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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 



Introduction 

5 

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) 



Introduction 

13 

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. 




