate on top of the bed and the concentration of zircons present in the upper layer 
of the sediment. For this model the assumption is made that the effects as energy 
dependence of the mass-attenuation coefficient and build-up can be incorporated in an 
effective parameter and that the zircon distribution is homogeneous. The next paragraph 
focuses on the validation of these assumptions.  

Assumption of an energy averaged mass-attenuation coefficient 
The assumption that effects of build-up and the energy dependence of the mass-
attenuation coefficient can be described by an effective parameter implies that the count 
rates of all energies of the γ-ray spectrum will be attenuated equally. To determine 
whether this assumption is valid, a box of 12 cm of zircon was placed under water and 
covered by layers of quartz with different thickness (1, 2, 7 and 12 cm). By covering the 
zircon with the quartz, the overall bulk density changes. To determine whether build-up 
and the energy dependent mass-attenuation coefficient have any effect on the spectral 
shape, the Eγ-spectra are normalised by the spectrum of a cover of quartz with a 
thickness of 1 cm. The results (see Figure 3.16) show that the general trend of the 
normalised spectra is a horizontal line, indicating that the assumption of an effective 
attenuation coefficient is valid. The small oscillations that are present occur at the 
positions of the major photo-peaks in the γ-ray spectra. They to increase with increasing 
thickness of quartz and is consistent with a changing photo peak to Compton ratio. The 
only large differences in spectral shape occur for energies <0.25 MeV. In this region, the 
normalised spectra become steeper for thicker quartz layers. This is likely the result of 
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build-up due to the scattering in the vicinity of the detector. Since the data are analysed 
for energies 0.5<Eγ<2.2 MeV, this effect will not influence the results. 
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Figure 3.16: Eγ-spectra normalised to a spectrum of pure zircon, for the measurements with varying 
thickness of quartz on 12 cm of zircon. 

Assumption homogeneity upper layer 
In the two-layer model, the sediment bed is divided in two layers z1 and z2 (see Figure 
3.13) that differ in average zircon concentrations. These concentrations of zircon are 
assumed to be homogeneously distributed in both layers. In sediment transport, changes 
will occur in a thin layer of sediment close to the sediment-water interface (active layer) and 
selective sediment transport can result in a stratification of the sediment. The 
determination of the thickness of this active layer is a major problem in studies on 
sediment transport (see e.g. Dohmen-Janssen, 1999; Reed et al., 1999; Tánczos, 1996) and 
is not well known. Therefore the zircon concentration is determined in sediment layer z1, 
with a thickness larger than the (assumed) thickness of the active layer. In that case, layer 
z1 will be composed of two different strata (the active layer and underlying sediment), 
each with a distinct concentration of zircon. Therefore, the assumption of a 
homogeneous distribution of zircon in layer z1 is violated. The effect of this non-
homogeneity on the calculated average zircon concentration of layer z1 is determined 
with a sensitivity analysis. In this approach, the sediment is composed of an active layer l1 
and underlying sediment l2, schematically presented in Figure 3.17. Layer l2 has a zircon 
concentration of 0.4 (similar to the average mass concentration in the experiments) whilst 
for (active) layer l1, two extreme cases are used: a case where layer l1 consists of pure 
quartz and one where l1 consists of pure zircon. Since we know the thickness and zircon 
concentration of both layers, we can calculate the average zircon concentration in a 
sediment layer with thickness z1 (mz,z1) by: 
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The thick lines in left-hand graphs of Figure 3.18 and Figure 3.19 represent this 
concentration of zircon as function of the thickness of layer l1. 

Since we know the distribution of zircon in the sediment (in layer z1 and z2), the relative 

count rate 







∞
zN
N , measured on top of the sediment can be calculated with the 
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parameterisation described in equation (3.28). In turn, the average concentration of 
zircon in layer z1 can also be determined with equation (3.28) for different thicknesses of 

z1 from 







∞
zN
N . These results are presented as thin lines in the left-hand graphs of Figure 

3.18 and Figure 3.19.  
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Figure 3.17: Schematisation of active layer l1 on top of sediment layer l2 and schematisation of the two 
layers z1 and z2 from equation (3.28). 

 

The results in the left-hand graphs of Figure 3.18 and Figure 3.19 show that the zircon 
concentrations determined with the two-layer model deviate from the real zircon 
concentrations. In the case where layer l1 consists of quartz, the homogeneous-mixture 
model underestimates the zircon concentrations. The relative difference (right-hand 
graph) increases with increasing thickness of layer l1 and is independent of the thickness 
of z1.  

In case layer l1 consists of zircon, the zircon concentrations are over-predicted with the 
two-layer model. For this case, the relative difference does depend on the thickness of 
layer z1, where the relative difference increases for increasing thickness of z1. 

In present study, z1 is chosen close to the maximum thickness of the maximum active 
layer and is assumed to be 5 cm. This means that the relative uncertainty in the 
approximation with a homogeneous layer will (depending on the composition and 
thickness of layer l1) range between -0.05 and 0.35. 

The investigation presented in Figure 3.18 and Figure 3.19, also shows the improvement 
of the two-layer model with respect to the parameterisation with one layer (equation 
(3.24)). The sediment mixture in the experiments had a thickness of 10 cm, and was 
placed on a bed of pure quartz. This set-up can therefore be seen as a two-layer model 
with z1=10 cm. The analyses of z1=10 cm in Figure 3.18 and Figure 3.19, show that the 
relative uncertainty in the mass concentration of zircon is independent of z1 in case the 
upper layer is composed of quartz, but the uncertainty is larger (-0.15 compared to –0.05 
for z1=5 cm) for an equal thickness of pure zircon. 



Radiometric measurements of sediment composition 

65 

0 2 4 6 8 10
Thickness l1 (cm)

0

0.1

0.2

0.3

0.4

0.5

m
zi

rc
on

 (-
)

Thickness z1
3 cm (model)
3 cm (real)
5 cm (model)
5 cm (real)
10 cm (model)
10 cm (real)

0 2 4 6 8 10
Thickness l1 (cm)

0

0.2

0.4

0.6

m
zi

rc
on

 (r
el

at
iv

e)

Thickness z1
3 cm
5 cm
10 cm

 

Figure 3.18: Zircon concentration in the upper layer z1 of the sediment in case of pure quartz placed on a 
zircon mixture. This concentration is calculated with the layer model with the assumption of 
homogeneously mixed sediment, and real zircon concentrations (left-hand graph) for various quartz-layer 
thickness and a number of thicknesses of the active layer. The right-hand graph shows the relative 
difference between the calculated zircon concentration and real zircon concentration. 
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Figure 3.19: Zircon concentration in the upper layer z1 of the sediment in case of pure zircon placed on a 
zircon mixture. This concentration is calculated with the layer model with the assumption of 
homogeneously mixed sediment, and real zircon concentrations (left-hand graph) for various quartz-layer 
thickness and a number of thicknesses of the active layer. The right-hand graph shows the relative 
difference between the calculated zircon concentration and real zircon concentration. 

3.4.4 Conclusions 
Detailed investigations of calibration measurements indicate that a 1-D model, with 
effective calibrated parameters, can describe the relation between the measured 
radiometry on top of the sediment bed and the zircon concentration of a layer with 
known thickness. Uncertainties that arise due to the non-homogeneity of the sediment 
can be minimised by choosing the layer of interest as small as possible. However, 
sediment samples will be used to validate the results and to estimate uncertainties for the 
measurements in the experiment. 

3.5 Sample analyses Scheldt flume experiments 
The concentrations of zircon in sediment samples (from the transverse suction system en 
from the sediment bed, see chapter 5), are derived from the γ-ray activity measured on 
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the in-house Bismuth Germanate (Bi9Ge3O12) or BGO crystal at KVI. This BGO crystal 
is surrounded by 10cm of old lead to reduce the background radiation from building 
materials. The remaining background signal is mainly the result of cosmic radiation and 
by radioactive 207Bi-nuclei in the crystal itself. 

The aim of the γ-ray measurements of the sediment samples was to determine the 
concentration of zircon in the samples. Similarly to the measurements with the MEDUSA 
system, total count rates of the γ-ray spectrum are recorded. Therefore, pillar-boxes with 
sediment are placed on top of the BGO detector (see section 3.2.1). These boxes, with 
varying concentrations of zircon, are filled to different heights. Since the total count rate 
depends on the activity concentration of the sediment, the effective parameters ε and µ’, 
and the height of the sediment sample (see equation (3.19)), the activity concentration of 
the sediment sample can be determined from the count rate after determining these 
effective parameters for this set-up. 

)1(
'
' ' zeCN ρµ

µ
ε −−=  (3.35)

To determine variations in the total count rate, the system should be corrected for 
background and gain-stabilised, which means that drifting due to e.g. temperature 
variations should be minimal. Therefore, prior to the measurements, the background of 
the system was measured and the variation in total count rate (the total number of counts 
within the energy range 0.45 MeV-4.5 MeV) of a box with constant amount of zircon was 
measured in intervals of 1200s for two days (Figure 3.20). These data show that the gain 
of the detector shows a variation of maximum 6 count s-1. This variation can probably be 
attributed to changes in temperature during day and night. This variation is small (~2% 
(relative)) and is smaller than the statistical uncertainty in the total count rates of the 
samples with a sediment mixture. Therefore, the drifting of the detector system is 
neglected and the calibration measurements are conducted once, at the beginning of the 
measurements. 
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Figure 3.20: Variation in total count rate over 60 hours. 

For the calibration measurements, boxes filled with varying heights of zircon and quartz 
have been placed on the detector system and the total count rates are recorded. By using 
the total count rates of the major part of the spectrum, the samples could be measured 
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fast (100 s per sample) with statistical uncertainties in the total count rate <10% for the 
quartz and <1% for zircon. The vertical error bars in Figure 3.21 reflect statistical 
uncertainties and fall within the size of the data points for the zircon. The horizontal 
error bars are due to the height measuring technique: the height is determined with a 
ruler placed to the side of the box. An inaccuracy of 1 mm is estimated for uncertainty of 
this procedure. The results of the calibration measurements were fitted to equation (3.35) 
to determine the effective parameters. These results are presented in Table 3.4 and show 
that the mass-attenuation coefficients of quartz and zircon are equal but large compared 
to the results of the measurements with the MEDUSA system (see section 3.4.2). The 
specific activities of quartz and zircon differ two orders of magnitude.  
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Figure 3.21: Calibration measurements of different heights of zircon and quartz. The line represents the fit 
given in equation (3.19). 

Table 3.4: Effective parameters from the fit of the calibration measurements. The density of the material 
reflects the bulk density with a porosity of 0.36. 

Sediment µ’ (cm2g-1) ε’C’ (Bqkg-1) ρ (kgm-3) r2 

quartz 0.23 (0.05) 0.31 (0.03) 1.696 1 

zircon 0.211 (0.015) 105 (4) 2.816 1 

To determine the zircon concentration in the sediment, the effective activity 
concentration of the sediment can be calculated from the measured number of counts 
and equation (3.35) and by realising that the mass-attenuation coefficients is the sum of 
the mass fractions of quartz and zircon times the mass-attenuation coefficient: 

zzqqm mm ''' irµµµ += . (3.36)

Since the density of the mixture can be described by: 
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the mass concentration of zircon can be determined by: 
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Since activity concentrations <0.8 cps probably result from variations in composition of 
the quartz minerals, the zircon concentrations of these datapoints are set to 0. 

The uncertainty estimations in the zircon concentrations follow from the error 
propagation of various sources: the statistical uncertainty in the count rate, the 
uncertainty in the determination of the bed height (which is 1mm) and the uncertainty in 
the mass-attenuation coefficients. The calibration measurements (Figure 3.21) did only 
involve measurements in the steep part of the exponential fit due to the limited height of 
the boxes. The relative uncertainty in the attenuation coefficients is consequently large 
(20% for the quartz and 7% for the zircon). Therefore, the uncertainty in the attenuation 
coefficient is dominant and results in relative uncertainties in the zircon concentration of 
approximately 20 to 30%. 

3.6 Calibration and data analysis LWF experiments 

3.6.1 General 
In the LWF experiments, γ-radiation is measured with the MEDUSA system. These results 
are used to determine the concentration of heavy minerals, similar to previous 
experiments. This section does not only describe how the heavy-mineral concentrations 
are inferred from radiometric measurements, but also shows how the 40K signal can be 
used to derive the median grain size of the sediment. 

3.6.2 Spectrum analysis 
The MEDUSA spectra are analysed with the FSA method, with a correction for 
background of the detector system, but without a correction for background in the 
flume. The measurements with MEDUSA are made in the centre of the flume with 3 m of 
water between the detector and concrete sidewalls. Since the water will effectively absorb 
all radiation from the concrete, ignoring the flume background is justified. The analyses 
of the sediment samples already showed that the activity concentrations in the sand are 
very low (see section 2.3.3). Consequently, the statistical uncertainties in the analysed 
radionuclide concentrations are large. To gain better statistics the spectra, recorded every 
3 s, were summed over 45 seconds and the spatial resolution of the measurements 
decreased from 0.6 m to 9 m. Due to the low statistics, the FSA analysis is very sensitive 
to the covariance in the U and Th spectra. Therefore the individual standard spectra of U 
and Th are summed and used as an U+Th standard spectrum.  

3.6.3 Sediment characterisation 
General  
The sediments that have been used in the LWF experiments are former Pleistocene 
glacial deposits with a rather wide grain-size distribution (d10=247 µm, d90=705 µm). To 
determine the radiometric properties of the various sediment fractions, a bulk sample of 
(unused) LWF sediment is split in 12 fractions by sieving. These fractions have been 
measured on the HPGe-detector system. Figure 3.22 shows the relation between the 
activity concentrations of K and U+Th and the grain size of the fractions.  

For K, the concentration increases with decreasing grain size for the fractions <500 µm. 
For the fractions >500 µm, the relation is reversed and the activity concentration of K 
increases with increasing grain size. For U+Th, the behaviour is more or less similar: the 
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activity concentration increases with increasing grain size for grains <500 µm, whilst the 
activity concentration slightly increases for coarser material.  

To determine the contribution of heavy-mineral concentrates on the measured activity 
concentrations, the different fractions (63-255 µm) are merged again in a bulk sample. 
This sample is split in a heavy and light fraction and both fractions are analysed on their 
K and U+Th content (Figure 3.22). The analyses of the K-concentration show that these 
measurements are hardly influenced by heavy minerals in the different fractions: the 
average concentration of K in the heavy-mineral fractions is somewhat lower than the 
average K concentration of the light fraction with a high density salt and a centrifuge. 
Therefore, a varying concentration of heavy minerals in the sediment fractions will not 
influence the K-concentration and the K-concentrations seem to reflect the grain size of 
the sediment only. For grain sizes <500 µm, the relation between K and grain size can be 
used to determine grain size of the sediment from the measured radiometric signal. 

The U+Th concentration of the heavy-mineral fraction is approximately 70 times the 
U+Th concentration of the light minerals. This indicates that small admixtures of heavy 
minerals in the various sediment fractions can influence the measured U+Th 
concentration considerably. The result that the U+Th concentration in the smallest grain 
size fraction is approximately 10 times the U+Th concentration of the light sand 
confirms this hypothesis. Even for sand the fraction with the lowest U+Th concentration 
(500 µm) the U+Th value is still higher than the concentration measured in the pure light 
fraction. The inverse relation between grain size and heavy-mineral concentration is 
therefore probably dominated by an increasing heavy-mineral content per size fraction 
for decreasing grain size.  

These results indicate that the U+Th concentration is a measure of the (low) heavy-
mineral concentration in the sediment and that the K-concentration can be used as an 
indicator of grain size.  
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Figure 3.22: Activity concentration of K and U+Th for a sediment split in grain size fractions (which 
include heavy minerals) and for the heavy mineral and light mineral content of the fractions 63-355 µm. 
Also activity concentrations are given of some sediment samples of the experiment. The thin black line in 
the left hand graph is a fit. 

The increase of the activity concentration for grain sizes >500 µm has also been 
observed in analyses of sediment samples from the river Rhine (de Meijer and ten Have, 
1999). The explanation given is that in this size fraction, rock fragments occur that that 
are split along fractures. During rock formation, radionuclides are preferably 
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concentrated at these fractures and can be released during break down of the rock. This 
will result in a relative decrease of the activity concentration.  

K-concentration and grain size 
The sample analysis shows that the K-concentration is a measure of the grain size of the 
sediment. This relation is remarkable, but is also observed in analyses of Rhine sediments 
(de Meijer and ten Have, 1999). The relation can be the result of two sediment properties: 

1) The concentration of K arises from K-feldspars in the sediment and the 
concentration of K-feldspars increases with decreasing grain size. 

2) K is adsorbed to the surface of the sediment grains and the increase in K with 
decreasing grain size is a result of an increasing grain surface per unit volume with 
decreasing grain size and thus a larger ability to adsorb K.  

Role of K-feldspar 
The relation between grain size and K-feldspar concentration is also described by Odom 
et al. (1976). They studied different Precambrian sandstones by microscopic slides and 
found that the K-feldspar content increases with decreasing median grain size of the 
sediment. Their explanation is that feldspars tend to be reduced in size during abrasion, 
whilst rock fragments and polycrystalline quartz tend to be fragmented and destroyed. 
This behaviour will cause an increased concentration of fine K-feldspar in sediments that 
are deposited in highly agitated environments like glacial deposits. If this is true, this 
relation is location dependent and will not hold for all sedimentary environments (Hsu, 
1962; Pollack, 1961). Since feldspars and quartz have an equal density, sorting processes 
are not expected to be different for quartz and feldspar and feldspar grains of the same 
size. Hence, the K-content can be used as grain size indicator for K-feldspar as well as 
quartz. 

Surface adsorption 
If the relation between K and grain size is the result of adsorption to the surface, the total 
K-activity can be described by a surface activity concentration (Bq m-2) of the grain, Cs, 
and a volume activity concentration (Bq m-3), Cv. The total activity concentration by mass 
can be written as: 
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In this expression, ρ is the specific density of the sediments and d is the grain size. The ≈ 
sign indicates that the relation holds for spherical particles. Function (3.39) was fitted to 
the data points with a grain size <500 µm an results in a correlation coefficient R2 of 0.99 
(Figure 3.22). The fit parameters are given in Table 3.5 

Table 3.5: Fit coefficients of equation (3.39). 

 Cs (Bqm-2) CV (105 Bqm-3) 

present study 11.9 (0.5) 2.83 (0.15) 

Venema et al., (1999a) 0.93 (0.13) 9.3   (0.3) 

 

Similar observations were made by Venema et al. (1999a). They studied the relation 
between 40K-concentration and grain size for natural sediment of the Haringvliet, a 
former estuary in the Netherlands. These data were also fitted to the model described in 
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equation (3.39) and the results are presented in Table 3.5. The fit coefficients show that 
the surface and volume contributions differ both in magnitude and ratio. This indicates 
that the inverse relation between 40K and grain size can vary strongly for different 
sediments and sedimentary environments. 

To determine the contribution of the volume part of the grains and the surface part of 
the grains to the total activity concentration, the activities from the surface (As, in Bq) 
and the activity from the volume (Av, in Bq) per grain are calculated by: 
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Figure 3.23: Ratio of the surface activity (As) over the volume activity (Av) as function of grain size. 

Figure 3.23 shows the ratio of the activity from the surface over the activity from the 
volume as function of grain size. This figure shows that for grain sizes <250 µm, the 
activity concentration of the sediment is dominated by the contribution from the 
sediment-grain surface, whereas for larger grain sizes, the activity concentration is 
dominated by the contribution from the volume of the grains. This indicates that 
potassium is not only present in the crystal structure, but is more abundantly present at 
the surface of the grains for grain sizes <250 µm. This can be the result of adsorption 
processes, wherein the K+ ions are adsorbed to the more negative SiO2 grains. Why the 
contribution reverses at 250 µm is not clear. The activity ratios of the data set of Venema 
et al., show that the volume fraction dominates in these sediments for all size fractions. 

The adsorption of positive ions on grain surfaces is described in literature (Eisma, 1992) 
and the amount of cations that can be exchanged is defined by the cation-exchange 
capacity (CEC, in meq g-1: mol equivalents per gram) (Table 3.6). Since sedimentary 
particles normally have an over-all negative charge, the exchange of cations is assumed to 
be dominant in absorption processes. The uptake of cations is an important parameter in 
agriculture and the larger the CEC, the more cations can be present in the soil. The CEC 
depends highly on the pH of the sediments, where the CEC decreases with decreasing 
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PH (increasing acidity). The exchange of ions on sediments occurs commonly fast on 
geological time scales, but the kinetics of adsorption in natural environments is still 
poorly understood. The strength of the bonding between the cations and the sediments 
varies from weak Van der Waals bondings (physical adsorption) to strong chemical 
bonds.  

Table 3.6 shows the CEC for different types of sediments. The data indicate that the 
CEC can vary over 2 orders of magnitude for various types of sediments and can vary 
one order of magnitude within one soil type.  

Table 3.6: Cation exchange capacity for different types of sediment (Eisma, 1992; Locher and de Bakker, 
1990). 

Sediment Cation exchange capacity (mol eq. kg-1) 

Quartz sand 0.01-0.02 

Coastal plain soils 0.06-0.02 

Kaolinite 0.03-0.15 

Illite 0.15-0.4 

Montmorillonite 0.8-1 

sedimentary clays 0.6-2.21 

 

With equation (3.39), the total activity from surface-adsorbed K is calculated for the 
sediment used in the experiments. Since 

2/1

2ln
T
NA = , (3.41)

with A the activity in Bq, N the number of particles and T1/2 the half-life time, A*
s can be 

converted to the number of adsorbed K atoms. The half-live time of 40K is 4.04 106 s and 
the abundance of 40K with respect to all K isotopes is 0.012%. 
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Figure 3.24: Cation exchange capacity as function of grain size. 

Figure 3.24 shows the cation exchange capacity per grain size for the sediments used in 
the experiments. It appears that in natural sediments, only 10% of the CEC is occupied 
by K (Locher and de Bakker, 1990), which equals 1-2 ×10-3 mol eq. kg-1 for sandy 
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sediments (Table 3.6). Figure 3.24 shows that the CEC calculated from quartz sand 
ranges between 0.001 and 0.006. These values are similar to the expected values and 
indicate that adsorption processes described by the CEC-parameter are consistent with 
the presence of K on the surface of the sediment grains. If this mechanism is the result of 
the increasing K concentration for decreasing grain sizes, the relation will probably also 
hold for other situations independent of provenance.  

The composition of adsorbed elements in an aqueous solution, can change 
instantaneously if the ion composition of the solution changes. This effect is strongest on 
Na+ and Ca+ and the influence on the adsorbed K concentration is small. To verify the 
importance of leaching in present experiments, sediment samples from the experiments 
are used to validate the relation between K and grain size (Figure 3.22). These results 
show that the relation between K and grain size is similar for sediment that has been 
actually used in the experiments. 

Calibration of grain size 
The relation between K and grain size cannot uniquely be ascribed to either feldspar 
concentrations of adsorption effects. To investigate the precise mechanism is beyond the 
aim of this thesis. The relation can, however, been used phenomenologically to determine 
the sediment grain size in situ. To facilitate the calibration, the data are fitted to following 
relation: 

d
baC += , (3.42)

with a and b fit constants, d the (median) grain size of the sediment and C the activity 
concentration. The coefficients of the fit (with R2=0.99) and uncertainties are given in 
Table 3.7. 

Table 3.7: Fit coefficients of eq (3.42). 

a (Bqkg-1) b (104 µm Bqkg-1) 

107 (6) 26.8 (1.1) 

 

The inverted function of eq. (3.42) can then be used to describe the grain size as function 
of the K-activity in the sediment: 

aC
bd
−

= , (3.43)

and the uncertainty in the calculated grain size can be represented by: 
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Previous comparisons of the activity concentrations measured with MEDUSA and the 
HPGe system, showed that the activity concentrations of K, measured with MEDUSA, are 
underestimated with respect to the HPGe activity concentrations by a factor of 1.3 
(Venema et al., 1999b). This factor is used in the present data analysis to correct the 
MEDUSA measured values. 

To determine the validity of the approach, sediment samples are taken from the upper 
layer of the sediment in the flume and sieved. The median grain sizes of these samples are 
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compared with the grain size determined from the profile by radiometry in Figure 3.25. It 
should be mentioned that the sediment samples are derived by scooping the upper layer 
of the final sediment profile at various locations, where the MEDUSA measurements 
represent an average grain size over an area of 8 m. This can introduce differences 
between both values. 
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Figure 3.25: Grain sizes determined from radiometry and grain sizes determined by sieving from sediment 
samples. The dotted line represents a best fit of the function y=αx. 

The results in Figure 3.25 show a good correlation between both parameters. A best fit of 
the function y=αx gives a value of α= 0.99 with a χ2

red  of 1.6. 

Heavy-mineral concentration 
The sample analysis showed that the activity concentration of U+Th is a function of the 
concentration of heavy minerals. The relation between U+Th concentration and grain 
size is therefore a result of variations in heavy-mineral concentration for each sediment 
fraction, and the concentration of heavy minerals increases with decreasing grain size 
(Schuiling et al., 1985; Tánczos, 1996). 

To determine the heavy-mineral concentration in the sediment, a simple relation between 
the activity concentration of U+Th and the heavy mineral (HM) fraction of the sediment 
can be formulated by assuming that there is no sorting of different mineral types within 
the heavy-mineral fraction: 
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with the following concentration values of (U+Th)light= 5.50 (0.15) Bqkg-1 and 
(U+Th)heavy=394 (4) Bqkg-1. The uncertainty in the heavy-mineral concentration can be 
determined by: 
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Equation (3.45) is used to determine the mass concentration of heavy minerals in the 
sediment fractions from Figure 3.22 and plotted as function of grain size in Figure 3.26. 
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These results show that heavy minerals are absent in the size fractions >200 µm (except 
for the largest size fraction) but can be as large as 28% in the smallest size fraction. Since 
the size fractions <200 µm comprise less than 10% of the sediment (d10=247 µm), the 
total heavy-mineral concentration of the sediment is very low.  
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Figure 3.26: Heavy-mineral concentration as function of grain size, determined from the activity 
concentration of U+Th of the sediment fractions. 

3.7 Calibration and data analysis LOWT experiments 

3.7.1 General 
The MEDUSA system has also been used in the LOWT experiments to determine the 
concentration of zircon in the sediment bed. For these measurements, MEDUSA is placed 
in a set-up tailored to the LOWT facility (see chapter 2) and mounted in a block of lead 
at a fixed vertical position. The block of lead was used to reduce background radiation 
from cosmic rays and building materials. The detector faced the sediment bed through a 
slit of approximately 4 cm width and a length of 10 cm. As a consequence of this set-up, 
the geometry differs from the geometry the system is originally calibrated for.  

The detector was placed at a fixed (vertical) position in the flume some distance above 
the (irregular) sediment bed. The measurements are conducted with water present in the 
tunnel and part of the γ-rays is attenuated in the water between the sediment and 
detector. Due to the changes in bed height, also the amount of water (and consequently 
the attenuation) between detector and sediment changes with position in the flume.  

This section describes the corrections that are made to correct for 1) efficiency variations 
due to the differences in geometry of the calibration measurements and set-up in the 
flume and 2) the calibrations with respect to the attenuation of γ-radiation in the water.  

3.7.2 Efficiency calibration 
The γ-ray spectra measured with the MEDUSA system are analysed with the Full Spectrum 
Analysis method (FSA) described in section 3.2.4 with standard spectra measured on an 
infinite calibration patch. This type of analysis gives activity concentrations of 238U, 232Th 
and 40K. Since 40K is hardly present in the zircons and to reduce statistical uncertainties, 
only the activity concentration of U+Th will be used (C(U+Th) in Bqkg-1). The activity 
concentration of U+Th is used instead of total counts, since we want to compare the 
activity concentrations with samples measured on the HPGe system and the total count 
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rate of the HPGe system is not comparable to the total count rate on the MEDUSA 
system. 

Due to the shielding of the lead, the total yield of the detector in the experiment is 
smaller than the yield in the calibration set-up. Moreover, the sediment bed in the flume 
is not infinite in all directions. In the analysis presented in Manso et al. (1999), we 
assumed that the differences in geometry (that will influence the efficiency of the 
detector, ε, and the build-up factor, B) can be described by an effective parameter, β, that 
relates the activity concentration C(U+Th) linearly to the effective (measured) activity 
concentration C’(U+Th): 

( ) ( )ThUThU CC ++ = 'β . (3.47)

Parameter β is determined by comparing the activity concentrations of U+Th measured 
with MEDUSA on a pure bed of zircon (with a thickness of 30 cm) with the activity 
concentration of U+Th of the zircon measured on the HPGe system. This parameter 
appears to be 2.68 (see Manso et al., 1999). 

3.7.3 Attenuation in water 
The distance between the detector and sediment bed changed with the position in the 
test section of the tunnel. For a detector above an infinite sediment bed, the attenuation 
of γ-rays in water can be described with equation (3.10). The attenuation coefficient of 
water is known (Debertin and Helmer, 1988) and, for mono-energetic γ-rays, the 
problem should be solved easily. However, the sediment bed in the water tunnel is not 
infinite but has only a limited width (0.3 m) and γ-rays with a range of energies are 
emitted. The system is calibrated for this specific set-up by determining the relation 
between measured activity concentration of U+Th as function of distance between the 
detector and the initial sediment bed. These calibrations are carried out for series L3 with 
a zircon concentration of 7% (see Figure 3.27). These results show that the activity 
concentration decreases almost linearly with height for z<12 cm and the curve flattens to 
a background level of ~20 Bqkg-1 for higher elevations. The measurements at high 
elevations (>12 cm) are most sensitive to the background contribution, but all 
measurements in the tunnel (except for a few locations in the erosion hole in the left-
hand side of the flume) had a distance between the water and sediment <10 cm. The 
background radiation is incorporated in the parameterisation of the calibration.  

A 4th order polynomial function is used to describe the effective activity concentration of 
U+Th (C’(U+Th)) as function of elevation. Analyses showed that a fourth-order polynomial 
function improves the quality of the fit significantly with respect to lower order 
functions: 
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In this expression, z is the height above the bed in cm, a0 is the measured activity 
concentration of the bed and a1 to a4 are fit constants describing the attenuation of γ-rays. 
The parameters a0 to a4 and their uncertainties are presented in Table 3.8. The χ2

red value 
of 1.2 indicates that the fit gives are correct description of the data. 

Table 3.8: Fitted parameters (and uncertainties) and the χ2red of the fit of the polynomial of equation (3.48).  

a0 a1 a2 a3 a4 χ2
red 

243.7 (0.2) -16.77 (0.17) 0.25 (0.02) 8.1·10-3 (2·10-4) -2.01·10-4 (6·10-6) 1.2 
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The fit parameters in Table 3.8 describe the effective activity concentration as function of 
elevation for sediment composed of 7% of zircon. In the experiments, the concentration 
of zircon in the bed was not constant. The relation between measured effective activity 
concentration and the activity concentration at the bed (C’(U+Th),z0) for any concentration 
of zircon can be described by: 
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The bed heights have been measured with the PROVO system and the activity 
concentrations of U+Th in the sediment can be calculated with equation (3.49). 
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Figure 3.27: Effective activity concentrations of U+Th as function of elevation. The line represents the fit 
according to equation (3.48). 

The activity concentrations of the uniform zircon are known (C(U+Th)z= 3350 ± 40), and 
by assuming that only zircon contributes to the activity concentration of U+Th, the 
concentration of zircon in the bed follows from equation (3.50): 
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3.8 Conclusions 
A possibility to determine sediment composition in situ is by means of measuring 
naturally occurring γ-rays. This chapter presents a model that describes the relation 
between the measured γ-radiation and the concentration of zircon in a layer with a 
chosen thickness. This allows determining the concentration of zircon precisely and gives 
the possibility to study sediment-transport rates of the quartz and zircon fraction (see 
chapter 5). By using the model instead of the measured γ-radiation directly, the 
uncertainty in the concentration of zircon in the upper layer can be reduced by a factor 3. 
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This model is validated with measurements from the Scheldt flume. These measurements 
show that the assumptions in the model are legitimate. 

Analysis of sediment samples from the LWF show that not only variations in heavy-
mineral concentrations can be measured from radiometry. The grain size of the sediment 
is inversely related to the 40K concentration. Whether this relation is the result of an 
increasing concentration of K-feldspar with decreasing grain size, or is due to adsorption 
of K to the sediments, cannot yet be concluded. This relation can be used though to 
determine median grain size of the sediment in situ in the LWF experiments. 

Due to differences in geometry, MEDUSA is calibrated for each experiment. In the 
Scheldt flume, the response of the detector on a bed of zircon and quartz has been 
recorded. To improve the depth resolution, a model has been developed that accounts 
for the non-homogeneity of the bed. This model has been validated by comparing the 
analysed results with sediment samples. In the experiments in the LWF, geometry was 
comparable to the seabed geometry and corrections were not necessary. In the 
experiments of the LOWT, a correction factor has been determined for the special 
geometry (the detector was placed in lead) and corrections were made for the absorption 
of γ-rays by the water between sediment and detector. Sediment samples have only been 
used to validate the measurements. In future applications in the field, the geometry will 
be constant. Since the detector has been calibrated for such a geometry (de Meijer et al., 
1996; Hendriks et al., 2000), additional calibrations are not necessary. 
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4 Determination of grain size by 
“friction” sound 

An important parameter in the study of graded sediment transport is the 
grain size of the sediment. Present techniques, based on sediment sampling 
and laboratory analyses, are unable to determine sediment grain size 
quantitatively and rapidly with a high spatial resolution. The level of friction 
sound, generated when a detector probe is towed over the sea floor, is 
measured in a field experiment off the Dutch coast. The results of this 
campaign indicate that the friction-sound level reveals the characteristics of 
the sea-bottom. Laboratory experiments are initiated to understand these 
field measurements and show a one-to-one relation between sound level and 
the median grain size of the sediment. These results have been used to 
calibrate the friction-sound measurements of the experiments in the LWF. 
Though the physics of the friction-sound measurements is not yet fully 
understood, the validation experiments show that the technique can give 
already high-resolution qualitative results on sediment composition and has a 
large potential for the development of a detector for in-situ quantitative 
monitoring of sediment grain size. 
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4.1 Introduction 
Determination of sediment characteristics is normally based on core or box-core samples, 
analysed in the laboratory. Since the coring and analyses are a tedious, labour intensive 
and therefore costly, relative few locations can be sampled. Especially sedimentary 
systems, with a large spatial variability, require dense sampling. Grain sizes can vary on 
the scale of current and wave ripples and it can be questioned whether point sampling 
with cores or box-cores is representative for the surrounding area; the more since such 
samples contain a sediment mixture averaged over a certain depth. From the perspective 
of accurate and fast assessments, new technologies are required. 

In the last decade, the MEDUSA (Multiple-Element Detector for Underwater Sediment 
Activity) system has been developed (de Meijer, 1998). This system contains various 
sensors to monitor sediment properties and is towed over the sediment bed. Its main 
sensor is a highly sensitive γ-ray detector, recording γ-radiation spectra emitted by the 
naturally occurring radionuclides. These measurements are “translated” to sediment 
characteristics as sand/mud ratios via a “fingerprinting” method (see chapter 3 and de 
Meijer, 1998; de Meijer et al., 1997; Venema et al., 1999a) The radiometric measurements 
require contact between the detector and sediment bed. MEDUSA contains a simple 
microphone to monitor this contact. The friction between detector casing and sediment 
will generate noise (friction sound) during towing, and a drop in the noise level is an 
indicator for situations where the detector gets “off-bottom”. 

Terschelling

Terschelling

170 172 174 176 178 180 182 184 186 188 190 192 194
X-axis (UTM; km)

604

606

608

610

612

614

616

618

620

Ameland

Sound level (a.u.)

   0  to  500
   500  to  1000

N

 
Figure 4.1: Friction-sound level of the lines towed off the coast of the Dutch Frisian island Ameland. 

During the measurements of heavy mineral distributions off the coast of Ameland (see 
Figure 1.5) also variations in friction sound were measured. These friction-sound levels 
are plotted in Figure 4.1. This figure illustrates that areas with enhanced friction sound 
intensities are present, about 4-6 km off shore. Such spatial correlations are also found in 
later studies involving the MEDUSA system (e.g. Venema et al., 1999c). The variations seem 
to be correlated to grain size, sand or mud concentrations or variations in bottom 
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morphology. Which parameters can be correlated to the friction-sound measurements is , 
however, not yet understood. 

The relation between bottom properties and acoustic emissions generated by friction 
have been studied before by Mitchell et al. (1983). These authors developed a system that 
measures the grain size when a rigid object as a penetrometer is pushed into the soil. In 
these measurements, soil grains sliding and rolling over another and over the penetrating 
object generate these acoustic emissions. Their study showed that the amplitudes of the 
acoustic emissions are a function of the median grain size of the soil, the packing and 
water saturation of the soil and of the penetration rate. Moreover, the frequency 
distribution of this sound is constant and independent of grain size or penetration rate. 

This chapter focuses on the measurements of friction sound on the upper layer of 
sediment. Therefore, laboratory experiments are used to investigate the variations of 
friction sound as function of grain size. Finally an attempt will be made to understand the 
phenomenon based on a simple physical model. 

4.2 Laboratory study 

4.2.1 Incentive 
The cause of the spatially coherent variations in friction sound observed in sea-floor 
measurements (Figure 4.1), is still unclear. The generation of sound by the detector 
casing, towed over the sediment, may be envisaged by rubbing a piece of sandpaper over 
a steel tube. The size and type of sediments are likely to have large impact on the 
measured friction-sound levels. Since in nature the properties of sediment (e.g. size, 
roundness, sphericity) are difficult to determine, the importance of these properties have 
to be studied under controlled conditions. Another parameter that may influence or 
generate the measured friction sound is the presence of ripple structures. Similar to a 
wash-board, the “bumping” of the detector system over the ripple structures may 
generate and influence sound levels. Table 4.1 gives an overview of parameters that may 
generate and influence the measured friction sound. 

Once the friction-sound level is generated by one of the driving parameters, other 
parameters can influence the measured results. Parameters like towing speed and towing 
direction can vary during a survey and it is important to know whether and how these 
effects influence results. The shape and acoustic properties of the setting within the 
measuring device do not change during a survey, but are relevant in calibration and 
quantification of the data.  

Table 4.1: Overview of possible driving mechanisms and parameters that influence the measured friction 
sound. 

Driving parameters Influencing conditions 

Sediment characteristics 

• sediment size 
• sediment type (shells/ sand/ clays) 
• sediment shape (rounded vs. angular) 
 

Ripple structures 

• small scale ripples 
• large scale ripples 

towing speed 

shape/acoustic properties of detector 

direction of towing over morphology 
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To determine the physical mechanisms leading to the generation of friction sound a 
systematic analysis of the possible driving-mechanisms and influencing-parameters under 
controlled conditions is a first approach. In this framework, two experiments have been 
conducted under controlled laboratory conditions. Experiments in the LWF were 
focussed on the relation between friction sound, grain size and ripple structures. In 
experiments in the Scheldt flume (series D) special attention is paid to the relation 
between friction sound intensity, grain size and towing velocity (see also chapter 2). 

4.2.2 Experimental set-up 
The experiments in the LWF studied sediment transport on a coastal profile. After 
several hours sediments have been redistributed over the profile and at certain locations 
ripple structures and a breaker bar have been formed. In between wave conditions, the 
profile was surveyed at a constant speed with a bed-profiler and with the MEDUSA 
system. After the experiments, water has been drained from the flume and sediment 
samples were taken along the profile. These samples were analysed on their grain-size 
distribution by sieving. The analyses of these experiments are used to investigate the 
importance of grain size variations and ripple structures on the friction-sound level. 

The experiment in the Scheldt flume focused on the investigation of the relation between 
sound level and median grain size of the sediment and the effect of variations in towing 
speed. Moreover, an attempt has been made to determine the frequency distributions of 
the measured sound levels. To determine the relation between friction sound and known 
variations in grain size of the sediment, patches of sediment of various grain sizes 
(ranging from 60 µm to 350 µm) with a length of about 2 m and with a thickness of 
approximately 1 cm were placed on top of the profile. The morphologic changes induced 
by the patches of sand were not larger than the small-scale ripple structures already 
present. MEDUSA was towed over the bed at two velocities (0.1 ms-1 and 0.2 ms-1), both 
before and after the placement of the grain-size patches. These measurements were 
repeated to assess the repeatability. It should be pointed out that the velocities are an 
order of magnitude lower than velocities that are reached in the field (typically a few ms-

1). 

For the measurements in the Scheldt flume, the normal MEDUSA detector casing was too 
large and the system has been divided over two tubes (each with a length of 0.4 m), made 
of the same material as the standard tube. In one tube the γ-ray detector was located, in 
the other tube the electronics and microphone were placed (see Figure 2.4 and Figure 
4.2). Both tubes were placed on a PVC sledge to prevent pile up of sediment in front of 
the tubes. A metal rod connected the sledge to a movable carriage. The tube with the 
microphone was connected with small ropes to the moveable arm, such that vibrations 
other than coming from the sediment could not influence the sound signal. 

The standard microphone of the MEDUSA system was sampled each 10-1 second and 
integrated over at least 1 s. An analysis that determines the contribution of different 
frequencies >1Hz to the sound signal is not possible on this digitally sampled sound. To 
determine the mechanisms driving the sound level variations, two additional analogue-
sampled sensors were added to the system: an additional microphone and accelerometer 
gave the opportunity to sample an analogue signal with different frequency resolutions. 
Both sensors were placed in a PVC box within the same detector tube (see Figure 4.2) as 
the standard microphone on the electronics board. A spectrum analyser has been coupled 
to the system to determine the frequency distribution; the spectra and analogue signals 
were digitally stored with a sampling frequency of 1 kHz. 
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Figure 4.2: Schematic presentation of the tube with microphones, accelerometer and electronics in the 
laboratory experiment.  

4.2.3 Results 
Effects of grain size and ripple structures on friction sound 
The experiments in the LWF were designed to investigate coastal profile evolution under 
storm conditions (Newe et al., 1999; Peters and Dette, 1999). During the experiment, a 
breaker bar develops at x=220m and at a water depth of 1-2m (Figure 4.3). “Seawards” 
of the breaker bar, the profile morphology is characterised by a smooth region 
(190<x<215 m), followed by a region (140<x<190 m) with relatively large ripple 
structures (with a typical length of 3 m, and height of 0.2 m). 

In Figure 4.3, the variation of sound level along the profile is shown for two 
measurements. The sound level is high on the breaker bar (x= 220 m), shows a decrease 
towards x=190 m, in the smooth region, increases at about x=185 m and remains 
constant towards deeper water (x= 80 m). It is remarkable that the scatter in sound level 
is low in the region where ripples are absent. The sound level is measured in two 
successive runs to determine the repeatability of the signal. These results show that most 
of the small-scale fluctuations are reproduced, but some of the scatter differs for both 
measurements. This indicates that the small-scale fluctuations can reflect real physical 
properties, but part of the scatter should be related to statistical fluctuations. 

To investigate a possible relation between sound level and grain size of sediment, samples 
of the top layer of the sediment are collected at various locations of the bed after the 
water is drained from the flume. After drying and sieving, the grain-size distribution is 
measured. The mean grain-size (d50) values (dots) are presented in the top part of Figure 
4.3 together with the sound-intensity level (lines). The two data sets show a remarkable 
correspondence: large grain sizes correspond to large friction-sound levels; smaller grain 
sizes are related to low friction-sound levels. 

The results presented in Figure 4.3, indicate that grain size and sound intensity are 
related, but there is also a relation between the lower sound level, absence of scatter in 
the sound level and the absence of ripple structures. The sound level exhibits a spiky 
behaviour, when ripple structures are present. In the smooth region (between x=190-220 
m) and on the “seaward” part of the breaker bar such spikes are hardly present. If the 
sound level is affected by morphologic variations due to ripple structures, the length scale 
of the variations in sound level will be related to the length scale of the ripple structures. 
It is observed that small ripple structures (with a typical length and height of 0.5 m and 
0.05 m respectively) are flattened by the sledge of the detector. Therefore, the influence 
of mega-ripples (with a length between 0.5 and 5 m and heights between 0.05 and 0.5 m) 
is investigated by applying a Fourier transform to filter the sound level from variations 
with length scales <5 metres. Figure 4.4 shows the filtered sound pattern in comparison 
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with the d50 value. Apparently, the small-scale variations superimposed on the sound level 
do not have an influence on the large-scale trend of sound level. It seems that the large-
scale trend in sound level reflects the grain-size variations of the bed whilst sound level 
variations correlated with small-scale changes in morphology (like ripple structures) are 
superimposed as scatter on this trend. Whether these small-scale variations are directly 
the result of “bumping” on morphologic features or whether they arise from the very 
small-scale grain-size variations due to sediment sorting within ripple structures cannot 
be concluded from the present experiments. If this sorting of sediments on ripple 
structures causes these effects, grain sizes will vary between 200 and 450 µm within 2 m 
(see Figure 4.3). Such variations are not unrealistic. 
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Figure 4.3: Friction-sound level (lines) of two repeated measurements and grain size (dots) distribution 
(upper plot) along the profile (lower plot) in the LWF, Germany. 
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Figure 4.4: Filtered sound level (line) and grain size (points) of the profile from measurements in the LWF, 
Germany. 
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Effects of grain size and towing speed on friction sound  
The experiments in the Scheldt flume focus on the effects of grain size and towing speed 
on the friction-sound level.  

After the placement of the grain size patches, the sediment is drowned under 
approximately 0.7 m water and the sound level is measured at two velocities (0.1 and 0.2 
ms-1). Three runs are made for each velocity. To determine a relation between grain size 
and the measured sound levels, the three successive measurements are averaged and the 
friction-sound levels are averaged over the region of each grain size patch.  

The sound signals are log-amplified in the electronics. To determine the linear sound 
signal, the sound data are normalised by the maximum sound level and transformed to 
the sound intensity, I, by calculating I=10sound level. These results are presented in Figure 4.5. 
The uncertainties in the sound intensity represent the standard deviation of the sound 
intensity over the specific patch. The results from Figure 4.5 corroborate the conclusions 
from the previous experience that there is a positive relation between grain size and 
sound intensity. A linear curve of the function:  

bdaI += )( 50  (4.1) 

is fitted through the data points. The results of these fits are given in Table 4.2 and Figure 
4.5. These results show that the sound intensity varies similarly with grain size for the two 
velocities (same a-parameter), but the curves are transposed for a higher towing velocity: 
for a doubling in towing velocity, the sound intensities are on average 20% higher. 

These results show that the friction sound intensities depend linearly on the grain size. 
The relation is independent of towing velocity, but the magnitude of the sound levels is, 
at low speeds, determined by the towing velocity. 

Table 4.2: Fit parameters according to equation (4.1). 

Velocity (ms-1) a b 
0.1 0.0086 (0.0009) 3.8 (0.12) 
0.2 0.0083 (0.0009) 4.6 (0.14) 
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Figure 4.5: Correlation between sound level and grain size of the patches. 
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Frequency distribution of the sound 
To determine the effect of grain size variations on the frequency distributions of the 
friction sound, two extra sensors (an additional microphone and accelerometer) are 
sampled with a frequency of 1 kHz. However, analysis of the total sound intensity of 
these sensors shows no correlation with the grain size distribution. The absence of a 
correlation with grain size is remarkable, especially since the measurements with the 
“normal” microphone do show a clear correlation in the same experiments. An 
explanation of this deviation can probably be found in the set-up of the system. The 
analogue detectors are placed in the same tube as the standard system. The standard 
microphone is placed on the electronics board, but the analogue sensors are glued in a 
PVC box of which the sides have a thickness of approximately 3 mm. Apparently, the 
electronics and PVC box have totally different acoustic properties that influence the 
measured signals strongly. Since there is no correlation between the measured sound 
intensities and grain size, the data have not been analysed on their frequency distribution. 

4.3 Assessment of experiments 
The exploratory laboratory experiments show that there is a one-to-one relation between 
the median grain size of the sediment and friction sound intensity. The median grain size 
can be the driving mechanism in the generation of friction sound, but towing speed 
influences the sound level for small towing velocities (between 0.1-0.2 ms-1). The 
presence of ripple structures on the sediment bed generates extra scatter on the signal. 
Whether this scatter is the result of actual grain size variations due to sediment sorting on 
ripple structures or due to “bumping” of the detector over the morphology is not yet 
clear.  

The experiments indicate that grain size is an important parameter in the friction sound 
generation. To understand this relation, a schematic model is presented that describes a 
mechanism of friction sound generation by the scratching of sediment grains.  

4.3.1 Model 
Sound is generated when phonons are produced by the breaking or excitation of atomic 
or molecular bonds.  When a plate moves over the sediment, the amount of produced 
phonons is a function of the total amount of material of the plate that is replaced.  

When a plate rests on sediment grains, the weight per unit of surface of the plate, W, will 
be balanced by the total pressure on the grains, P. The sediment grains are not a flat 
surface, and we assume that the plate can “fold” over the grains like a rubber bicycle 
tube, that will adjust to the surface of the road when a weight (embodied by a person) is 
placed on the bicycle (see Figure 4.6). Of course this will only occur within certain 
constraints, similar to a rubber tube that will not fold around a pushpin but will tear. 

2R
 

Figure 4.6: A plate resting on sediment grains with diameter 2R, will slightly “fold” over the grains for an 
optimum distribution of pressure.  

The total pressure P is a function of the weight of the plate, W, the number of grains, N, 
and the contact surface per grain, S : 



Assessment of experiments 

88 

SN
WP = . (4.2)

Since the weight of the plate rests on the sediment surface, the weight W is balanced by 
the pressure and: 

constantSN
P
W == . (4.3)

This means that by decreasing the number of grains (or increasing the diameter R), the 
grains will push slightly further in the plate and the contact surface S will increase. 

When the plate starts to move, the grains will form parallel grooves in the plate (Figure 4.7) 
instead of “holes” that are formed in the static case. Also for this situation, the weight of 
the plate is balanced by the pressure on the grains (equation (4.3)). 
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Figure 4.7: Schematic presentation of a parallel grooves, formed when a plate moves over sediment grains. 

The friction-sound intensity (I) is a function of the total replaced material of the plate. In 
case of a moving plate, the volume compressed or scratched by the grains is determined 
by the cross section of the grain (A) and the length of the groove (L) (see Figure 4.7): 

NAlI = . (4.4)

The length L is a function of the velocity of the plate. 

If the grain size decreases, the number of grains per unit width that form the parallel 
grooves increases as a function of R. The surface area A, scales with R2 and equation (4.4) 
becomes: 

RLLR
R

NAlI ≅≅= 21 . (4.5)

Equation (4.5) shows that friction sound intensity is linearly related to grain size and is 
also a function of the length L, which depends on the towing velocity.  

This model shows that the friction-sound intensity is a function of towing velocity but 
does not indicate whether this relation is linear or not. In the laboratory, measurements 
are made at low speeds. In these measurements, friction sound is clearly a function of 
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velocity (Figure 4.5). In the field measurements, velocities are in general a factor 10 larger. 
In different field surveys we observed that after the initiation of motion of the detector, 
sound levels reach a level that does not change much with varying speed. These 
observations suggest that the effect of towing velocity on sound intensity is not linear but 
decreases with increasing velocity. However, further research is necessary to better 
determine this relation. 

4.4 Calibration friction sound intensity LWF 
To use the sound intensities measured in the Large Wave Flume for determining grain 
size variations, grain-size samples are used to calibrate the signal. After three experiments, 
sediment samples are taken from the profile. These samples are compared to the sound 
intensity signals measured on the final profiles of these experiments. To avoid errors in 
the localisation of the sediment samples with respect to the measurements of friction 
sound intensity (with a spatial resolution of 0.5 m), friction sound intensities are averaged 
over 7 data points. The standard deviation in this average is defined as the uncertainty in 
the friction-sound measurements. These measurements and the linear fit according to 
equation (4.1) are presented in Figure 4.8. For clarity, measurements with relative 
uncertainties >10 % are omitted from the graph and the fit. Analysing the data with and 
without these data points shows that the fit parameters remain constant.  

The results in Figure 4.8 show clearly that also for these experiments a linear relation 
between friction sound intensity and grain size is present. Moreover, the relation is 
similar for the three experiments. Equation (4.1) is fitted (χ2

red=6) with parameters: 
a=0.0102 (0.0005) and b=1.45 (0.12). These parameters are used to determine the grain 
size distributions in the LWF experiments from the measurements of friction sound in 
chapter 6. 
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Figure 4.8: Sound intensities measured with MEDUSA and related grain sizes measured from sediment 
samples of 3 experiments and the best fit according to equation (4.1). 

4.5 Conclusions 
The experiments show that the friction sound intensities are related to grain size. This 
relation can be explained by a simple physical model. This model shows that friction-
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sound intensity is linearly related to grain size. The experiments that aimed to gain 
information on the frequency distribution of the friction sound indicate that the shape 
and material of the sensors casing are of crucial importance in the determination of the 
friction sound.  

The linear relation between friction sound intensity and grain size is used to calibrate the 
friction sound intensities measured in the LWF experiments. A comparison of data sets 
of grain size from sediment samples of three experiments shows that the relation is 
constant throughout the experiments and can be fitted with the model. This calibration is 
used to determine grain size variations in the experiments described in chapter 6. 

For further research, the effect of towing velocity should be considered in more detail, 
and experiments are planned to measure the relation between sound level and towing 
velocities at speeds similar to those of field measurements. The frequency distribution of 
the sound can probably give more information on the exact mechanisms that generate 
the sound level variations and can quantify the model presented in this chapter. This 
quantification will help to optimise the shape and material of the detector system.  

Present investigations show that by measuring friction sound intensities detailed 
information on sediment properties can be measured, that is yet qualitative but can be 
calibrated to quantitative results.  
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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): 

( ) ( )∫ +∆
∆
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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.  
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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: 
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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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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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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 



Cross-shore sorting according to density 

103 

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: 
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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. 
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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. 

27.6 27.8 28 28.2 28.4
X-position (m)

0.47

0.48

0.49

0.5

el
ev

at
io

n 
se

rie
s 

A 
 (m

)

0.45

0.46

0.47

0.48

el
ev

at
io

n 
se

rie
s 

C
 (m

)

series A
Series C

30.2 30.4 30.6 30.8
X-position (m)

0.5

0.51

0.52

0.53

0.54

el
ev

at
io

n 
se

rie
s 

A 
 (m

)

0.51

0.52

0.53

0.54

el
ev

at
io

n 
se

rie
s 

C
 (m

)

series A
Series C

32.6 32.8 33 33.2 33.4
X-position (m)

0.54

0.55

0.56

0.57

0.58

el
ev

at
io

n 
se

rie
s 

A 
 (m

)

0.58

0.59

0.60

0.61

0.62

el
ev

at
io

n 
se

rie
s 

C
 (m

)

series A
Series C

15.2 15.4 15.6 15.8
X-position (m)

0.16

0.17

0.18

0.19

0.2

el
ev

at
io

n 
se

rie
s 

A 
 (m

)

0.15

0.16

0.17

0.18

0.19

el
ev

at
io

n 
se

rie
s 

C
 (m

)

series A
Series C

20.2 20.4 20.6 20.8
X-position (m)

0.3

0.31

0.32

0.33

0.34

el
ev

at
io

n 
se

rie
s 

A 
 (m

)

0.29

0.30

0.31

0.32

0.33

el
ev

at
io

n 
se

rie
s 

C
 (m

)

series A
Series C

25.2 25.4 25.6 25.8
X-position (m)

0.42

0.43

0.44

0.45

0.46

el
ev

at
io

n 
se

rie
s 

A 
 (m

)

0.40

0.41

0.42

0.43

0.44

el
ev

at
io

n 
se

rie
s 

C
 (m

)

series A
Series C

 

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.  
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6 Cross-shore sorting according to 
grain size and density  

Not only the distribution of sediments along a coastal profile is topic of 
study in literature, also the response of a sediment distribution on changing 
morphology has been investigated previously, mainly in the framework of 
offshore sediment nourishments. The experiment described in this chapter 
focuses on the distribution of grain size and density on a cross-shore profile. 
Therefore, two new techniques to measure grain size in situ are used and 
validated. These techniques can give distributions of sediment composition 
faster and with a higher spatial resolution that the traditional sediment 
sampling. The heavy-mineral concentration is also measured with the 
MEDUSA system. 

Although the profile only changed slightly at the end of the experiments, 
sediment composition keeps changing until the end of the experiments with 
storm conditions. This indicates that the presence of a morphological 
equilibrium does not necessarily indicate that also sediment composition is in 
equilibrium. The equilibrium distribution of grain size, “lags” behind 
morphologic equilibrium. 
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6.1 General 
The experiments in the Large Wave Flume (LWF) in Hannover, Germany were part of 
the EU MAST-III-programme SAFE. The main goal of these experiments was to study 
morphological evolution of a coastal profile under erosive storm conditions, with and 
without structural dune protection with normal beach sand (Newe et al., 1999; Peters and 
Dette, 1999). The experiments described in this thesis have been run as part of this 
programme.  

Most of the experiments were a combination of hydraulic conditions comparable to fair 
weather waves and water level (h=4.0 m, Hmo=0.65 m, Tm=5.5 s), and waves and water 
level conditions comparable to a storm surge (h=5 m, Hmo=1.2 m, Tm=5.5 s). In between 
experiments, a shovel flattened the  large-scale morphological structures, but no special 
attention was paid to redistribute the upper layer of the sediments over the profile. This 
implies that the sediment distribution at the start of an experiment already represents 
more or less an equilibrium response (Horn, 1992) to the overall hydrodynamic 
conditions of the previous experiments. The changes in sediment composition within one 
experiment are therefore expected to be small, but the final distribution of the sediment 
texture will give insight in the sediment sorting processes on the profile under the specific 
conditions. 

The median grain size of the sediment has been determined from activity concentrations 
and friction sound, measured with the MEDUSA system. These signals not only reflect 
independent quantities but the sensors have also been calibrated separately. The 
intercomparison of the two types of results and the comparison with median grain size 
from sediment samples from the final profile will be used to discuss the possibilities of 
these new techniques and to validate the techniques to determine grain-size distributions 
in situ. The measurements with the MEDUSA system give the opportunity to determine 
sediment composition in between the runs while water is still present in the flume. 
Therefore a time series can be constructed that gives an overview of the adaptation time 
of a grain-size distribution. 

The focus of the experiments has been on morphological evolution of a coastal system 
with an initial slope of 1:20 under erosive storm conditions (Newe et al., 1999). In this 
thesis two experiments are described: experiment GA, denoted as series D in Dette et al. 
(1998) and experiment GB, denoted as series E in Dette et al. (1998). In experiment GA a 
high barrier of big bags protected the dune, in experiment GB, the barrier of big bags has 
been lowered, such that only the lower part of the dune was protected.  

The experiments in the Scheldt flume focussed on density sorting. In the LWF 
experiments a coupling will be made between the sorting on size and density at a scale 
similar to that in nature.  

6.2 Results 

6.2.1 Profile development and sediment transport 
The profile evolution and volumetric sediment-transport rates inferred from the profile 
changes (see (5.1)) of two time intervals of experiment GB are presented in Figure 6.1. 
The morphology of the profiles shows clearly how a breaker bar develops between 
x=210 and x=230 m. On the onshore and offshore side of the breaker bar, changes in 
profile are small.  
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Figure 6.1: Profile development and total sediment-transport rates for 2 time intervals of series GB. The 
numbers point to the four morphological units described in the text. 

The small-scale morphology of the first and final profile for the profile between 100 and 
210 m is presented in Figure 6.2. These results show that the initial profile is not 
completely smooth, but small morphological variations are present. In the region 
100<x<150 m (region 1) during the run, the sedimentary structures develop. These 
structures are mainly small-sized wave ripples with ripple length λ= ~1.5 m and ripple 
height η=0.05-0.10 m. In zone 2 (150<x<190 m) ripple structures are larger. The shape 
of the ripple structures is slightly asymmetrical, pointing to an onshore-directed ripple 
migration. In the region just seaward of the breaker bar (zone 3), ripple structures are 
absent on the final profile. The three zones reflect a transition from an immobile bed due 
to low flow conditions in region 1 towards ripple structures due to an increased flow as a 
result from wave shoaling in region 2. For increasing flow conditions, ripple structures 
flatten and sheet-flow processes will result in a plane bed (region 3).  
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Figure 6.2: Close-up of the ripple structures for the first and final profile of experiment GB in the region 
100<x<210 m. The numbers point to three of the four morphological units described in the text. 

Visual observation on the sedimentological structures show that the breaker bar in region 
4 lies as a blanket over the more offshore located sediments, analogous to an offshore 
migrating turbidity current (Walker and James, 1992). 

The sediment-transport rates in Figure 6.1 show that small fluctuations around zero 
occur for x<215 m; for x>215 m transport rates become much larger and negative. At 
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the waterline (x=260 m) sediment-transport rates are still smaller than zero, indicating 
erosion of sediments. One of the requirements of the volumetric sediment transport 
calculations is the total conservation of the sediment volume, which means that 
sediment-transport rates on both ends of the profile should be equal to zero. The results 
in Figure 6.1 show that this is not the case.  

The experiments were constructed with a structural protection of big bags in front of the 
dune. This barrier had a height such that waves could easily overtop the barrier and erode 
sediments from the dune (Dette et al., 1998). In the profile measurements, the dune area 
could not be measured and the total measured volume of sediments in the flume 
increased with time. This causes the non-closure of sediment-transport rates at the beach 
face.  

The differences in small and large-scale morphology show that the profile can be divided 
in four morphological units marked by differences in sediment-transport rates and 
distinct morphological properties: 

1) Lower shoreface (100<m<150 m) 
On the lower shoreface sediment-transport rates indicate that there is no net 
transport of sediments throughout the entire experiment. Morphology shows the 
development of small-scale ripple structures, but changes are only small.  

2) Outer surf zone (150 <x<190 m) 
In the outer surf zone, sediment-transport rates are equal to zero in the first half of 
the experiment and are, although small, directed onshore during the second part of 
the test. Morphology shows the appearance of slightly asymmetrical ripple structures 
with λ= ~3.5 m and η=0.2 m. These structures disappear in onshore direction. This 
transition of ripple structures to a plane bed for 185<x<195 m, shows a decrease of 
ripple height, but ripple length is more or less equal. 

3) The outer surf zone just offshore of the breaker bar (190<m<215m) 
The profile in this region becomes more or less smooth during the experiment. The 
net sediment-transport rates in the first time interval are small and directed onshore. 
In the second time interval, net transport rates are still small but become offshore 
directed. The fact that there is hardly any net sediment transport, does not imply that 
sediments are not moved in this area. On the contrary, the total amount of mobilised 
sediment can be very large, but due to the nature of the flow, the total volume of 
sediments shows no net displacement. The flat morphology in this region represents 
upper stage plane bed and is the result of sheet-flow processes. 

4) The inner surf zone (x>215 m) 
In the inner surf zone, sediment-transport rates are directed offshore for both time 
intervals, and decrease with time. The morphology shows the development of a 
breaker bar around x=225 m, but with little erosion in the trough area (230<x<250 
m). Most of the sediments that built the breaker bar originate from the (unmeasured) 
dune erosion. These results corroborate the visual observation that the breaker bar 
moves offshore as a blanket covering more offshore sediments. 

6.2.2 Validation of grain-size measurements 
In the experiments, grain sizes of the sediment bed are determined by three methods: 
sieving sediment samples, radiometry and friction sound. Sediments are sampled by 
locally scooping of a thin (2 cm) layer with a spade. These samples represent only point 
locations. Visual observations on the bed forms indicated that grain sizes vary 
considerably over ripple structures. The measurements with MEDUSA are global and give 
an average value over a certain area. Radiometric measurements have been averaged over 
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a length of 8 m, the friction-sound measurements are sampled at 0.5 m intervals. Besides 
a difference in spatial resolution, the three methods provide also information over 
different depth ranges. Sediment samples were taken from a depth up to ~2 cm, the 
measurements of γ-ray activity with MEDUSA give activity concentrations averaged over a 
depth of about 20 cm and the friction-sound measurements are likely representing the 
upper few millimetres.  

Since the friction-sound measurements do not (yet) provide calibrated values, friction 
sound is calibrated in the flume. To that end, the sound intensities measured on the 
locations of sediment samples are correlated to the median grain size of the sediment (see 
chapter 4). This correlation has been used to calculate the median grain size from the 
sound intensities. The radiometric measurements of MEDUSA give calibrated results of 
the radiometric properties of the sediment. The correlation between grain size and 
radiometry is subsequently determined in the laboratory from several sediment samples. 
The conversion of the radiometric signal to median grain size is therefore independent of 
the locations of the sediment samples. 
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Figure 6.3: Grain-size distribution along the profile, obtained from radiometric measurements, from 
friction sound and sediment samples. The grey line represents a running average trough the friction-sound 
grain sizes. 

The median grain-size distributions measured along the final profile of experiment GB, 
are presented for the three methods in Figure 6.3. These results show a considerable 
similarity of the large-scale distribution of the grain sizes and are indicative of the 
reproducibility of the different techniques. In the region for 50<x<190 m (region 1 and 
2), grain-size determinations from radiometry and friction sound are similar. The sound 
signal shows more variation likely due to the higher spatial resolution of the friction-
sound measurements. The scatter in the sound measurements may represent grain-size 
variations on a small spatial scale, e.g. due to sorting on small ripple structures. Compared 
to the sediment samples, the grain size from friction sound is on average 40% larger. It 
appears that the sediment samples correspond to the smallest grain sizes determined 
from the friction sound. The exact reason for this discrepancy is not known, but we 
hypothesize that it is the result of differences in vertical resolution and of the time-span 
between friction-sound measurements en sediment sampling. The friction sound and 
MEDUSA measurements were recorded just after the experiments. The sediment could 
only be sampled after the water was drained from the flume slowly to prevent flattening 
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of ripple structures. Consequently, the finest sediments (wash load) could settle, mainly in 
the troughs of the ripple structures. To avoid biasing of fine material in the sediment 
samples, samples have mainly been (selectively) collected from the sides of the ripple 
structures. Although this selective sampling avoided the contamination with fines, it is 
well possible that coarser sediments, that are often located in the trough, are not 
collected. Moreover, in a region with small sediment-transport rates, coarse materials are 
often locating in the upper layer of the sediment. Since the friction-sound level is most 
sensitive to the upper layer, we can expect that measured grain sizes are larger than sizes 
from sediment samples.  These results indicate that the upper layer of the sediment is 
coarser than the underlying sediments. 

In region 3, all measurements give similar results. For region 4, most measurements are 
equal, but the grain sizes determined from friction sound seem to be larger than the 
radiometrically determined samples around x=230 m 

These results indicate that the values of the in situ measurements of grain size with 
respect to the traditional, time consuming, sediment sampling and sieving are not only 
comparable, but also yield more detailed and complementary information.  

6.2.3 Distribution of grain-size classes 
The measurements with MEDUSA in the present experiments give only information on 
the median grain size of the sediment; the analyses of the sediment samples also give 
information on the grain-size distribution. Although the median grain size is descriptive 
of the coarsening and fining of the bed, it does not give information on the selective 
transport of various grain-size classes (Medina et al., 1994).  

The sediment samples from experiment GB are split in three size classes (0.063 –0.104 
mm, 0.104-0.25 mm and 0.25-1 mm) and the results are plotted in Figure 6.4. At the start 
of the experiments, the sediments are distributed homogeneously along the profile. The 
grain size distributions in Figure 6.4 represent the distribution after two experiments with 
equal wave conditions. The finest grain-size fraction shows up in only very small 
concentrations for x<190 m (region 1 and 2) and increases in region 3. The maximum 
concentration of the fine fraction (~50%) is found in the centre of this region (x=200), 
characterised by a flat morphology. For x>200 m the percentage of the fine fraction 
decreases again and is almost absent for x>215 m (region 4).  
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Figure 6.4: Distribution curves of three grain-size classes at the start of the experiment (dashed line), the 
distribution of grain-size classes at the end of the experiment (solid lines) and the corresponding final 
profile of experiment GB. 
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The contribution of the median grain-size fraction (0.104-0.25 mm) increases slightly 
from x=110 m to x=165 m. From this location onwards, the contribution of the 
medium-sized fraction remains in general constant except for two minima around x=200 
m and x=225 m. The minima coincide with maxima in the fine and coarse fraction 
respectively. The largest grain-size fraction  (0.25-1 mm) has a contribution to the total 
sediment of ~20% at x=125 m. This decreases in onshore direction until <5% at x=175 
m and increases from there in shoreward direction. The maximum value of ~50% is 
reached at x=225 m, the position of the breaker bar. 

Summarised, the distribution patterns of the three grain-size classes indicate a subtle 
onshore fining of sediments on the lower shoreface (region 1) and part of the outer surf 
zone (region 2). In the most onshore side of region 2, close to the transition of rippled 
morphology to the flat bed of region 3, the contribution of the coarsest fraction is as 
large as the original contribution and decreases again for x>200 m.  The region of flat 
bed (region 3) is characterised by the increase of the finest grain-size fraction. The 
relative contribution of the coarsest fraction is more or less constant but smaller than the 
original contribution; the relative contribution of the medium-sized fraction decreases. 
On the transition of region 3 and region 4, on the seaward side of the breaker bar, the 
contribution of the medium sized fraction is increased. In the inner surf zone and breaker 
bar (region 4), the fine fraction is almost absent; the coarse fraction is increased with 
respect to the initial distribution.   

These results show that the sediments do not behave as a bulk sediment fraction, but the 
variations of the median grain size (Figure 6.3) is the result of variations that can be 
described by three grain-size classes.  

6.2.4 Sorting on density and grain size 
The measurements of natural radioactivity were not only used to derive the median grain 
size of the sediment, but also to determine (small) heavy-mineral concentrations that 
were originally present in the sediment. The distributions of median grain size and heavy-
mineral concentration from the radiometric measurements of the final run are presented 
in Figure 6.5. In the comparison of the final and initial sediment distribution we assume 
that the sediments are initially homogeneously distributed. These results show that the 
heavy-mineral concentration is generally very low (< 3.5%), but that significant variations 
occur. 

On the lower shoreface and outer surf zone (regions 1 and 2) the heavy-mineral 
concentration is, similar to the median grain size, more or less constant. The average 
heavy-mineral concentration of 1.7% represents the characteristics of the original 
sediment. The radiometric measured median grain size decreases slightly in shoreward 
direction. In the outer surf zone just offshore the breaker bar (region 3) the median grain 
size is smallest, but the heavy-mineral concentration shows a maximum of 3.5 % at 
x=190 m. On the breaker bar (215<x<235 m) the median grain size increases in 
landward direction to a maximum in the inner surf zone. The median grain size in region 
4 is similar to the values on the lower shoreface. The heavy-mineral concentration is 
constant in entire region 4, and has a concentration similar to the original sediments on 
the lower shoreface.  

Variations in median grain size can be observed along almost the entire profile, except for 
the lower shoreface. At this location, the median grain size is constant. In contrast, the 
heavy-mineral concentration differs only from the original sediments in region 3, the 
region offshore the breaker bar, where sheet-flow conditions are met. 
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Figure 6.5: Distribution of grain size and heavy-mineral concentration (by weight) measured with 
radiometry over the final profile of the experiment with storm conditions and dune protection (GB). The 
dashed horizontal lines represent the initial sediment distribution. 

6.2.5 Differences in hydrodynamic conditions and sediment sorting 
Sediment distributions are the result of an interaction between hydrodynamics and 
morphology and are often thought to represent an equilibrium distribution, in response 
to the specific conditions. How fast sediments are redistributed under changing 
hydrodynamic conditions is still questioned.  
For series GA, with a slope of 1:20 and a high barrier in front of the dune, the 
hydrodynamic conditions have been changed during the experiment. This experiment 
started from the initial plane bed with sediment that was not already distributed by 
previous experiments. The first 16 hours of the series consisted of storm conditions 
(Hm0=1.2 m, T=5 s); in the last part of the series the water level was lowered by 1 m and 
for 7.5 hours the profile has been exposed to fair-weather conditions (Hm0=0.65 m, T=5 
s). The time-averaged sediment-transport rates of the fair weather and storm conditions 
together with their two final profiles are presented in Figure 6.6. These results show that 
during both conditions, sediment-transport rates are negligible in region 1 and region 2. 
The sediment-transport rates in region 3 are negligible for the fair-weather conditions, 
but during storm conditions, a small onshore sediment transport can be observed. These 
transport rates are small and have no clear effect on morphology. For the most onshore 
region (zone 4), the sediment-transport rates become offshore directed and have a 
maximum for 230<x<245 m. From here on the sediment-transport rates decrease in 
onshore direction. The offshore directed sediment-transport rates result in erosion from 
the inner surf zone and a deposition of sediment on the breaker bar, located at 
220<x<235 m.  

In the experiments with fair weather the sediment-transport rates in the inner surf zone 
show a different behaviour: for 220<x<230 m the sediment-transport rates are directed 
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in offshore direction, at a magnitude similar to the sediment-transport rates of the storm 
conditions. Sediment-transport rates are onshore directed for 230<x<265 m (in the 
region above mean water level), resulting in a flattening of the storm-surge breaker bar.  

As described in section 6.2.1, sediment-transport rates should be equal to zero at the 
beach when the total volume of sediment is conserved. The results in Figure 6.6 show 
that the sediment-transport rates near the beach are close to zero and indicate that the 
total volume of sediment (including pores) in the flume is conserved. 
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Figure 6.6: Time-averaged sediment-transport rates and final profile of experiment GA under storm and 
fair-weather conditions. A positive sediment transport rate is onshore directed. 
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Figure 6.7: Close up of the profile after storm and fair-weather conditions of experiment GA. 

For a comparison of the detailed morphology between storm and fair-weather conditions 
and to study the difference between the storm conditions of experiment GA and 
experiment GB (see section 6.2.1), a close up of the profile is presented in Figure 6.7. 
These results show that the ripple structures in region 1 are small and are independent of 
the conditions. The ripple structures developed during storm conditions but probably 
remained as relict structures during fair-weather conditions. During storm conditions, the 
ripple structures in region 2 increase with respect to the ripple structures in region 1. 
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During fair-weather conditions (second part of experiment GA), the ripple structures in 
this region are flattened. In contrast to the measurements in experiment GB, the bed is 
not flat in the entire region 3 during storm conditions of experiment GA. For 
190<x<200 m, ripple structures are still present. For 200<x<215 m, morphology shows 
some undulations but is much flatter compared to region 2. Apparently, the change from 
ripple regime to sheet-flow conditions occurs around x=200 m for the storm conditions 
of experiment GA and also the change of region 2 to region 3 should be located at 
x=200 m. The difference in the location of the region of flat bed for the storm condition 
of experiment GA and experiment GB can be explained by the differences in dune 
protection, large-scale morphology and variations in reflection of waves on the dune. In 
series GA, less sediment was eroded from the dune area and consequently, the breaker 
bar was smaller. These changes alter the hydrodynamics and will affect the location of the 
transition from ripple to sheet-flow regime. For reasons of consistency, the zonation is 
kept similar to the zonation used in series GB. 

During the fair-weather conditions of experiment GA, ripple structures appear in region 
3. The average characteristics of these ripple structures are: λ~3 m η~0.1 m. 

The time variation of the grain-size distribution of the storm and fair-weather conditions 
of experiment GB is presented in Figure 6.8. The colour zonation represents different 
classes of median grain size of the sediment and thin lines represent contour lines of 
profile-height. 
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Figure 6.8: Interpolated grain-size distribution along the profile from sound intensity for the two 
experiments of series GA. The left-hand side of the picture shows the variation in grain size during storm 
conditions, the right-hand side shows grain-size variations during fair-weather conditions. The thin black 
lines represent the morphological contour lines, the thick black lines represent the subdivisions of the four 
regions. 

The initial median grain size is uniformly distributed along the profile. Already after a 
short time period (within 10000 s) the sediments become finer up to 200-300 µm in the 
outer surf zone just offshore the breaker bar (region 3). The fining continues until the 
end of the experiment (5â104 s, or approximately 13h). In time, the landward border of 
this area with finer sediment remains at the same position, but the seaward border moves 
in offshore direction. Whether this is a result of the removal of coarse material or a 
deposition of fines is not clear.  

The median grain size in the inner surf zone (region 4) is constant during storm 
conditions, but a rapid fining occurs around t=40000 s. This rapid decrease in grain size 
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close to the beach is an artefact initiated by one of the big bags, used as dune protection, 
falling off the protection cliff. Already prior to the drop of the big bag, fine-grained 
material moves from the dune and undermines the protection. This can also be seen 
from morphological changes in this area. According to the results in Figure 6.8, the 
release of fine material started already around 35000 s. The fine material is redistributed 
soon, leaving coarse sediments as lag deposit. Simultaneously with the increase in fines in 
zone 4, it appears that also in zone 2, median grain size are smaller for a short time 
period. Apparently, the fine materials released from the cliff are redistributed up to the 
outer surf zone. The morphology in region 4, changed due to the release of sediment, but 
returned to its state prior to the release of the sediment. 

For the fair-weather conditions, the water level is lowered to 4 m. Consequently, part of 
the inner surf zone is located above the water level and hence measurements of friction 
sound cannot be used for comparison. The underwater part of the inner surf zone 
(region 4) shows no changes in median grain size. During the initial part of the 
experiment, the median grain-size distribution results from the storm conditions is 
averaged out. This results in a rapid increase in median grain size to values between 300 
and 400 µm in the outer surf zone just seaward of the breaker bar (region 3). Afterwards, 
the d50 remains similar until about the end of the experiment, when the values range 
between 400-500 µm.  In the outer surf zone and lower shoreface, the upper layer of the 
sediment becomes finer (d50<300 µm) in the first time period and remains constant 
afterwards.  

In conclusion, the grain-size distribution during storm conditions clearly shows how the 
median grain size remains coarse in the inner surf zone (region 4) and becomes finer in 
the region just offshore the breaker bar (region 3). At more offshore locations the 
changes are small and probably related to sudden events (the drop of a big bag) elsewhere 
on the profile.  During fair-weather conditions, the distribution of sediments in the inner 
surf zone (region 4) is similar to storm conditions, but differs for the other regions. The 
outer surf zone just offshore the breaker bar shows a general coarsening, whilst the 
regions more offshore shows a fining of the upper layer of sediment. The drop of the big 
bag could have been noticed in advance by the dispersal of the fine material. These fine 
sediments redistribute fast over almost the entire flume, but eventually, the original grain-
size distribution is restored. 

6.3 Assessment and conclusions 

6.3.1 Laboratory measurements 
The grain- size distribution along the profile is the result of sediment-transport processes 
in a specific area. The results on morphological change show how the profile can be 
divided in four morphological units. The difference in sediment composition and 
sediment-transport rates in these regions is used to define characteristic sorting processes, 
schematically presented in Figure 6.9. 

1) The lower shoreface 
This region is characterised by a morphological inactive profile. The ripple structures 
that are present in the final profile are not different from the ripple structures present 
initially and sediment-transport rates are negligible. 

During storm conditions, the median grain size of the bed is more or less constant; 
the heavy-mineral concentration is also constant and corresponds to the initial bed 
composition. Under fair-weather conditions, the sediments show a fining in time. 
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Since net sediment-transport rates are negligible, it seems that the fining is the result 
of a covering by a (thin) blanket of fine sediments that hardly contributes to the net 
sediment transport. These fine sediments originate from a more onshore source and 
are probably transported as suspended load offshore. 

2) The outer surf zone characterised by ripple structures 
This part of the outer surf zone is characterised by the occurrence of ripple structures 
during storm conditions. These ripple structures become smaller in height and 
migrate in onshore direction. The median grain size shows an onshore fining. The 
heavy-mineral concentration is constant and has values similar to the initial heavy-
mineral concentration. The sediment-transport rates during storm conditions at the 
most seaward side of this region are not significant, but the transport rates increase 
shoreward, resulting in small onshore-directed sediment-transport rates.  

The results from the three grain-size measurements (friction sound, sampling and 
radiometry) indicate that the upper layer of the sediments is coarser than the 
sediments below. Since sediments transport processes occur in the upper active layer, 
it is tentative to conclude that sediments coarsen in time, which is probably the result 
of the selective removal of fines. 

The changes in ripple height and onshore increasing sediment-transport rates are 
indicative for increasing hydrodynamic conditions due to wave shoaling. Wave 
shoaling results in an onshore-directed asymmetrical water motion and is known for 
its capacity of sediment sorting (de Meijer et al., 2000; Dohmen-Janssen, 1999; 
Tánczos, 1996). In this region, the flow is only effective in the sorting based on size, 
since the heavy-mineral concentration is constant. 

The sudden change in median grain size in the experiment, where a part of the dune 
protection failed (Figure 6.8), shows how the release of fine-grained material from the 
inner surf zone influences the sediment composition in this area. Apparently, 
(catastrophic) processes other than asymmetrical wave motion can also influence this 
region, but the sorting by asymmetrical wave motion prevails and sediments are 
redistributed soon after the release of fine-grained material. 

3) The outer surf zone just offshore the breaker bar 
The morphology of this area is characterised by a plane bed during under storm 
conditions and of ripple structures under fair-weather conditions. Net sediment-
transport rates in this region are not significant in experiment GB, but are small and 
onshore directed during the storm conditions of experiment GA. Although the 
conditions for both experiments are equal, the local hydraulic conditions can differ 
due to variations in morphology. In experiment GA, less sediment was eroded from 
the dune area and consequently, the breaker bar was smaller. The resulting 
differences in hydrodynamics can explain why sediment-transport rates and small-
scale morphology (ripple structures and plane bed) differ in experiment GA and GB 
for this region. During the fair-weather conditions, net sediment-transport rates are 
not significant.  

The decrease in median grain size shows up as an increased concentration of the fine 
fraction. The heavy-mineral concentration is higher than in the original sediments. 
The largest concentrations are found on the most seaward side of this region. 

Although the net sediment-transport rates are small, sorting of sediment occurs. Also 
under sheet-flow conditions, the asymmetry in the oscillating flow is responsible for 
the sorting of sediments on size and density. The more dense heavy-minerals have 
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lower net onshore-directed sediment-transport rates (Tánczos, 1996) than quartz and 
are concentrated at the shoreward side of the region. 

The coarsening of the sediments during fair-weather conditions occurs without 
significant sediment-transport rates. Whether the coarsening is the result of removal 
of fines or the deposition of coarse material is not clear, but the fact that a small 
amount of fine-grained material is deposited more offshore (region 1) points to 
segregation of sediments on grain size. This segregation can be the result of selective 
sediment-transport processes due to asymmetrical wave motion (see e.g. Tánczos, 
1996). 

4) The inner surf zone  
During storm conditions, the inner surf zone is characterised by large net offshore 
sediment-transport rates and a coarsening of the bed. Sediments eroded from the 
dune are redistributed fast, leaving sediment with a grain size similar to the original 
state. This redistribution seems to be a continuous process. The general erosion of 
this area and the result that the bed coarsens indicates that the coarse material is 
concentrated as a lag deposit. 

Visual observations on the profile revealed that the breaker bar progrades offshore 
analogue to a turbidity current (Walker and James, 1992): the breaker-bar sediments 
are deposited as a blanket over the poorer sorted sediments located more offshore. 
This indicates that the sediments eroded from the dune and trough area are 
transported offshore, probably by the undertow. These sediments are sorted during 
deposition by their settling velocities and build the breaker bar. The distribution of 
the three size classes (Figure 6.4) corroborates this hypothesis: coarse material is 
found on the most seaward side of the breaker bar; the medium-sized class is 
deposited more offshore. Due to the erosion in the trough, coarse lag deposits are 
found in the upper layer of the sediment. 

Under fair-weather conditions, the breaker bar is flattened by offshore directed 
sediment transport on the seaward side of the breaker bar and onshore directed 
sediment-transport rates on the landward side of the breaker bar. The median grain 
size does not change and it is not clear whether sediment transport is selective on 
grain size. 

The experiments of the storm conditions lasted until an “equilibrium” profile had been 
developed and total sediment-transport rates decreased to a minimum (Newe et al., 1999). 
Although the profile only changes slightly at the equilibrium condition, the sediment 
composition keeps changing until the end of the experiment, especially in the region of 
fine grain sizes (region 3). Apparently, the presence of a morphological equilibrium does 
not necessarily indicate that also sediment composition is in equilibrium. These results 
indicate that the equilibrium distribution of grain size “lags” behind in time compared 
with a morphologic equilibrium. 
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Figure 6.9: Schematisation of important sediment transport modes responsible for sorting of the size 
fractions during storm and fair-weather conditions observed in the experiments. 

6.3.2 Comparison with field measurements 
Previous studies on the sorting of sediments with respect to profile evolution have mainly 
taken place in the field (Guillén and Hoekstra, 1996; Liu, 1989; Stauble and Bass, 1999; 
Terwindt, 1962).  

These results lead to classifications similar to the classification of the present 
experiments. Guillén and Hoekstra (1996) based such a classification on the distribution 
of sediments on a coastal profile off the coast of Terschelling, The Netherlands, and 
coupled these classes to differences in adaptation periods. They described the lower 
shoreface and outer surf zone, characterised by an offshore increase of the median grain 
size, as a low-mobility zone. The offshore increase of coarse material has been observed 
in laboratory experiments of Zhang et al. (1996) but also in other field measurements (see 
e.g. Liu, 1989) and is a phenomenon generally attributed to the selective removal of fines 
in shoreward direction. 

Also the flat bed of the outer surf zone just offshore the breaker bar is observed in the 
field measurements of Guillén and Hoekstra (1996). The grain size in this region is 
constant and the transition of the flat-bed region to the low-mobility zone is described as 
the 10-years averaged closure depth. The closure depth is defined as a depth where the 
net cross-shore sediment-transport rates are so small, that changes in morphology 
become not significant (Hallermeier, 1977; Hallermeier, 1981a; Nicholls et al., 1998). 
Other field measurements (Stauble and Bass, 1999) also showed the presence of a region 
of coarse-grained material located at the 10-years averaged closure depth. Apparently, the 
location of initiation of sorting on grain size represents a depth that is critical for intense 
reworking of sediments. A more elaborate discussion on the depth of closure and sorting 
of sediments will be given in chapter 8. 
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The shallowest region is classified as a high-mobility zone (Guillén and Hoekstra, 1996), 
characterised by a strong decrease in median grain size in offshore direction. This region 
includes the active bar systems and is similar to the inner surf zone classification (region 
4) of the present experiments. 

Not only the ‘equilibrium’ distribution of sediments along the coastal profile has been 
topic of study (see Horn, 1992), also the velocity of the dispersal of sediments is studied, 
mainly in the investigation of offshore sediment nourishments. Stauble and Cialone 
(1996) and Stauble and Bass (1999) investigated the distribution of sediments near a 
beach fill project. The 10-year monitoring comprised recordings of sediment composition 
at half-year intervals. Their results indicated that the largest change in grain-size 
distribution occurred in the inner surf zone. Within their time-span of monitoring, 
Stauble and Bass could study the impacts of some severe winter storms on the dispersal 
of median sediment sizes. These analyses revealed that the sediments in the inner and 
outer surf zone become coarser during the storm period. In the subsequent fair weather 
period, fine sediments from the inner surf zone moved back to the outer surf zone, 
resulting in a fining of the sediments in the outer surf zone. Sediments in the inner surf 
zone remained coarse. These observations are consistent with the results of present 
experiments. A period of increased storm activity resulted again in a coarsening of the 
entire profile and very coarse material, gravel, was deposited in the outer surf zone at a 
depth defined as the 10-year average closure depth.  

In their paper, Stauble and Bass stress the importance of knowledge on grain-size 
variations in different sub-environments. Since the distribution of grain size is the result 
of sediment-transport processes in a specific area, the rate of variations is an indicator of 
the type of transport processes. Medina et al. (1994) showed that changes in cross-shore 
morphology and sediment composition show a clear seasonal behaviour and are related 
to the occurrences of storms. The analysis of their data set of sediment composition of a 
natural coastal profile over several years revealed that morphology will adjust first to 
hydrodynamic conditions and only then sediment composition will reach steady state. 
This implies that even when net transport rates are minimal, sediments are still being 
sorted. This conclusion is in agreement with the present experiments but contradict the 
results of field measurements by Guillén and Hoekstra (1996). They show that seasonal 
effects are negligible and that sediment distribution represents an equilibrium in response 
to a long-term (several years) hydrodynamic regime. 

The experiments described in this thesis show that the sediments redistribute fast and the 
sediment composition can adjust in several hours to changed hydrodynamic conditions. 
The hydrodynamic conditions during the sampling campaign will therefore determine the 
measured grain size distribution. The measurements of Guillén and Hoekstra (1996) were 
made from a ship during conditions that sampling was possible, probably during fair-
weather conditions. This can explain the differences in the conclusions between Guillén 
and Hoekstra (1996) and the work of Stauble and Bass (1999). 

In summary, we conclude that in situ measuring techniques based on radiometric 
measurements (see chapter 3) and measurements of friction sound (see chapter 4) are not 
only comparable to sediment sampling but also yield more detailed and complementary 
information.  

The distributions of median grain size, heavy-mineral concentration and sediment-size 
classes, show that selective transport processes act differently in varying coastal sub-
environments, each characterised by different sediment distributions. 

The effects of changing hydrodynamic conditions on sediment distributions on large time 
scales are topic of debate in literature. Present experiments show that on short time scales 
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these effects are large. In the time-consuming sediment sampling in field conditions, the 
results can be affected by short-term changes of sediment composition. The new 
techniques described in this thesis can be used to measure sediment composition fast and 
in situ can improve studies on changes of sediment composition. 

Grain-size variations are observed on almost the entire profile. With a low average 
concentration of heavy minerals, sorting on density occurs mainly in the region just 
offshore the breaker bar under sheet-flow conditions. To asses these mechanisms and 
effects on sediment transport in more detail, sediment sorting on density is studied under 
sheet-flow conditions in a small wave tunnel experiment, described  in chapter 7. 
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7 Sorting according to density under 
sheet-flow conditions 

Experiments in the Large Wave Flume (chapter 6) show that sediments are 
sorted by density in the region of sheet-flow conditions just offshore the 
breaker-bar system. The sediment-transport processes of this region are 
simulated in an oscillating water tunnel. For these experiments, 
hydrodynamic conditions and the composition of the sediment are varied. 
For the sediment, two sands with different density but equal grain size are 
used. These experiments show that the transport rates of these sediments 
differ. Both fractions are transported in the direction of the flow under the 
wave crest, but the transport rates of the more dense material are an order of 
magnitude smaller. This will lead to a sorting of sediments where the more 
dense minerals “lag” behind the lighter ones. Also for the suspended-
sediment transport, effects of the sediment mixture are clearly present. Only 
the light sediment fraction is brought in suspension. The magnitude of the 
suspended-sediment transport decreases with the increase of the heavy-
mineral fraction at the bed and also the shape of the suspension profile 
changes. 
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7.1 General 
The experiments in the Large Wave Flume (chapter 6) show that sediments are sorted by 
density in the region of sheet-flow conditions just offshore the breaker-bar system. At 
this location, flow velocities are large and have an horizontal asymmetric behaviour. The 
mechanism of wave shoaling results in a larger velocity onshore than offshore. This 
asymmetric water motion can be modelled at a scale similar to that of nature in an 
oscillating water tunnel. Experiments in such an experimental facility provide the 
opportunity to study the detailed behaviour of sediments under local, horizontally 
uniform, conditions but do not give information on the processes of sediment transport 
along an entire coastal profile, which includes horizontal non-uniformity. The 
experiments described in this chapter have been conducted in such a facility and aim to 
focus on the transport processes of a part of the coastal profile. 

The experiments are conducted in the Large Oscillating Wave Tunnel (LOWT) of 
WLDelft Hydraulics as part of the EU-TMR programme in June ´97. This study on the 
effects of density gradation (referred to as the L-series and reported by Manso et al., 1999) 
was part of a larger project where also effects of grain-size gradation (referred to as the 
series K and reported by Hamm et al., 1998b) have been studied. Tánczos (1996) also 
studied effects of density gradation under asymmetric sheet flow in the same oscillating 
water tunnel. These experiments are conducted with sands naturally enriched in heavy 
minerals from the Dutch coast with a range of minerals with various grain sizes and 
densities. In these sands, the grain size of the heavy minerals is somewhat smaller than 
the grain size of the light minerals. These experiments showed that the heavy minerals 
have clearly different transport properties than light minerals (Tánczos, 1996). Under 
asymmetric wave conditions, the heavy minerals in the sediment did not only move at 
different transport rates compared to light minerals, the presence of these minerals also 
reduced the total sediment transport by a factor 2-3, ascribed to an armouring effect. This 
armouring is due to the lower mobility of the heavy minerals compared to the light ones. 
In the upper (active) layer, the heavy minerals get concentrated thereby inhibiting the 
underlying light sediment access to (suspension) transport. 

In the experiments of Tánczos grain size was not uniform and effects of grain-size 
gradation may have obscured the effects of density variation. To study the effects of 
sediment density only, in the present experiments mixtures of quartz and zircon have 
been used with a similar grain-size distribution (d50=0.21 mm) but distinctly different 
densities. The experiments contained five series with differences in initial sediment 
composition and hydraulic conditions. The experimental set-up of the experiments, the 
hydraulic conditions and zircon content have been described in chapter 2 of this thesis.  

7.2 Bed height development  
The bed height is measured at the beginning and at the end of each run with a profiler 
system. The initial condition for each run is the same: the sediment is homogeneously 
mixed, placed in the tunnel and the bed was flattened.  

In conditions L1 and L2 the sediment is composed of 100% of zircon. In these runs, 
large-scale ripple structures develop throughout the flume (Figure 7.1). In series L1, the 
ripple length, λ, was ~0.6 m and ripple height, η, was 1-2 cm. For series L2, with larger 
hydrodynamic conditions than series L1, ripple structures were larger with λ~ 1.5 m and 
η~3 cm. The experiments have been designed to study sorting processes under sheet-
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flow conditions and flow velocities are increased to a maximum to meet these conditions. 
However, even at the highest possible velocity (urms=1.0 ms-1) ripples remained and hence 
sheet-flow conditions could not be achieved. At the conditions with a mixture of sand 
and zircon (L3, L4 and L5), only minor oscillations were present at the bed and sheet-
flow conditions were met for these experiments. 
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Figure 7.1: Bed height in the test section at the start of the experiments and the final profiles of series L1 
and L2. 
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Figure 7.2: Bed height in the test section at the start of the experiments and the final profiles of series L3, 
L4 and L5. 

The initial bed and the final profile of the three experiments with a sediment mixture are 
presented in Figure 7.2. The development of bed-height is similar for all conditions: an 
erosion hole develops at the left-hand side of the flume, whereas sediment accumulates at 
the right-hand side, pointing to a net transport of sediment from left to right in the 
direction of the maximum flow velocity. The undulations on the left-hand side of the 
profile of series L3, have a length and height of 1 m and 5 cm, respectively, and are 
adjacent to the erosion hole. The height of these undulations is larger in series L4, but the 
width is more or less identical. For series 5 the magnitude of the undulations is decreased. 
The small amount of erosion at x=8.25 m, is the result of the induced turbulence by the 
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transverse suction system located on that position. For x>8.25 m, sediments are 
deposited  and bed-height is increased. 

7.3 Sediment composition  
In the experiments, sediments redistributed along the test section (see Figure 7.2), and 
part of the transported material is deposited in the sand traps at the sides of the tunnel. 
These sediments are collected and weighed after each run. The concentration of zircon in 
these samples is determined by means of weighing and by measurements of γ-radiation 
on the HPGe system (see chapter 2). Table 7.1 presents an overview of the masses, 
corrected for the sand losses in the traps, and the corresponding zircon concentrations. 
For conditions L1 and L2, sheet-flow conditions have not been reached, but these results 
are nevertheless presented to estimate the transport rates of pure zircon. 

Table 7.1: Root-mean square velocities of the regular asymmetric waves, initial zircon fraction of the bed 
(mz) and zircon fraction (measured from weighing) and mass of the sediment in the sand traps for the five 
conditions of the L-series. The running time for all experiments was about 15 minutes. The crest velocity is 
in the direction of the right-hand trap. 

Series urms mz,bed Left-hand trap Right-hand trap 

 ms-1 (-) M (kg) mz (-) M (kg) mz (-) 

L1 0.7 1 0.2 (0.0) 0.73 (0.11) 3.0 (0.1) 0.86(0.11) 

L2 1 1 4.8 (0.2) 0.99 (0.11) 9.8 (0.4) 0.97(0.11) 

L3 0.7 0.07 2.2 (0.2) 0.01 (0.06) 7.5 (0.5) -0.07(0.06) 

L4 0.7 0.25 2.6 (0.2) 0.10 (0.06) 7.2 (0.5) -0.06(0.06) 

L5 0.9 0.25 11.6 (0.8) 0.12 (0.06) 12.9 (0.9) -0.07(0.06) 

 

From Table 7.1 we can observe two effects: 

� The mass in the sand traps increases with increasing urms for a constant sediment composition. 
This effect is clearly observed in the comparison of the masses of runs L1 and L2 and 
of L4 and L5. One notes that the effect is larger for the left-hand trap (this trap is in 
the direction of the wave through). In L4 and L5 also the concentration of zircon in 
the left-hand sand trap increases with increasing urms. 

� The mass in the sand traps, for a given urms, is independent of the concentration of zircon in a 
mixture 
For L3 and L4, no significant differences in the mass of the sediment in the traps are 
observed. There is no firm evidence that the zircon fraction in the sediment of the 
sand trap changes with the zircon concentration of the initial bed. The zircon 
fractions in the right hand trap of L3, L4 and L5 give results that are consistent with 
the collection of pure quartz. 

These observations confirm the expected increase of sediment transport with increasing 
urms (Ribberink and Al-Salem, 1994) and indicate that for mixed sediment exclusively 
quartz is transported to the right-hand trap. The magnitude of transport is not affected 
by the presence of zircons.  

The zircon fraction in the sand traps of series L1 is smaller than 1, whilst the bed is 
composed of pure zircon. During the experiments it appeared that a small amount of fine 
(light) particles contaminated the zircon sediment. These particles are brought in 
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suspension during the first run of the experiment and are removed from the sediment 
during draining the tunnel after series L1. 
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Figure 7.3: Zircon fraction in the bed measured with MEDUSA (uncertainties fall within the lines) along the 
flume of the initial profile of condition L3 and L4 and the final profiles of L3, L4 and L5. 

The zircon concentrations in the test section have been measured with the MEDUSA 
system (see section 3.7) at 0.25 m intervals and are presented by a line in Figure 7.3. 

In the initial profile of all series, the zircon concentration is uniformly distributed along 
the test section. In the final profile the zircon concentration is increased on the left-hand 
side of the flume, especially near the erosion hole. At the right-hand side, downstream of 
about 10 m, the zircon concentration diminishes. 

During the experiments of L3, L4 and L5, the sediments are redistributed and the zircon 
concentration peaks at locations corresponding to the morphological undulations (Figure 
7.2). For x>9 m, in the region of accretion, the zircon concentration decreases. For series 
L4 and L5, the concentration of zircon also shows up in peaks. For L5, the final zircon 
concentration for x>3.5 m becomes larger than the final zircon concentration of 
experiment L4. 

In summary, the total amount of sediments transported to the sand traps is related to the 
flow conditions and not to the concentration of zircon at the bed. The final 
concentration of zircon in the bed increases for increasing flow conditions. This increase 
is peaked around the morphological undulations of the bed. 

7.4 Sediment-transport rates 

7.4.1 General  
Similar to the description in chapter 5 (Figure 5.1), the mass-transport rates in the test 
section are inferred from bed-height changes and changes in sediment composition. This 
is achieved by constructing a mass balance equation for the sediments in the flume 
similar to equation (5.6) in chapter 5. One of the constraints in this mass balance is the 
total conservation of mass in the section of study. Since part of the sediments is 
transported into the sediment traps, this is not the case for the test section and the sand 
traps should also be included in the integral of equation (5.6). If we schematise the set-up 
as in Figure 7.4, the mass balance equation, calculated from left to right reads: 
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With x0 a location in the test section for which the transport rate is calculated. The mass 
changes in the sand traps per unit time and width (kgm-2s-1) are measured directly by 
weighing, the mass changes in the test section are inferred from the duration of the run, 
∆t, the changes in height, ∆z, changes in density, ∆ρ, and the porosity ε, which is 
assumed to be constant. This can be written as: 

( ) ( )( )ρερε ∆−+∆−
∆

=∆ zz
t

M 111 . (7.2)

The variation in density is determined from the mass changes of the zircon fraction (see 
equation (3.50)). In this expression, we assume that we know the average density 
variations over a thickness z. In the analysis by Manso et al. (1999), this thickness is taken 
as the total thickness of sediment in the flume (z=30 cm). They assumed homogeneity of 
the sediment over the total “depth of view” of the γ-ray measurements and presumed 
that the depth of view of the γ-ray measurements is 30 cm. We know that the sediments 
are not homogeneously distributed, since most of the changes occur in the upper layer. 
Moreover, the analysis in section 3.4 shows that in quartz and zircon, 95% of the γ-
radiation comes from a depth of 20 cm for the quartz and 15 cm for the zircon. 
Effectively, the average density variation is therefore determined for a depth of maximum 
20 cm. The discussion in section 3.4 shows that γ-ray measurements are most sensitive to 
changes in the upper layer of the sediment and 75% from the γ-radiation originates from 
a depth <~8 cm. By using z=30 cm in equation (7.2), the contribution of the term 
( ) ρε ∆− z1 to the total mass change is overestimated. In retrospect, corrections should 
have been made by using a two-layer model as described in chapter 3. These corrections 
could not be made on the raw data set and the results of mass changes of Manso et al. 
served as a basis of the mass balance determinations. These data are corrected by 
assuming that the measured sediment composition represents an average over 8 cm. 
Therefore, the contribution of the term ( ) ρε ∆− z1  is corrected by a factor 4. 

The sediment-transport rates in Manso et al. (1999) have unphysical large uncertainties, 
which are mainly the result of the uncertainty propagation in the determination of the 
changes in density. In this error propagation, the uncertainty is divided by the difference 
in density of the sediment and density of zircon. Since these densities differ by a factor 2 
maximal, the ratio will become very large. The densities of the sediment are derived from 
the activity concentrations of U+Th. These activity concentrations can differ by a factor 
3000. If we determine the mass changes directly from the activity concentrations of 
U+Th, the before mentioned ratio will be three orders of magnitude smaller. As a result, 
the uncertainty in the mass change is reduced. This modification is used to reduce the 
uncertainties in the sediment-transport rates of Manso et al. (1999). 
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Figure 7.4: Schematisation of the mass changes in both the traps and the test section of the Large 
Oscillating Water Tunnel. 

For the determination of the transport rates for each sediment fraction, i, at location x0, 
equation (7.1) can be written as: 

( ) ∫ ∆−=
0
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x

L
ii dxxMxq . (7.3)

7.4.2 Total net transport rates  
Net-transport rates have been derived for the middle of the test section. The quality of 
the sediment transport rate calculations can be tested by calculating sediment-transport 
rates in the centre of the test section from the left-hand trap to the centre and from the 
right hand trap to the centre. Both methods should yield identical results. In the L-series, 
no significant differences in the transport rates between left and right-hand side estimates 
are observed and the weighted average of both values is presented in Figure 7.5. 
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Figure 7.5: Total transport rates in the middle of the flume for the L-series. The transport rates are 
weighted averages of the left and right-hand estimate over 3 runs. Also sediment-transport rates of the B-
series  (Ribberink et al., 1994) with uniform quartz sediments of similar grain size are given.  
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Figure 7.5 shows the net total sediment-transport rates as function of urms for the 
experiments of the L-series and for experiments of pure quartz with similar grain size 
(Ribberink and Al-Salem, 1994). The results show that the transport rates of pure zircon 
(L1 and L2) are considerably lower than the transport rates of uniform quartz sand (B 
series) and than the transport rates of the sediment mixtures (series L3, L4 and L5). The 
reduced sediment-transport rates of the uniform zircon with respect to the uniform 
quartz can be explained by the differences in density and has also been observed by 
others (e.g. Bakhtiary and Asano, 1998). The zircon fraction has smaller transport rates 
than quartz and the result that the quartz-zircon mixtures have larger sediment-transport 
rates than uniform quartz is surprising since we expect that the transport rate of a 
mixture is the weighted sum of the transport rates of the fractions (see e.g. equation 
(5.12)). This effect can have a real physical origin, but we should be aware of the fact that 
the series B experiments were different experiments than series L. We cannot be certain 
that sediments, hydrodynamic conditions (steering signal of the piston) and corrections 
for loss of sediment from the sand traps are identical fort the two experiments. 

7.4.3 Transport per fraction 
The transport rates for the quartz and zircon fraction of series L3-L5 are compared to 
the transport rates of uniform quartz (series B, Ribberink and Al-Salem, 1994) and 
uniform zircon (L1 is compared to L3 and L4, L2 is compared to L5) for similar flow 
conditions. These results show that the transport rates of the quartz fraction are in 
general larger than the zircon fraction. Compared to the uniform quartz, the quartz 
fraction has similar sediment-transport rates for all series. For the zircon, the transport 
rates of the fractions are smaller than the transport rates of the uniform material. These 
results indicate that the sediment-transport rates of the quartz fraction are not reduced by 
the smaller fraction (availability) of quartz at the bed. For zircon, the observed sediment-
transport rates in the mixture are smaller than for pure zircon. A conclusion cannot be 
drawn since in the pure zircon experiments, L1 and L2, sheet-flow conditions are not 
met.  
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Figure 7.6: Mass-transport rates for the quartz and zircon fraction compared with the uniform quartz 
measurements of Ribberink and AL-Salem (1991). 

In summary, the total sediment-transport rates of the sediment mixture are larger than 
the sediment-transport rates of pure quartz sediments for comparable hydrodynamics. 
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The analysis of the transport rates per sediment fraction show that the quartz and zircon 
fraction are both transported in the direction of the wave crest (projected in the field, 
that is in onshore direction), but that the mass-transport rates of the zircon fraction are 
considerably smaller than for quartz. In terms of volume, these differences will even be 
larger. The comparison of the transport rates per sediment fraction with sediment-
transport rates of uniform sediment reveals that the transport rates of the quartz fraction 
equal the transport rates of uniform quartz. For zircon this relation is not clear. 

7.5 Suspended-sediment transport 
The total sediment-transport rates under sheet-flow conditions are the sum of 
suspended-sediment transport and a “sheet” layer of sediment, moving close to the bed. 
A definition of the transition of the sheet layer to the suspension layer is not clear, but 
this distinction is often defined at a sediment concentration between 1-8%, by volume. In 
similar experiments in the LOWT, it appeared that 10-20% of the total sediment 
transport is transported in the suspension layer and 80-90% in the sheet flow layer 
(Dohmen-Janssen, 1999). 

The time-averaged suspended-sediment concentrations <C(z)> have been measured with 
a transverse suction concentration meter positioned at x=8.5m at 10 elevations above the 
bed (0.5, 1.5, 2.5, 4, 6, 8, 11, 15, 20 and 26 cm). The lowest suction tube was initially 
positioned at about 5 mm above the sediment, but the distance to bed changed during 
the experiments by maximum an extra 5 mm due to erosion. 

The suspended sediment is pumped into a bucket and after the experiment transferred to 
a volume meter. The amount of collected sediment is obtained by reading the level in the 
volume meter after compaction, induced by manually tapping on the tube. The 
conversion from volumes to masses is known for various grain sizes of quartz. Provided 
the density of the collected sediment is known, these conversion factors can be modified 
straightforwardly. The volumes of most of the suspended sediments were too small to 
measure the density properly and hence only volumes can be reported. However, settling 
velocities of samples of the lowest suction tubes (see Table 7.2) show that all values are 
smaller than the median settling velocity of quartz, which indicates that only quartz 
minerals went into suspension.  

Table 7.2: Settling velocities (in mms-1) for sediments of the lower three tubes of the transverse suction 
system for the experiments L3, L4 and L5. The measured median values for uniform quartz and zircon are 
24 mms-1, and 53 mms-1, respectively. 

Sample elevation (mm) ws50 (mm s-1) 

   L3    L4   L5 

5 25 23 22 

15 21 20 21 

25  20 19 

 

In case of sheet-flow conditions, the diffusion equation (see equation (5.10) in section 
5.6) is often solved by assuming that the sediment-mixing coefficient εs is constant in 
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time and increases linearly with increasing elevation, z (α= 
s

s zw
ε

) (Al-Salem, 1993). With 

this solution, the concentration profile can be described by a negative power distribution: 

( )
α−









=

r
r z
zCzC  (7.4)  

with Cr being the reference concentration at z=zr (zr= 1mm in this case). As can been 
seen from equation (7.4), the mode of expressing the concentration, in either volume or 
mass per litre, is not relevant for the value of α as long as the density of the samples 
collected along the profile remains constant. The quantity α is a measure of the slope of 
the suspended sediment profile: the smaller α, the more uniform the sediments are 
distributed over height. Experiments by Ribberink and Al Salem (1994) resulted in a 
constant α-parameter for different urms velocities and in their measurements, α has a 
value of ~2.1.  

Since the suspended sediments in the experiments L3-L5 only contain quartz, it is 
expected that also in these experiments, α is a constant and similar to the experiments 
with pure quartz (series B). The value of α of series L1 is expected to be a factor 2 larger 
since the settling velocity of zircon is larger than the settling velocity of quartz. 
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Figure 7.7: Suspended-sediment concentrations over elevation. The lines present the best fit according to 
equation (7.4). The uncertainties fall within the data points. The suspended sediments are composed of 
quartz expect for L1. In L1 the suspended sediments are composed of pure zircon. 

Figure 7.7 shows the suspended-sediment concentrations as function of elevation and the 
fits according to equation (7.4). These results show that α is not a constant, but the 
slopes of the suspension verticals change with differences in zircon fractions at the bed. 
If we compare the values of α (Table 7.3), it strikes that α  increases with decreasing 
zircon fraction. For experiment L1 (with mz=1) the α-parameter is smallest which is 
opposite to the expectations. The values of α oif series B in Table 7.3 are determined 
from a reanalysis of the data of Ribberink and Al Salem. These values differ from the 
value of 2.1, reported by Ribberink and Al Salem. These results indicate that external 
uncertainties due to differences in fit-procedures and differences in data analysis in the α-
parameter can be up to ~0.2. Since the results are only compared with each other, only 
internal uncertainties are used. 
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Table 7.3: α-parameters for two urms velocities and varying zircon fraction of the sediment. The internal 
uncertainties are determined from the fit. 

mz (-) urms=0.7 ms-1 urms=0.9 ms-1 

 α (-) α (-) 

1 0.84 (0.06)  

0.25 1.43 (0.05) 1.55 (0.09) 

0.07 1.83 (0.03)  

0 2.00 (0.04) 1 2.30 (0.01)1 

7.6 Assessment and conclusions 

7.6.1 Bed availability 
From a modelling point of view, a bed availability model (Reed et al., 1999; van Rijn, 
1998a) is often used to account for variations in sediment composition. In this approach, 
the sediment composition is divided in a number of fractions (i) with a volume fraction at 
the bed vi (in case of density gradation, vz differs from the mass fraction, mz). The 
transport rates are calculated for each fraction separately. The total mass-transport rates 
(which are the sum of the bed load and suspended load) are then calculated as:  

∑=
i

imim qvq *
, . (7.5) 

In this approach, the transport of the several fractions is assumed to be uncorrelated 
(hiding and exposure are not of importance) and qi

* is the transport rate for a uniform 
bed of fraction i (see also section 5.7). The observation that the sediment deposited in the 
sand traps is independent of the zircon fraction in the bed, is a first indication that the 
assumption of equation (7.5) is not correct.  For a better validation of the assumption, 
the transport rates of the various fractions are compared to the transport rates of the 
uniform sediment in Table 7.4. These results show that the sediment-transport rates of 
the quartz fraction are similar to the sediment-transport rates of quartz in the uniform 
case. For zircon, the sediment-transport rates of the mixture are considerably lower than 
the sediment-transport rates of the uniform zircon. We should, however, keep in mind 
that the transport rates of uniform zircon are not determined under sheet-flow 
conditions. For the experiment with small flow conditions and low zircon concentration 
(L3), the transport rate of zircon is similar to the expected value according to equation 
(7.5). For experiment L4, with a larger zircon concentration and low flow conditions, the 
ratio of sediment-transport rates is larger than the volumetric zircon concentration at the 
bed (vz=0.16). Also the high energetic conditions of L5 point to an increased transport of 
zircon with respect to the uniform case.  

Under sheet-flow conditions, the net sediment-transport rates of the quartz fraction are 
close to the uniform quartz. However, again we should point to the possible differences 
in experimental conditions or in differences in assumptions in the data analysis between 
the experiments with pure quartz (series B) and the zircon mixture. These differences 
could lead to an overall normalisation factor. Therefore, it is more appropriate to 
compare the ratios of measured transport rates of the quartz fraction and uniform quartz 
with the expected from equation (7.5). In doing so we observe that the data are 

                                                 
1 Reanalysed from the data from Ribberink and Al Salem (1994). 
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consistent with a normalisation factor of 1.2 for series L3 and 1.1 for series L4 and L5. If 
we compare the change of the measured normalised transport rates as a function of 
zircon concentration at the bed (Figure 7.8), the values show that the reduction of the 
transport rate of the quartz fraction does not significantly differ from the expected line. 

Although the transport rates of the zircon fraction increase with increasing fraction of 
zircon at the bed, the relation with the availability in the bed is not so evident. The 
measurements may be masked by the differences in sediment transport regimes of the 
uniform zircon (ripple regime) and zircon fraction (sheet flow), but contrary to quartz the 
ratios for zircon seem also to be dependent on urms.  

The presented results indicate that for quartz, there is a relation between sediment-
transport rate and bed availability that can be described by the bed availability model. For 
a better definition experiments with a broader range of sediment mixtures are required. 

Table 7.4: Sediment-transport rates of the quartz (q) and zircon (z) fraction with respect to the sediment-
transport rates of the uniform quartz for the different experiments and the values expected from equation 
(7.5).  

series vz qq,fraction/ qq,uniform qz,fraction/ qz,uniform 

  measured expected 
(eq. (7.5)) 

measured expected 
(eq. (7.5)) 

L3 0.04 1.19 (0.10) 0.96 0.02 (0.02) 0.04 

L4 0.16 0.94 (0.08) 0.84 0.35 (0.11) 0.16 

L5 0.16 0.90 (0.07) 0.84 0.59 (0.06) 0.16 
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Figure 7.8: Sediment-transport rates of the quartz and zircon fraction with respect to the sediment-
transport rates of the uniform material as function of zircon concentration in the bed. 

7.6.2 suspended-sediment transport 
For the suspended-sediment transport, it appears that only quartz minerals are 
suspended. Contrary to the results of Ribberink and Al-Salem, the slope parameter α is 
not a constant in the present experiments and decreases with zircon content in the bed. 

For the series with different hydraulic conditions but equal zircon concentration at the 
bed, the α-parameter is similar. The results in Figure 7.9 show that for increasing zircon 
fraction at the bed, α decreases and the suspension vertical becomes more uniform. 
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Figure 7.9: The α-parameters determined with a fit of equation (7.4) as function of the zircon 
concentration at the bed (left-hand graph) and the reference concentrations as function of zircon fraction 

at the bed. The line represents the expected values according to the relation ( )z
q

q v
C
C

−= 1
,0

*
,0 , with vz the 

volume fraction of zircon at the bed. 

In models on graded sediment transport, it is often assumed that the suspended-sediment 
concentrations of one sediment type are determined by the fraction of that specific 
sediment in the bed (see section 5.7). To determine this relation, the reference 
concentrations of the mixed bed experiments are normalised to the reference 
concentration of uniform quartz and plotted as function of zircon fraction in the bed on 
the right-hand plot of Figure 7.9. According to the assumptions used in the modelling of 
suspended-sediment concentrations of a mixed bed (Reed et al., 1999; Samaga et al., 1986; 
van Rijn, 1998b; Wang et al., 1998), the normalised reference concentrations should be on 

the line ( )z
q

q v
C
C

−= 1
,0

*
,0 , plotted in Figure 7.9. These results show that the reference 

concentrations for the mixed-bed experiments are smaller than the reference 
concentrations of uniform quartz and decrease much faster than expected for a 
decreasing quartz fraction at the bed. For the two experiments with different hydraulic 
conditions but equal zircon fraction at the bed (L4 and L5), the values are similar. These 
measurements show that the assumption that the reference concentration scales with the 
availability of a fraction in the bed is not valid. 

In chapter 5, we have seen that the sediment-mixing coefficient εs decreases with 
increasing reference concentration of quartz. For the present experiments, the sediment 
mixing coefficients at the reference height (1 mm) for series L3-L5 and series B8 and B9 
are determined from the fit parameters of equation (7.4) and the settling velocities of the 
lowest suction samples and are plotted as function of normalised reference concentration 
in Figure 7.10. These results show that also for these experiments, both parameters are 
related. 
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Figure 7.10: Sediment-mixing coefficient at the reference height (1 mm) as function of the reference 
concentration. 

Summarising, if up to 25% (by mass) of heavy minerals are present in the sediment, total 
sediment-transport rates in the sheet-flow regime are not significantly different from the 
transport rates of uniform quartz. On the other hand, sediment-transport rates of the 
quartz fraction decrease with increasing zircon fraction at the bed. This decrease is can be 
predicted by the bed-availability model. For the zircon fraction such a trend could not be 
established. 

Also for the suspended-sediment transport, effects of the sediment mixture are clearly 
present. The magnitude of the suspended-sediment transport decreases with the increase 
of the zircon fraction at the bed. This decrease is larger than is modelled with a bed-
availability model. Also the shape of the suspension profile changes with varying zircon 
fraction in the bed. It appears that the sediment-mixing coefficient is correlated to the 
reference concentration. For the modelling of suspended-sediment concentrations, the 
relation between reference concentration and sediment-mixing coefficient should be 
considered in more detail. Since in the sheet-flow conditions of the present experiments 
the suspended-sediment transport only comprises 10-20% of the total sediment 
transport, these effects will not be noticeable in net sediment-transport rates. 

The transport rates of the quartz and zircon fraction differ. Both fractions are 
transported in direction of the flow under the wave crest (which is in onshore direction in 
a region of wave shoaling), but the transport rates of the zircon fraction are an order of 
magnitude smaller. This leads to a sorting of sediments where the more dense minerals 
“lag” behind the lighter ones. If we project these results to the observations in the LWF 
(chapter 6), heavy minerals will be concentrated at the most seaward side of the region 
where sheet flow conditions are present (region 3 in the LWF experiments). This is in 
agreement with our observations. 
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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 



Discussion and conclusions 

183 

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 
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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.  
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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. 
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List of Symbols 

A Activity Bq 

B Build-up factor - 

b Branching ration - 

C Activity concentration of sediment Bq kg-1 

C Suspended-sediment concentration gl-1 

C* Suspended concentration uniform sediment gl-1 

C0 Reference concentration gl-1 

CI Specific activity of material i Bq kg-1 

Cs Surface activity concentration Bq m-3 

Cv Volume activity concentration Bq m-3 

d Diameter m 

Eγ Gamma-ray energy Ev 

g Acceleration of gravity ms-2 

Hm0 Wave height at deep water m 

M Mass kg 

mi Mass fraction of sediment i - 

Mmol Molar mass kg 

N Number of counts measured in detector s-1 

Na Avogadro’s number  

qI Mass transport per sediment fraction kg m-1 s-1 

qm Mass sediment-transport rate kg m-1 s-1 

q*
m Mass transport rate of uniform sediment kg m-1 s-1 

qv Volumetric sediment-transport rate m3 m-1 s-1 

T Wave period s 

t Time h 

T1/2 Half-life time s 

Tp Peak period of wave spectrum s 

u Velocity  in x-direction ms-1 

uc Velocity under wave crest ms-1 

ul Low-frequency oscillating velocity m s-1 

urms Root-mean square velocity ms-1 
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us High-frequency oscillating velocity m s-1 

ut Velocity under wave trough ms-1 

V  Volume m3 

v Velocity  in y-direction ms-1 

vz Volume fraction of zircon - 

w Velocity  in z-direction ms-1 

W Flume width m 

ws Settling velocity ms-1 

x Horizontal distance m 

z Thickness sediment m 

Z Atomic number  

z Height m 

   

ε Porosity - 

ε Efficiency factor - 

ε’ Effective efficiency factor - 

εq Sediment-mixing coefficient quartz m2s-1 

εs Sediment-mixing coefficient m2s-1 

εz Sediment-mixing coefficient zircon m2s-1 

λ Decay constant s-1 

σ Cross-section for Compton scattering m2 

τ Cross-section for photo-electric effect m2 

ρ Bulk density sediment Kg m-3 

µ Linear-attenuation coefficient cm-1 

µ‘σ Mass-attenuation coefficient for Compton scattering cm2g-1 

µ’ Mass-attenuation coefficient cm2 g-1 

µ’τ Mass-attenuation coefficient for photo-electric 
effect 

cm2g-1 

ρs Specific density kg m-3 

ρw Density of water kg m-3 

ν Kinematic viscosity m2s-1 
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Samenvatting 

De kust 
Zandige kusten hebben een grote aantrekkingskracht op de mens. Voor velen is het een 
plaats om vakantie te vieren, voor anderen is de kust een economisch belangrijke plaats 
of een mooie plaats om te wonen. Als gevolg van een stijging van de zeespiegel en de 
plaatsing van infrastructurele werken in zee, treedt erosie op aan de kustlijn en worden 
vele stranden steeds kleiner. In het ergste geval kan de beschermende duinvoet 
verdwijnen. Er zijn voorbeelden van huizen en hotels die te dicht bij het strand zijn 
gebouwd en al in de golven zijn verdwenen of nu de kans lopen in de zee te verdwijnen. 
Om verlies van de kustlijn tegen te gaan wordt al lang gewerkt aan methoden om het land 
te beschermen tegen de oprukkende zee. In het verleden is dit gebeurd door “harde” 
structuren langs de kustlijn te plaatsen (bijvoorbeeld pieren en dijken) maar het blijkt dat 
deze ingrepen elders langs de kust grote gevolgen kunnen hebben. Daarom is men de 
laatste decennia tot het inzicht te komen dat “zachte” oplossingen, zoals het opspuiten 
van zand op het strand of op de onderwateroever, veel effectiever zijn. Deze 
zandsuppleties hebben echter slechts een tijdelijk effect en in Nederland worden jaarlijks 
een aantal zandsuppleties uitgevoerd. Om het gedrag van de kustlijn beter te kunnen 
begrijpen en daarmee de effectiviteit van zandsuppleties te verbeteren, is kennis omtrent 
de sediment transportprocessen in het kustgebied essentieel. In dit proefschrift worden 
aantal van deze transport processen onder de loep genomen en wordt nader ingegaan op 
de effecten van de samenstelling van het sediment waaruit de kustlijn is opgebouwd. 

Zand in vormen en variaties 
De sedimentsamenstelling langs de kust kan erg verschillen. Strandzand bestaat zelden uit 
één type sediment. De korrelgrootte kan variëren van klei tot grove keien. De dichtheid 
van het zand is zelden uniform en ook de vorm van de zandkorrels en ander materiaal op 
het strand kan erg verschillen. Door deze verschillen worden de gelijke typen sediment 
vaak gegroepeerd. Bijvoorbeeld langs de hoogwaterlijn op het strand liggen schoenen, 
schelpen en flessen vaak bij elkaar.  

Zand is een erosieprodukt van gesteenten. Bij het afbreken van een gebergte 
(bijvoorbeeld de Alpen) worden de grote rotsblokken vervoerd door ijs, wind en water en 
bij dit transport worden de gesteenten afgeslepen en opgebroken. Deze afbraakprodukten 
van de Alpen worden door de Rijn Nederland binnengebracht en zullen uiteindelijk in 
zee terechtkomen. De samenstelling van het gesteente van de Alpen bepaalt dus in grote 
mate de samenstelling van de zanden die de Nederlandse kust vormen. Deze gesteenten 
verschillen van ouderdom en zijn op verschillende manieren ontstaan, maar het 
merendeel van het gesteente bestaat uit kwarts. Een klein percentage van het materiaal 
bestaat uit kristallen die een grotere dichtheid dan kwarts hebben. Mineralen als zirkoon, 
monaziet, granaat en epidoot zijn voorbeelden van deze ‘ zware mineralen’ . Zware 
mineralen hebben vaak een donkere kleur en zijn daardoor als gekleurde strepen op het 
strand duidelijk zichtbaar. Op de Nederlandse stranden komen zware mineralen niet in 
grote hoeveelheden voor. Het was daarom ook verbazingwekkend dat in 1992 na een 
najaarsstorm een grote hoeveelheid zware mineralen op het strand van Ameland afgezet. 
Om te bestuderen waar deze mineralen vandaan kwamen, is een meetsysteem ontwikkeld 
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om de verspreiding van zware mineralen nauwkeurig te kunnen meten2. Dit meetsysteem, 
MEDUSA geheten, is gebaseerd op de observatie dat de natuurlijke radioactiviteit (gamma-
straling) van zware mineralen vele malen groter is dan die van “lichte” zanden. De aarde 
bevat sinds het ontstaan kleine hoeveelheden natuurlijke radioactiviteit. Door warmte die 
door deze radioactiviteit geproduceerd wordt, is het binnenste van de aarde gedeeltelijk 
vloeibaar en kunnen bijvoorbeeld vulkanen  bestaan. Bij smelt en stolling processen in de  
aardkorst  worden kleine concentraties radioactieve elementen geconcentreerd in met 
name zware mineralen. De intensiteit van de gammastraling in zware mineralen heel erg 
laag, maar de gevoelige apparatuur die in het MEDUSA systeem gebruikt is maakt het 
mogelijk deze verschillen te meten. De gemeten intensiteit van de gammastraling is een 
maat voor de concentratie zware mineralen. Het MEDUSA meetsysteem is verpakt in een 
langwerpige buis die over de (onderwater) bodem gesleept wordt. Tijdens het slepen 
wordt continu de gammastraling gemeten en zo ontstaat een beeld van de 
radioactiviteitsverdeling van de bodem. Deze gegevens kunnen vervolgens “vertaald” 
worden naar de concentratie zware mineralen in het zand. 

Wat zien we op zee? 
Metingen met MEDUSA voor de kust van Ameland (figuur) laten zien dat niet alleen op 
het strand maar ook onder water, zware mineralen worden geconcentreerd. Deze 
concentraties beperken zich tot twee locaties: in de brandingszone, even landwaarts van 
de brekerbank en in een gebied in dieper water. Om te begrijpen door welke 
transportprocessen deze zware mineralen worden geselecteerd (selectief transport 
processen) en om een beeld te krijgen van het belang van deze selectief transport 
processen voor de bescherming van de kustlijn is het onderzoek dat in dit proefschrift 
wordt beschreven uitgevoerd.  
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In een voorgaand onderzoek3 naar het selectief transport van deze mineralen is gezien dat 
in een natuurlijk mengsel van zware en lichte mineralen, wordt gesorteerd als golven het 
sediment bewegen. Deze metingen lieten ook zien dat het transport van het lichte zand 
kleiner werd doordat de zware mineralen als een soort pleisterlaag over het lichtere zand 
heen ligt. Deze resultaten geven een beeld op kleine schaal, maar vertellen weinig over de 
verdeling langs de gehele kust. 

                                                 
2 de Meijer, R. J. (1998) Heavy minerals: from 'Edelstein' to Einstein. Journal of Geochemical Exploration, 62(1-
3), pp. 81-103 
3 Tánczos, I. C. (1996) Selective transport phenomena in coastal sands. Ph.D. thesis, University of Groningen, 
Groningen, the Netherlands, ISBN 90-367-0669-6.  
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Krassend en stralend zand 
Om het selectief transport van zand goed te kunnen beschrijven, zijn precieze 
meetmethoden nodig. Traditioneel wordt dit onderzoek gedaan door monsters te nemen 
van de waterbodem. Dit heeft tot nadeel dat de bodem wordt verstoord en om een 
gedetailleerd beeld te krijgen zijn veel monsters nodig. Aangezien het nemen van 
monsters een tijdrovende en kostbare aangelegenheid is,  kan een gedetailleerd beeld vaak 
niet worden verkregen. Daarvoor is in dit onderzoek speciaal aandacht besteed aan het 
ontwikkelen en verbeteren van meettechnieken om de samenstelling van sediment in situ 
dat wil zeggen onverstoord ter plaatse, te kunnen bepalen. Om nog nauwkeuriger het 
gehalte aan zware mineralen te bepalen is aandacht besteed aan de analyse van de 
meetgegevens van de metingen van natuurlijke radioactiviteit. Hiervoor is een model 
ontwikkeld dat meeneemt dat het sediment uit laagjes bestaat en dat de bovenste laag van 
het sediment vaak een andere samenstelling heeft dan het zand eronder. Experimenten 
zijn gebruikt om dit model te testen. 

Niet alleen de dichtheid van sediment is van belang in selectief transport processen, ook 
verschillen in korrelgrootte van het zand zorgt voor verschillen in sedimenttransport. Tot 
op heden was er nog geen techniek om de korrelgrootte van het sediment in situ 
gedetailleerd te bepalen. In dit proefschrift worden twee methoden gepresenteerd om de 
ruimtelijke variatie van korrelgrootte in situ en nauwkeurig te bepalen. In hoofdstuk 3 laat 
ik zien dat niet alleen zware en lichte mineralen verschillen in natuurlijke radioactiviteit, 
maar dat de gammastraling van de korrelgrootte afhangt. Deze relatie is gebruikt om het 
met MEDUSA gemeten signaal te vertalen naar de gemiddelde korrelgrootte van het 
sediment.  

In hoofdstuk 4 wordt een andere techniek gepresenteerd om de korrelgrootte van het 
sediment te bepalen. Deze methode berust op metingen van wrijvingsgeluid; dit geluid 
wordt gegenereerd als de MEDUSA detector over de bodem sleept en is vergelijkbaar met 
het geluid dat men hoort als schuurpapier over een voorwerp wordt gehaald. De 
metingen laten zien dat de geluidssterkte lineair toeneemt met toenemende korrelgrootte 
van het sediment. De experimenten in dit proefschrift laten zien dat deze twee methoden 
gegevens opleveren met een veel hogere resolutie dan met de traditionele monsterneming 
verkregen kan worden, terwijl de kwaliteit van de gegevens vergelijkbaar is met de 
analyseresultaten van de sediment monsters. 

Verdeling van zand dwars op de kust 
Om de sedimentverdeling voor de kust van Ameland beter te begrijpen zijn drie 
experimenten uitgevoerd. In elk experiment is de nadruk gelegd op een ander aspect van 
zandtransport in de kustzone.  

In het eerste experiment in de Scheldegoot is gekeken naar de het selectief transport van 
zware mineralen op het ondiepe deel van een kustprofiel. Hiervoor is in een golfgoot een  
schuin bed van uniform kwartszand neergelegd. Daarna zijn 30 uur lang golven opgewekt 
door een golfmachine. Deze golven hebben vervolgens het profiel vervormd en het zand 
over het profiel verdeeld. Na dit experiment is het profiel opnieuw vlak gemaakt en 
afgedekt met een mengsel van kwarts en zirkoon, een bepaald type zwaar mineraal. Ook 
op dit profiel vormen golven het profiel door het zand verplaatsen. In deze experimenten 
worden de zware mineralen in de brandingzone geconcentreerd  teruggevonden. In 
literatuur wordt vaak beweerd dat deze concentratie plaatsvindt doordat de lichte zanden 
wegspoelen en de zware zanden passief achterblijven. De nauwkeurige metingen met 
MEDUSA laten zien dat de zware mineralen ook actief worden verplaatst. Een deel van de 
zware mineralen wordt zeewaarts getransporteerd, net zoals de lichte zanden. Vlak bij de 
kust “bewegen” de zware mineralen landwaarts in de tegengestelde transportrichting van 
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het lichte zand. De meetresultaten duiden erop dat het landwaarts transport het gevolg is 
van lange golven. Deze processen kunnen verklaren hoe tijdens en vlak na de storm in 
1992, grote concentraties zware mineralen naar het strand gespoeld zijn door de lange 
golven. Om het effect van de zware mineralen op de sediment transportsnelheden te 
bepalen, zijn de experimenten met uniform kwartszand  en met het zandmengsel 
vergeleken. Deze vergelijking laat zien dat het zand zich anders gedraagt dan verwacht. In 
het gebied dicht bij het strand is het transport van het lichte zand kleiner dan verwacht, in 
het gebied vlak naast de brekerbank zijn de transport snelheden van het lichte zand groter 
dan verwacht volgens bestaande modellen. 

De experimenten in de Scheldegoot zijn uitgevoerd met een onnatuurlijk grote 
concentratie zware mineralen in het sediment en met een gelijke korrelgrootte voor lichte 
en zware mineralen. In de natuur zal het sediment uit een mix met verschillende 
korrelgroottes bestaan; verder is de concentratie zware mineralen in het algemeen ook 
veel lager. Om een natuurlijk mengsel van sedimenten te bestuderen zijn experimenten 
uitgevoerd in een golfgoot in Hannover, Duitsland. Evenals in de experimenten in de 
Scheldegoot is hier een kunstmatig kustprofiel in aangebracht en zijn er met een 
golfmachine golven opgewekt om het sediment te verplaatsen. Tussen de experimenten 
door is er steeds gemeten met het MEDUSA systeem. De korrelgrootte van het sediment is 
gemeten met behulp van de natuurlijke radioactiviteit en het wrijvingsgeluid; het zware 
mineraal gehalte is weer bepaald met behulp van de natuurlijke radioactiviteit. Deze 
experimenten laten zien dat ook bij een heel kleine zware mineraal concentraties 
sorteringprocessen plaatsvinden. Deze zware-mineraal fractie wordt geconcentreerd op 
een diepte die overeenkomt met de diepste locatie in de metingen voor de kust van 
Ameland. De omvang van het sedimenttransport wordt tijdens het experiment steeds 
kleiner wordt omdat het kustprofiel aan de golfwerking wordt aangepast. De 
korrelgrootte van het sediment echter continu veranderen. Kennelijk betekent een 
evenwicht in bodemhoogte (‘morfologisch evenwicht’) niet dat sortering opgehouden is. 
Bij het bepalen van bodemhoogte en de samenstelling van het sediment is het dus 
noodzakelijk om deze gegevens gelijktijdig te meten. Deze informatie zijn van belang bij 
het monitoren van de kust en kan helpen bij de verbetering meetprojecten.  

De resultaten van het experiment in de grote golfgoot in Duitsland laten duidelijk zien 
dat de sortering van zware mineralen in een gebied zeewaarts van de buitenste 
brekerbank worden gesorteerd. In dit gebied spelen bijzondere stromingsprocessen een 
rol die het gevolg zijn van een vormverandering van de golven. Golven worden gevormd 
doordat de wind het water beroert en zorgen voor een heen en weer gaande 
waterbeweging. Op open zee zijn deze golven symmetrisch, dat wil zeggen dat de 
stroming in de richting van de top van de golf even groot is als de stroming in de richting 
van het dal van de golf. Juist in het gebied net zeewaarts van de brekerbank beginnen de 
golven de bodem te ‘voelen’. Hierdoor worden de stroomsnelheden beïnvloedt. De 
landwaarts gerichte stroming neemt toe in kracht maar krijgt een kortere tijdsduur, de 
zeewaarts gerichte stroming neemt af in sterkte maar gaat langer duren: de op en neer 
gaande beweging wordt asymmetrisch. Als gevolg van dit proces kunnen zandkorrels 
worden gesorteerd. Om dit effect in meer detail te bestuderen, zijn experimenten 
uitgevoerd in een oscillerende watergoot (LOWT). De LOWT bestaat uit een van boven 
afgedichte bak met water waar met realistische snelheden water op en neer kan worden 
bewogen. In deze opstelling is weer de concentratie zware mineralen gevarieerd, maar is 
de korrelgrootte van het zand gelijk gehouden. De metingen tonen aan dat de zware 
mineralen langzamer in de richting van de kust bewegen dan het kwartszand. Als gevolg 
van dit proces zullen de zware mineralen op een kustprofiel aan de zeekant van dit gebied 
geconcentreerd worden. Dit proces zien we ook terug in de metingen in de grote 
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golfgoot in Duitsland. De sediment transportsnelheden van de zware mineralen en het 
kwartsdeel van het zandmengsel zijn vergeleken met de sediment-transportsnelheden van 
puur kwartszand. Deze vergelijking geeft aan dat het transport van het kwarts kleiner is 
dan verwacht op basis van algemene modellen en toevoeging van zware mineralen aan 
het sediment leidt in dit geval tot een verandering van de erosie. 

breker bank

retourstroom

asymmetrische golven

strand

lange golf

Zware mineraal
concentraties

1

2

branding zone  

Verdeling van zand in het water 
Om zandtransport goed te kunnen beschrijven, bijvoorbeeld met computermodellen, zijn 
nauwkeurige gegevens nodig over de manier waarop zand onder goed gedefinieerde 
omstandigheden door het water wordt getransporteerd. Over het algemeen gaat men 
ervan uit dat de mate van opwerveling van zand (suspensief transport) constant is, en niet 
afhankelijk is van de hoeveelheid zand dat in beweging is. In de experimenten in de 
Scheldegoot en in het LOWT, daalt niet alleen de totale hoeveelheid getransporteerd 
sediment door te toevoeging van zware mineralen, ook de hoeveelheid zand dat in de 
waterkolom wordt vervoerd is kleiner.  

Bestaande modellen gaan ervan uit dat de snelheid van opwerveling van het zand over de 
hoogte gelijk blijft. De metingen laten echter zien dat dit niet het geval is. De 
opwervelsnelheid van sediment over de hoogte wordt groter naarmate er minder zand in 
beweging gaat, zodat het weinige sediment hoog in de waterkolom vervoerd wordt. Deze 
gegevens nodigen uit tot aangepaste modellen om het transport van zand te beschrijven. 

Praktische toepassingen 
Zoals al beschreven is, leveren de resultaten in dit proefschrift kennis, nodig om het 
transport in de kustzone beter te kunnen beschrijven. Een deel van deze kennis kan 
gebruikt worden voor directe toepassingen. In de inleiding is beschreven dat voor een 
langdurige en efficiënte bescherming van de kustlijn methoden nodig zijn om de 
efficiëntie van zandsuppleties te verbeteren. De gegevens die hierboven beschreven zijn, 
laten zien dat de keuze van het suppletiemateriaal hiervoor van groot belang is. Als de 
mogelijkheid bestaat om sediment te gebruiken waar in verhoogde concentraties zware 
mineralen voorkomen, zal het materiaal minder snel wegspoelen. Als gevolg van extra 
processen zoals die in de experimenten zijn gezien, zal het effect echter groter zijn dan 
men in eerste instantie zou verwachten en zal minder kust worden weggeslagen.  

De verbeterde analysetechnieken voor de bepaling van het zware mineraal gehalte en het 
nieuwe instrument om de korrelgrootte met behulp van geluid te bepalen, kunnen helpen 
om het juiste zand uit te zoeken. Deze ontwikkelingen brengen het duurzaam beheer van 
de kustzone weer een stapje dichterbij, zodat de kust aantrekkelijk blijft voor velen. 
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Dankwoord 

Net zoals het opfietsen van een hoge berg, is het schrijven van een proefschrift vaak 
genieten (van uitzicht, inspanning en het lekker “ronddraaien van de trappers”) maar 
soms toch ook wel doorbijten. Om de fiets soepel om hoog te laten gaan en wat minder 
aan zweten te denken helpt het enorm als er af en toe iemand met je meefietst, ervoor 
zorgt dat de ketting gesmeerd is of gewoon aan de kant staat te juichen. Het trappen zelf 
wordt er niet lichter door, en dat moet je toch echt allemaal zelf doen, maar het geeft 
extra plezier of maak het mogelijk om net even een tandje zwaarder te trappen. 

In de afgelopen vier jaar heb ik het genoegen gehad om met velen samen op te rijden, 
collega’s om me heen gehad om te soigneren en, gelukkig, ook gejuich gehoord. 

In eerste instantie wil ik Rob de Meijer bedanken voor z’n enthousiasme, scherpe 
kritieken op manuscripten en ook zijn aangename gezelschap tijdens onze reizen en 
inspannende speurtochten naar zware mineralen tijdens de SAFE bijeenkomsten.  

Het ongebreidelde optimisme van Marcel Stive tijdens de perioden dat experimenten niet 
zo soepel liepen en zijn inhoudelijke kritieken waren meer dan welkom. Door de 
commentaren van de leescommissie, GertJan van Heijst, Reinhard Morgenstern en Leo 
van Rijn heb ik m’n proefschrift een top hoger kunnen krijgen. 

I had the lucky opportunity that my research was part of the European MAST-III project 
SAFE. Besides the beautiful locations, I found the half-year meetings stimulating and I 
learned a lot about coastal research in other countries in Europe. Therefore I want to 
express warm feelings to all members of SAFE. I hope to continue our participation in 
the future! 

De ene berg heeft net wat steilere bochten dan de andere. Dat maakt de uitdaging om 
boven te komen eigenlijk alleen maar groter en geeft achteraf meer voldoening. Mit viel 
Vergnügen habe ich die Forschungen im Großer Wellenkanal ausgeführt. Dies vor allem 
im angenehmer zusammenarbeit mit Karsten Peters und Jürgen Newe. 
  
Ook de experimenten in de Golftunnel en de Scheldegoot in “de Voorst” waren 
(letterlijk) zweten. Er waren velen die onze karavaan omhoog hebben geduwd, maar in 
het bijzonder wil ik Johan Koopmans, Arend ter Veen en Pieter Pasterkamp noemen die 
op de modellen geweldig werk verricht hebben. De enerverende weken bij de 
Scheldegoot heb ik samen met Judith Bosboom mogen beleven. De late uren tijdens de 
experimenten om data uit te werken en met name de lange telefoongesprekken in de 
periode van analyse daarna zullen mij (en m’n kamergenoten) nog lang bijblijven.  

Niet alleen de naam van de groep heeft afgelopen vier jaar een aantal 
naamsveranderingen ondergaan, ook de samenstelling is behoorlijk gewijzigd. Wat niet is 
veranderd, is het enthousiasme en de bereidheid elkaar te helpen door bijvoorbeeld mee 
te werken bij experimenten, of om mij “even” met apparatuur naar Duitsland te brengen. 
Albert, Catherine, Cees, Emiel, Han, Harriet, Ioanna, Ilka, Jantina, Joke, Maria, Marjan, 
Patrick, Pieter, Rianne, Richard, Richwald, Ron, Tino en Wim, het was (en in veel 
gevallen is het nog steeds) een groot plezier om met jullie samen te werken. Mijn 
kamergenoot van de laatste jaren, Lars, bedank ik voor de vele discussies over statistiek, 
geologie, fysica en andere meer aardse zaken. 
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Zoals ik al schreef, fietsen doe je niet alleen en ik heb gelukkig een trouwe 
supportersschare die op cruciale plaatsen, zoals in Bedoin en bij Chalet Reynard staan te 
juichen of een bidon water aanreiken. Lourens, Anneke, Arnold: het was een waar 
genoegen om na op de Mont Ventoux ook samen met jullie op deze top te komen!  

De weekenden waren afgelopen vier jaar een bijzondere aangelegenheid. Eerst in de trein 
en later met de auto heb ik tussen Groningen en Driebergen heen en weer gependeld om 
tijdens het weekend NGD, zand en straling uit mijn hoofd te zetten en nieuwe energie en 
inspiratie op te doen. Liesbeth, zonder jou had ik al die kilometers niet gemaakt, maar van 
de vele kilometers die ik tussen Groningen en Driebergen heb afgelegd was elke de 
moeite waard! 

 

 
Groningen, 25 oktober 2000 

 

 

 

 

 

 



 

 

Stellingen 
Behorende bij het proefschrift:  

Sand in motion: effects of density and grain size 
 

1. Gezien de huidige status van het onderzoek aan sedimenttransport worden er 
nog steeds te weinig knappe koppen uit  het zand gestoken1). 

1) “Grain size is not an ideal parameter to judge the processes of transport and deposition..... It 
is better to consider sediment parameters that are hydraulically significant than to stick one’s 
head in the sand”(Winkelmolen, A. M. and Veenstra, H. J.(1980) The effect of a storm 
surge on near-shore sediments in the Ameland-Schiermonnikoog area, N. Netherlands. 
Geologie en Mijnbouw, 59, pp. 97-111) 

2. Het gebruik van zware mineralen als strandsuppletie  reduceert stranderosie. 

3. Effecten van gradatie in sedimenttransport zijn in studies met een 
korrelgroottemengsel niet goed te bepalen als gevolg van een koppeling tussen de 
opwaartse kracht op de korrel en korrelgrootte. In studies met zanden van 
verschillende dichtheden kunnen de effecten van gradatie wel worden bepaald 
door de  afwezigheid van de koppeling tussen opwaartse kracht op de korrel en 
dichtheid. 

4. Een proefschrift met fysisch correcte figuren wordt door civiel ingenieurs 
verdraaid gelezen. 

5. Om een controleerbaar beeld te schetsen van (recente) sedimentaire milieus moet 
men sedimentologisch onderzoek sturen vanuit kwantitatief te bepalen 
grootheden en niet uitgaan van een classificatie op basis van afzettingsmilieus. 

6. Gezien het feit dat de huidige economie vooral op kennis is gebaseerd en de 
snelheid waarmee (amateur) wielrenners fietsen, zouden fietshelmen voor 
wielrenners verplicht gesteld moeten worden. 

7. De aanduiding van de huidige tijd als het tijdperk van de mens2) is een duidelijk 
voorbeeld van de arrogantie en hoogmoed van het menselijk ras. 

2) Kreutzer, H.H., Oskamp, A.A.G. (1975) Biologie, deel 5v. Wolters-Noordhoff BV, 
Groningen. ISBN: 90-01-50536-8. 

8. Wetenschappers zouden gedwongen moeten worden naast een wetenschappelijk 
projectvoorstel ook een businessplan te schrijven. 

9. Een ware kunstenaar signeert een kunstwerk niet aan de voor-, maar aan de 
achterkant. 

10. Het slijk der aarde is zo gek nog niet. 

  
Ronald Koomans 
Groningen, november 2000 
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