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Chapter 1

Introduction and Basics

1.1 Preface

Understanding sediment transport processes is important for coastal defence,
protection of coastal infrastructure like harbours and the maintenance of wa-

terways. Morphological changes of sandy coastlines at a macroscopic scale

are caused by the motion of grains at a microscopic scale. Conversely, the

motion of grains at a microscopic scale is caused by parameters that are di-

rectly related to macroscopic morphological features, such as water depth.

This feedback system makes understanding sediment transport a complicated

matter.

Measurements in the �eld, necessary for study of sediment transport,

are di�cult to perform. Processes take place at spatial scales varying from

microns to kilometers where the associated timescales increase accordingly

[Oos95]. For the study of morphodynamics one has to monitor large areas for
longer periods of time.

Radiometric properties of sand make radiometry a useful measuring tool

for the study of sediment transport. In contrast with the time consuming pro-

cess of sampling followed by tedious analysis in the laboratory, radiometric

techniques are a tool for obtaining real time information on sediment charac-

teristics. It is possible to monitor sediment transport without the necessity

of using arti�cial tracers.

For the present work radiometric techniques have been applied to study

selective transport phenomena that occur due to di�erences in size and density

of minerals. The special radiometric features of so called heavy minerals (see

below) makes radiometry especially suited for such a study because it allows
for a (real time) monitoring of the movement of these minerals. The study of
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selective transport leads to a better understanding of transport processes in

general.

The sandy sediment of the Dutch coasts consists mainly of quartz (SiO2)

and feldspar (e.g., (Ca,Na)AlSi3O8 plagioclase feldspar or AlSi3O8 orthoclase

feldspar) and usually a small amount (�1%) of heavy minerals like zircon

(ZrSiO4), ilmenite (FeTiO3) and rutile (TiO2). The name of the latter class

of minerals reects the fact that their speci�c density is higher than the density

of bromoform, a heavy liquid (� = 2:8� 2:9 kg L�1, where L = liter) used in

geoscience for the separation of heavy and light minerals, and consequently

also higher than that of quartz (� = 2:6 kg L�1), the most abundant detrital
mineral in sand. As will be explained later on in this chapter, heavy mineral

grains will primarily be found in the smaller size fractions of sediment.

Due to chemical properties heavy minerals are more likely than light ones

to incorporate traces of the radioactive elements 232Th and 238U within their

lattice. The resulting relatively high speci�c radioactivity (partly emitted

as  rays), observed by Bonka in 1980 on the Frisian Island of Norderney

[Bon80], makes it possible to detect even very small quantities of heavy min-

erals by radiometric methods. The actual concentrations of radionuclides are

a�ected by the circumstances at the time of crystallization and hence contain

information about the provenance of the sediment.

Radioactivity is a process in which an unstable nucleus decays under emis-
sion of radiation. The product nucleus is either stable or radioactive itself;
40K decays in one step to a stable nucleus but the decay of 232Th and 238U

proceeds through several radioactive daughter nuclei before stable lead iso-

topes are reached. This is illustrated in �gure 1.1 where the decay schemes

of 232Th and 238U are shown.

Based on their characteristics �, � and  radiation are distinguished.

Both � and  radiation are emitted with clear distinctive energies typical for

a nucleus. The electrons and positrons that are formed with � decay have a

continuous energy spectrum with only a well de�ned maximum which makes

� decay unsuited for the identi�cation of a nucleus. As � particles have a

limited range (in the order of micrometers in solids and centimeters in air)
they are not suited for �eld measurements. Gamma rays, however, with an

average energy of around 1 MeV are penetrating enough to be able to reach

a detector above the ground from depths up till a few decimeters.

In table 1.1 -ray activity concentrations of three natural radionuclides,

potassium (40K ), bismuth (214Bi ) (used as an indicator of the activity of

the parent 238U) and thorium (232Th ) in various heavy mineral fractions are

shown of a sample collected at `De Hors' at the Dutch barrier island of Texel
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232Th
1.4 1010 y

228Ac
6.13 h

228Ra

5.75 y

224Ra
3.64 d

228 Th
1.9 y

216Po
145 s

212Po

3 10-4 s

208Tl
3.1 m

212Pb
10.6 h

208Pb
stable

212Bi
60.5 m

220Rn

55.6 s

238U
4.5 109 y

234Pa
1.18 m

234Th

24.1 d

230Th
7.5 104 y

234U
2.5 105 y

206Pb

stable

210Po
138 d

218Po
3.05 m

210Bi
5.02 d

214Po

1.6 10-4 s

210Tl
1.32 m

214Pb
26.8 m

210Pb
2.23 y

214Bi
19.7 m

226Ra

1602 y

226Ra

1602 y

222Rn

3. 83 d

238U

232Th

Figure 1.1: Decay schemes of 232Th and 238U; horizontal and diagonal arrows

denote � and � decay, respectively. The most important  ray emitters are

marked. The half life of the nuclei is indicated in the boxes.

[Mei90]. The average activity concentration of the heavy fraction is more than
two orders of magnitude larger than that of the light fraction. The light min-

erals, such as quartz and feldspar, contain only relatively low concentrations

of thorium and bismuth but feldspar is relatively high in potassium. There is

much variation in activity concentrations among di�erent heavy mineral frac-

tions; zircon, for example is high in bismuth and ilmenite is relatively high in

bismuth as well as thorium. Because also the bismuth to thorium ratio varies,

it is possible to identify minerals by measuring their -ray activity.

Heavy minerals are commonly found in trace amounts (1 - 2% by weight)

in most beach and nearshore sediments [Don95]. At some locations, however,

like Ameland and Texel concentrations up to 70% have been observed [Gre89,

Mei92]. Such concentrations develop due to selection or sorting processes and
have been studied worldwide. Heavy mineral placers found at the beach

are in general thought to be the result of reworking processes at the beach

where light minerals are winnowed and the heavy fraction stays behind [Eit95,

Woo75]. This implies that high concentrations only occur due to erosive

processes. However, 25.000 m3 of heavy minerals were found at a location on

the beach of Ameland in the winter of 1992, an amount that cannot possibly

have originated from the eroded beach volume alone [Bos92, Mei92]. This

would imply that heavy minerals must have been concentrated in the coastal
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Table 1.1: Relative mass and activity concentrations of various heavy min-

eral fractions in a sample sand collected at De Hors, Texel. The fractions are:

a) mainly magnetite, b) Almost pure ilmenite, c) Mainly ilmenite, some gar-

nets, d) Mainly garnet, still some ilmenite, few epidote, e) Mixture of garnet,

epidote, ilmenite and possible rutile, f) Mixture of epidote, staurolite, tour-

maline and others, g) Rutile, some epidote, tourmaline and various others, h)

Predominantly zircon, i) Average heavy minerals. Fraction j) consists of the

light mineral quartz and some feldspar [Mei90].

Activity concentration (Bq kg�1)

mrel
214Bi 232Th 40K

a 0.01 81 � 8 83 � 5 110 � 40
b 0.01 189 � 11 209 � 10 90 � 90

c 0.06 92 � 4 94 � 5 35 � 12

d 0.66 82 � 3 133 � 7 22 � 4

e 0.03 370 � 20 1930 � 80 150 � 20

f 0.05 1930 � 60 5400 � 300 440 � 30

g 0.02 2350 � 80 4900 � 300 440 � 50

h 0.17 2180 � 50 380 � 30 20 � 30

i 581 � 10 595 � 17 58 � 6

j 2:87 � :10 3:15 � 0:18 148:4 � 1:2

zone and subsequently deposited on the beach or that heavy minerals are

continuously deposited on the beach whereas light minerals are transported

in the opposite direction.

A logical question is: why study heavy minerals when they normally occur

only in trace amounts in coastal sands? Besides the fact that, as will be

shown later, accumulations of heavy minerals are not as uncommon as one

generally assumes, the study of these minerals is interesting for yet another

reason: many transport models are based on experiments with light minerals.

Heavy minerals should be considered as a test case for these models. Because

models reect the present state of knowledge, applicability to heavy minerals

may show how accurate this knowledge is.
In this thesis the focus will be on three main questions:

1. How do heavy mineral accumulations develop,

2. What can be learned about sediment transport in general from the study
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of heavy minerals and

3. What role may radiometric methods play in such studies?

To study the formation of heavy mineral placers at the beach and nearshore of
the Netherlands, radiometric methods were utilised in two laboratory and one

�eld experiment. The focus will lie on transport in a direction perpendicular

to the coast (cross-shore) under wave-driven conditions. In the small-scale-

wave-ume of the Laboratory of Fluid Mechanics of Delft University of Tech-

nology selection processes were studied under mild wave conditions within the

ripple ow regime. A semi-quantitative model was subsequently developed to

calculate grain trajectories (Chapter 2). Experiments with higher uid ve-

locities in the sheet-ow regime were performed in a wave tunnel at Delft

Hydraulics. Here the heavy mineral distribution within the bed was moni-

tored by in situ radioactivity measurements. An estimation of the transport

rates for heavy and light minerals was the result (Chapter 3). Radiometric
surveys during almost three and a half years at two test sites at the Frisian

Island of Ameland gave insight into morphodynamics at a larger scale. An

Empirical Eigenfunction Analysis indicated that deposition of heavy minerals

occurs regularly in small but detectable quantities �nd (Chapter 4).

Chapter 5 is a synthesis of the three experiments and their implications.

It is shown that the study of heavy minerals and selective transport increases

the understanding of sediment transport processes in general. Accumulations

of these radiogenic minerals are not as exceptional as is commonly believed

and their presence tells something about the history of the beach and the

local wave energy conditions. Moreover, the possibility is considered of using

heavy minerals for coastal protection purposes.

In this chapter the basic principles of sediment transport, natural radioac-
tivity and its detection is discussed. It is meant as an introduction of fre-

quently used parameters and terms relevant to this study. More comprehen-

sive discussions on sediment transport and uid mechanics can (for example)

be found in van Rijn (1990) and (1993): `Principles of uid ow and surface

waves in rivers, estuaries, seas and oceans' and `Principles of sediment trans-

port in rivers, estuaries and coastal seas', respectively [Rij90, Rij93], Fredsfoe

& Deigaard (1992): `Mechanics of coastal sediment transport' [Fre92] and

Batchelor (1967): `An introduction to uid dynamics' [Bat67].
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1.2 Sediment characteristics

Bottom sediment consists of mineral grains that have settled from the trans-

port medium, in this case water. Sedimentary particles are characterised by

their speci�c density, �s, the grain size and the settling or fall velocity. Den-

sity is a feature of the mineral; grain size and settling velocity reect the

transport and settling conditions where the latter should only be used for

sediment deposited from suspension.

Grain size Sediment names like clay, silt, sand and gravel refer to the size

of mineral grains. Sand is de�ned as sediment with a grain size between 64

and 2000 �m. Sand in natural deposits contains grains of a range of sizes.

Commonly used values to characterise a sediment are the median particle
size, d50, and the `d-ninety', d90, of the sediment. They correspond to sizes

which are exceeded by 50% and 10% (by weight) of the particles, respectively.

Particle size of natural sediments normally is described with a log-normal

distribution.

There are several methods to determine the grain size distribution of a

sediment sample and reported values depend in part on the method chosen.

In this study dried sediment samples were put through a stack of sieves with

decreasing mesh size. The weight fractions collected on each sieve present a

grain size distribution

In this perspective one should realise that the shape of a distribution is

inuenced by the density of the grains. For samples containing grains of
several minerals the non-uniform density of the minerals should be taken into

account. As will be explained later, mineral grains with a high density are

found primarily in the smaller fractions. Their relatively large contribution

to the weight of these fractions decreases the median grain size of the sample.

To correct for this e�ect one could transform the weight per fraction, MO
f , to

a corrected weight, MC
f , according to

MC
f =MO

f �
�q

�f
; (1.1)

where �f is the density of the sieve fractions and �q = 2.65 kg L�1 is the

density of normal quartz sand. A corrected grain size distribution will in

general result in a somewhat larger d50 than the uncorrected distributions.
For typical sand containing approximately 30% percent heavy minerals by

weight the d50 might increase from approximately 150 to 160 �m.

Another aspect that should be taken into account is that grains are not

perfect spheres and the size obtained by sieving is not necessarily the same as



1.2 Sediment characteristics 15

its equivalent spherical diameter. Wang and Komar (1985) suggest that it is

better to use the intermediate diameter Db, de�ned by a tangent rectangle,

for evaluations of for example transport rates and settling velocities [Wan85].

They found that Db is related to the sieve diameter Dsv by
1: Db = 1:32Dsv.

Fall velocity Another method to obtain the grain size distribution of a

sample is by measuring the fall or settling velocity2 ws. The standard fall

diameter is de�ned as the diameter of a sphere with a speci�c density of �s =

2.65 kg L�1 and the same fall velocity as the particle in still, distilled water

at 24� C. Because the uid drag force is in equilibrium with the gravity force

the fall velocity is related to the diameter of a sphere d by:

ws =

�
4(s� 1)gd

3CD

�0:5
; (1.2)

where the drag coe�cient CD is a function of the particle Reynolds number

Red = wsd=� (see below), s = �s=� and � (m2 s�1) is the kinematic viscosity

coe�cient.

When a sample contains a considerable amount of grains with a higher

density than 2.65 kg L�1 this method results in a larger median grain size than
would be obtained by sieving. For typical sand containing approximately 30%

heavy minerals with a median grain size of approximately 150 �m according

to the sieving method (without a correction for density) a value for the d50
of 180 �m is obtained when calculated from the fall velocity.

The fall or settling velocity is an important parameter in sediment trans-

port models as will be discussed later in this section. For small grains (with

a diameter < 100 �m) in the Stokes region (Red < 1) the drag coe�cient is

CD = 24=Red. When the Reynolds number gets larger the drag coe�cient

increases rapidly and the simple expression disappears. For larger grains the

relation between grain size and settling velocity is somewhat more compli-

cated because shape e�ects play a role. For non-spherical grains the following
empirical relations between grain size and fall velocity can be used [Rij93]:

ws =

8>><
>>:

(s�1)gd2

18�
for 1 < d < 100�m

10�
d

h
(1 + 0:01(s�1)gd3

�2
)0:5 � 1

i
for 100 < d < 1000�m

(1.3)

1This relation is valid for quartz and most heavy mineral grains but not for mica due to

its platy shape
2Vertical velocities are denoted by w and horizontal by u
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Hydraulic equivalence When grains have the same settling velocity they

are called hydraulically equivalent in this work. If settling is the sole selection

mechanism, like in a settling tube, equation 1.3 implies that minerals with a

higher density will be found together with larger-sized fractions of the lighter

minerals. The relation between grain size and settling velocity of particles as

a function of their respective densities can be obtained from relation (1.3).

Although it is true that grains with a higher density are found in the smaller

size fractions there are, however, other mechanisms besides settling that are

important for the sediment composition. Depositions occur that are not hy-

draulically equivalent [Sli84]. Selection processes that may cause this will be
discussed later in this section.

1.3 Fluid mechanics

Because it forms the bases of sediment transport in this section, some basic

uid mechanics will be discussed.

1.3.1 Basic equations

Bernoulli's equation Consider a uid element in a stream with velocity

~v, density � and a viscosity �. The equation of motion for such an element is

�
d~v

dt
= �rp+ �r2~v + �(~g � ~e); (1.4)

where p is pressure, g the acceleration of gravity and ~e the unit vector. Equa-

tion (1.4) is known as the Navier-Stokes equation and is the most complete

equation for incompressible (� = constant) viscous ow.

In the case where viscous forces are negligible, Bernoulli's equation applies.

It represents the law of conservation of energy for an ideal uid:

Upot + Ukin = constant: (1.5)

Because Ukin =
1
2
j~vj2 and Upot = p+ �gz this gives:

(
j~vj2

2
+
p

�
+ gz) = constant; (1.6)

where ~v it the uid velocity and � the density of the uid. Equation 1.6

also follows from the Navier-Stokes equation under the conditions of steady

(@~v
@t

= 0), irrotational (r� ~v = 0) and inviscid (� = 0) ow.
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Turbulence The ow in coastal waters is usually turbulent. Reynolds

found, by applying dimensional analysis, that occurrence of turbulence de-

pends on a dimensionless quantity, now known as the Reynolds number (Re).

The Reynolds number is a measure for the ratio between forces of inertia

and viscous forces 3; a ow in a tube with diameter D, for example, with a

velocity V has a Reynolds number: Re = DV
� where � is the viscosity of the

uid. If this ratio exceeds a certain value, depending on the ow conditions,

the ow becomes turbulent.

Turbulent ow problems can in principle be described with known equa-

tions in which the residual momentum uxes, caused by turbulence, repre-
sented by so-called Reynolds-stress terms, have to be taken into account. This

means that the normal and shear stresses consist of a viscous and a turbu-

lent part. The problem of turbulent ow modelling is to relate the Reynolds

stresses to the mean velocity components. A variety of approaches to solve

this closure problem is described in the literature e.g. Launder & Spalding

(1972) [Lau72].

Boundary layer The Navier-Stokes equations can only be solved for certain

simple cases. In general, the equations are hard to solve and one has to

use special methods to obtain solutions. For two-dimensional irrotational

ows of ideal uids (� is constant and �=0) the di�erential equations may be

somewhat simpli�ed by introducing a velocity potential �:

u =
@�

@x
; w =

@�

@z
: (1.8)

Substitution into the equation of continuity leads to a Laplace equation.

However, the velocity potential can not be applied in the neighbourhood

of solid surfaces because there the ow can not be regarded as irrotational

any longer due to viscosity e�ects. To overcome this problem the boundary

layer concept was introduced, in which it was stated that a turbulent ow

with a very high Reynolds number can be divided in two parts with di�erent

equations of motion to be solved:

I The layer close to the surface where viscosity has to be taken into ac-

count, called boundary layer.

3If one de�nes a typical length L one can write this ratio as follows:

Finertia

Fviscous

=
@
@t
(mv)

�A @v
@z

=
V 2L2

�V L
=

LV

�
; (1.7)

with V = L=T , A = L2 being the surface and � = ��. The exact value of L depends on the

problem.
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II The part outside the boundary layer where the ow can be regarded in

�rst approximation as inviscid ow 4.

With this approach the ow problem can be solved over the majority of the

ow domain with the relatively easy potential ow approximation. Inside the

boundary layer, which is a very important part for sediment transport due

to its large velocity gradients, other solution methods have to be used. For
certain situations solutions can be found in the literature. However, in most

cases there are no clear-cut solutions available.

1.3.2 Waves

Surface gravity-driven waves may occur at a large variety of time scales; they

vary from tidal waves with a period of half a day or day to wind waves with

periods in the order of seconds. The wave height, that is the distance be-

tween the crest and the trough, ranges from centimeters up to several meters.

Short surface waves, in which the uid pressure is not hydrostatic anymore,
(contrary to long surface waves), cause an oscillatory uid motion. In shallow

water, this motion extends down to the bottom and is important for selective

transport of sediment.

Small-amplitude linear-wave theory Under the conditions of irrota-

tional ow, the basic equations for unsteady ow in terms of the potential

� are the Laplace equation:

@2�

@x2
+
@2�

@z2
= 0 (1.9)

and the time-dependent Bernoulli equation

@�

@t
+
1

2
(
@�

@x
)2 +

1

2
(
@�

@z
)2 +

p

�
+ gz = 0: (1.10)

Under the assumption that the amplitude of the surface elevation is small

compared to the water depth (small-amplitude waves), and compared to the

wave length (low-steepness waves), the non-linear terms may be neglected and

equation (1.6) transforms into the linear Bernoulli equation.

The boundary conditions necessary to solve these equations are obtained

from the situation at z = �h, where the vertical velocity component w =
@�
@z

= 0, and at z = 0 where w = @�
@z

= @a
@t

and the pressure p = 0. However,

because a is one of the unknown variables a Taylor-series expansions at z = 0

is needed5. Solving the equations of Laplace and Bernoulli with the boundary

4In free surface ow, the boundary `layer' often extends over the entire water column.
5For a more elaborate discussion see [Rij90] and references therein
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conditions, assuming a horizontal bottom and periodicity in space and time,

the following expression for � is obtained:

� = �
!

k
â
cosh[k(h+ z)]

sinh[kh]
sin(!t� kx); (1.11)

with:
z = vertical coordinate with z=0 at the mean of the water surface

â = amplitude of the (water)surface elevation (m)

! = angular frequency (2�T ) (s�1)

k = wave number (2�L ) (m
�1)

L = wave length (m)

T = wave period (s)
h = water depth for a = 0

a = surface elevation: a = â cos(!t� kx)
!
k
= wave propagation velocity (m s�1)

The uid velocities in the x and z direction are the derivatives of �:

u =
!H

2

cosh[k(z + h)]

sinh[kh]
cos(!t� kx); (1.12)

w = �
!H

2

sinh[k(z + h)]

sinh[kh]
sin(!t� kx); (1.13)

with H being the wave height = 2â.

Near the bottom z ' �h the uid motion will be mainly horizontal be-

cause the vertical component has to go to zero at the bed (w ' 0), in phase

with the water elevation. As been explained in section 1.3.1 the potential

ow solution is only valid outside the boundary layer. In the case of waves

without a signi�cant net current this layer will remain very thin because the

ow keeps on changing direction and the layer will not have time to develop.

Therefore the velocity at the edge of this boundary layer ub is approximated
by the velocity at z ' �h with a peak value of:

ûb =
!H

2 sinh(kh)
: (1.14)

This equation should, in principle, not be valid in shallow water, because the

wave amplitude is not small compared to the water depth anymore. Mea-

sured velocities in shallow water, however, show reasonable agreement with

computed values.
Inside the wave-boundary layer the velocity distribution can be solved

analytically in the case of laminar ow. For turbulent ow several methods

may be used to approximate a solution. The most practical way is to assume

a distribution that meets the boundary conditions.
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Non-linear small-amplitude wave theory Taking higher-order terms of

the non-steady Bernoulli equation into account, the potential function � can

be represented by a power series. The water elevation can be approximated

by a Fourier series, which leads to an asymmetric wave pro�le as shown in

�gure 1.2. The crests become somewhat narrower and higher and the troughs

longer and shallower.

A1

A2

A1+A2

Figure 1.2: An example of a higher-order wave pro�le with A1 being the

amplitude of the �rst-order wave and A2 of the second.

1.4 Sediment transport

1.4.1 Bottom shear stress

Important for sediment transport is the friction exerted by the uid on the

bottom, the bed or bottom shear stress �b (N m�2). In case of steady (@~v
@t

' 0)

uniform (@~v
@x

' 0) ow the following relation between bottom friction and ow
velocity an empirical relation is used:

�b = �fc�u
2; (1.15)

with �u being the depth-averaged velocity and fc the empirical Darcy-Weisbach

coe�cient based on data for turbulent ow. This coe�cient is related to the

bottom roughness expressed in terms of the roughness length ks (the Nikuradse

roughness length). There are various expressions in the literature to calculate

ks depending on the nature of the bed morphology. When bed forms, like
ripples, are present, ks is directly related to the height and length of such

structures. However, in a at-bed situation the roughness is fully determined

by the sediment type. Used values for ks in such cases vary from the d50 to

3d90 in case of a moving bed.
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For waves an equation for the bed shear stress and its peak value �̂b is

used that is similar to the one for uniform ow:

�b =
1

2
�fwubjubj hence �̂b =

1

2
�fwû

2
b; (1.16)

where the `wave-friction factor', fw, is introduced [Jon66]. This factor de-

pends on the relative bottom roughness, expressed as the ratio between the

Nikuradse roughness length ks and the semi-excursion length of the water par-

ticles Âb = ûbT=2�, where T is the wave period. Based on data of Jonsson
(1966) the following expression was found:

fw = exp
h
�6 + 5:2(Ab=ks)

�0:19
i
; (1.17)

with fw � 0:3. To give an idea of the numerical values: a wave with a period

T of 6 seconds and a peak velocity ub in the order of 1 m s�1 gives a semi-

excursion length of approximately 1 meter. For sheet ow over a sediment

bed containing sand with a d90 � 200 �m the wave friction factor is in the
order of 0.01; when ripples are present with a length of 10 cm and a height of

2 cm, the friction factor fw � 0:05.

Shields parameter A minimum shear stress �b;crit and therefore a thresh-

old uid velocity is needed to set a grain into motion. The magnitude of this

velocity can be calculated using the Shields parameter �

� =
�b

(�s � �)gd50
=

0:5�fwjub(t)jub(t)

(�s � �)gd50
: (1.18)

This parameter expresses the ratio of the bed shear stress �b and the

(stabilizing) force of gravity. When the bed shear stress is high enough, �
becomes larger than the critical Shields parameter �c and grains will start

to move. The magnitude of this critical Shields parameter was determined

empirically by Shields as a function of the Reynolds number. This function

can be represented as a function of a dimensionless particle diameter that

incorporates the density and diameter of the grain.

Hiding and sheltering An alternative way to using the critical Shields

parameter for calculating the critical value of the shear stress is given by

Komar, Li and Wang described in several articles [Kom84, Kom86, Li86,

Kom88]. By considering the horizontal directed forces working on a spherical

grain resting on a bed of grains with radius R one may write:

�crit = (�s � �m)gr tan(�); (1.19)
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where � is the pivoting angle, r the radius of the grain and g the gravitational

constant. A larger angle leads to a larger critical shear stress; consequently a

larger uid stress is needed to initiate motion. From measurements of Miller

and Byrne (1966) the following empirical relationship was found:

� = e(r=R)f ; (1.20)

in which e and f are empirical coe�cients and R the average sediment diam-
eter [Mil66]. Komar and Wang (1984) used the following expressions, valid

for grains with a diameter smaller than 1 mm (as in the present study SI-

units are used, the numerical values of e and f will di�er from those in the

references)[Kom84]:

�crit = 0:00071(�s � �m)gr
0:57 tan(�) (1.21)

� = 61:5(r=R)�0:3: (1.22)

Equation (1.21) provides a critical shear stress that is both a function of size

and density.

More general one can say that in case of non-uniform sediment the (crit-

ical) shear stress for individual grains may depend on the surrounding sed-

iment. This is called `sheltering' or `hiding' because grains are `sheltered'

by each other from the uid. Several other authors give correction factors,

�i =
�c

�c;corrected
, to account for `hiding' for either the critical Shields param-

eter (shear stress) or the e�ective Shields parameter. An overview is given

by Ribberink 1987 and for a more elaborate discussion see references therein

[Rib87]. Equations (1.23), (1.24) and (1.25) give expressions developed by

several authors.

Based on a theoretical approach Eziagaro� (1957) suggested a correction

for the critical bed shear stress:

�i =

 
10 log 19

10 log 19 di
dm

!2

; (1.23)

where di is the grain size of a fraction and dm is the average grain size of the

total sediment dm =
P

i pidi. For di = dm the correction factor is equal to

unity. Misri et al. (1984) gives an exposure correction based on theoretical

grounds
�i = (di=dm)

�1 for di
dm

< 1:0;

�i =
�

10 log 15:1
10 log(30:2di=dm�0:5)

�2
for di

dm
> 1:0:

(1.24)
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Day (1980) proposes an exposure correction based on a large number of ex-

perimental data

�i =

�
0:4

(di=da)0:5
+ 0:6

�2
; (1.25)

where da is representative for the gradation of the mixture:

da

d50
= 1:6

�
d84

d16

�
�0:28

(1.26)

All three expressions give a correction smaller than unity for the coarser

grains implicating that these grains experience a larger force than in case
of uniform sediment. However, some authors suggest a hiding factor that is

equal to unity for the coarser fractions [Rib87]. Hiding plays a role in selective

transport because small grains require a higher shear stress to be set in motion

when they are hided between larger grains.

Intergranular forces A grain at the bottom also experiences `impact forces'

from saltating grains hitting the bed. In wind this e�ect is responsible for

bringing grains continuously in saltation. In water, however, according to

Bagnold (1941) the descending grains are not capable of ejecting other grains

by their impact and initiation of motion is caused by the uid alone [Bag41].

1.4.2 Sediment transport models

In the near coastal region longshore (shore-parallel) and cross-shore (shore-

normal) sediment transport may be distinguished; both complicated processes

that are not easy to describe. Longshore transport is governed by tidal and/or

wave induced currents that transport sediment, stirred up by waves and cur-

rents. Cross-shore transport is complex, due to the continuous variation of

the ow velocity, as well in magnitude as in direction. Several mechanism
play a role: e.g. orbital wave motion, wave asymmetry and generation of long

waves. In shallow coastal waters also the spatial variation of the water depth

is important (shoaling, refraction). The present study is mainly focussed on

sediment transport mechanisms due to waves and is therefore mostly a�liated

with cross-shore sediment transport.

We may divide sediment transport into two modes: (I) bed-load and (II)

suspended-load transport. In the �rst mode the grains remain more or less

in contact with the bottom or stay in the near vicinity of it. They move by

sliding, rolling and `jumping' (saltation). In the suspension transport mode

grains have no contact with the bottom for a longer period of time (several
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wave periods). However, in practice it is not always possible to distinguish

between the two transport modes

In the low (orbital) velocity regime, with vortex ripples, relatively a lot of

sediment is brought into suspension. In the high velocity regime (� >� 0:8�

1:0) a large amount of sediment is moving in a region very close to the bottom

(a few centimeters) and relatively little, higher up in the ow. Under these

sheet ow conditions, sediment moves like a sheet over the bottom, a division

between bed-load and suspension mode becomes a question of de�nition.

There are a wide variety of sediment transport models available, based

on theoretical as well as empirical considerations and applicable to di�erent
conditions. Comprehensive overviews are given by Horikawa (1988) [Hor88]

and van Rijn (1993) [Rij93]. As examples three models valid under wave

conditions in the sheet ow regime will be discussed.

� Bailard's model(1981) [Bai81]. This model relates transport rates

to the work done by the bottom shear stress, �bu, in which u is the

horizontal uid velocity. A distinction is made between bed load and

suspended load transport. Bailard uses two e�ciency factors �b and �s,

for bed the load transport qb and suspended load transport qs, respec-
tively. These factors account for the fraction of the energy spent to the

transport process. Both are obtained by calibration. The intra-wave

transport rate in grain volume per unit length and time (m2 s�1) at

time t is given by:

qb(t) =
�bu

(�s � �)g tan�

=
0:5fw�b
�g�

u3(t) (1.27)

qs(t) =
0:5fw�s
�gws

ju3(t)ju(t); (1.28)

where � = (�s � �)=�, � is the internal angle of repose (for sandy

sediments � = 0.6) and fw is the wave-friction coe�cient (see eq.(1.16)).

� Ribberink's model (1993) [Rib93, Rib96]. In this (bed-load) model

the Shields parameter � (see page 21) is the parameter determing sedi-

ment motion. One of the goals of this model was to create a formula that

was valid under waves as well as under steady ow conditions. Therefore

it uses a type of formula that was empirically obtained by Meyer-Peter

and M�uller (1948) [Mey48] for steady ows but also showed good agree-

ment with observed transport rates under wave conditions. The basic
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formula looks like

�b(t) = m fj�(t)j ��cg
n �(t)

j�(t)j
; (1.29)

where �b is a dimensionless transport parameter �b =
qb

(�gd350)
0:5 and

�c the critical Shields parameter. In case of waves where the Shields

parameter is time dependent, � = �(t), a representative Shields pa-

rameter �repr is de�ned to be able to make a comparison with steady

current.

fj�reprj ��cg
n �repr

j�reprj
= hfj�(t)j ��cg

n �(t)

j�(t)j
i; (1.30)

where h::i is the half or full wave-cycle time averaging. The coe�cients

m and n were determined by �tting �eld as well as lab data and are

taken to be 9.1 and 1.78, respectively.

� Dibajnia and Watanabe's model (1992) [Dib92]. This model takes

into account the delayed behaviour of sediment in suspension; sediment

stirred up under the crest of the wave and which has not settled yet

will be transported in the opposite direction under the trough of the

wave and vice versa. By considering the fall velocity of the sand and

thickness of the sheetow layer �s under crest and trough of the wave

this `time lag' is incorporated in the model.

The thickness of the sheetow layer �s is calculated by an energy con-

cept:

�s =
Ek

(�s � �)V g
=

0:5�V u2i
(�s � �)V g

=
u2i �

2(�s � �)g
; (1.31)

where Ek is the kinetic energy of a sand particle with volume V and

density �s moving in its ambient uid with density �. The parameter ui
can either be uc or ut, and is de�ned as the equivalent sinusoidal velocity

amplitude under crest or trough, respectively

u2i =
2

Ti

Z Ti

0
u2dt; (1.32)

where Ti = Tc or Tt is the duration of the positive or negative part of

the velocity pro�le, respectively. The time which a particle needs to

settle Tf;i is then equal to the thickness of the layer divided by the fall

velocity ws:

Tf;i =
u2i

2�gws
; (1.33)
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wherein � =
(�s � �)

� . If the ratio !i between settling time Tf;i and

the period of the positive (negative) part of the wave velocity pro�le

is larger than unity, sand is still in suspension when the ow changes

direction and will subsequently be transported in the opposite direction

under the other part of the wave cycle.

!i =
Tf;i

Ti
=

u2i
2�gwsTi

: (1.34)

To estimate the amount of sediment in suspension, the dimensionless

parameters 
i and 
0

i are introduced:

If !i � 1 then 
i = 2!i
wsTi
d50

and 
0

i = 0:

If !i > 1 then 
i = 2wsTi
d50

and 
0

i = 2(!i � 1)wsTi
d50

:
(1.35)

The net non-dimensional transport rate represented by � is given by:

� =
ucTc(


3
c +
03

t )� utTt(

3
t +
03

c )

T (uc + ut)
; (1.36)

where the subscripts c and t refer to crest and trough, respectively,

and T = Tc + Tt. The parameter � is empirically related to measured

non-dimensional transport rates �bw =
hqi

wsd50
by:

�bw = 0:001j�j0:55
�

j�j
: (1.37)

The model is capable of predicting a net transport opposite to the direc-

tion of the peak velocity in case of sheet ow. According to the authors,
it gives a reasonable estimate of the transport rate under a wide range

of sheet ow and ripple conditions.

Both Bailard's and Ribberink's model are quasi-steady; they directly connect

the sediment motion to the instantaneous uid velocity. The model of Diba-

jnia & Watanabe is quasi-unsteady; it incorporates non-linear e�ects in the

coupling between the motion of the uid and the sediment.

1.4.3 Selective transport

Selective transport of sediment occurs when grains react di�erently to the

driving forces wind and water. Hiding, for example, results in a selection

based on grain size (see above). Slingerland (1984) [Sli84] distinguished four

di�erent types of sorting processes:
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1. entrainment sorting: sorting by di�erences in the threshold velocity to

initiate motion

2. shear sorting: vertical sorting resulting in a layered structure by inter-

actions between grains

3. suspension sorting: separation of grains in suspension by di�erent sett-

ling velocities

4. transport sorting: separation of grains due to di�erences in transport

velocity, entrainment and suspension sorting.

In the models presented in section 1.4.2 selection is incorporated since

they comprise the sediment characteristics density and the median grainsize.

For an inhomogeneous sediment consisting of several sediment types, char-

acterised by �s;i and d50;i, one can calculate the transport rate qi for each

sediment type separately. Interaction between grains of di�erent sediments

can be incorporated by applying hiding factors as discussed in section 1.4.1.

Taking into account the fraction pi of each sediment type in the total sed-
iment, the fraction within the transported sand pi;T according to Bailard's

and Ribberink's model is than given by (without hiding e�ects)

pi;T =
piqiP
piqi

: (1.38)

For the respective models this means

� Bailard's model (eq. 1.27): In case of bed-load transport

pi;b =

0
@1 +X

j=2

�ipj

�jpi

1
A

�1

(1.39)

and for suspended load transport

pi;s =

0
@1 +X

j=2

�ipjws;i

�jpiws;j

1
A
�1

; (1.40)

where ws is the fall velocity.

� Ribberink's model (eq. 1.29): If it is assumed that velocities are high

enough such that � � �c and n ' 1:5 then pi;T is the same as for

Bailard's model in case of bed load transport and given by equation

1.39.
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This means that for these two models `selectivity' is independent of the uid

velocity. In the model of D & W the heavy fraction within the sand in motion,

does depend on the velocity because it is one of the factors that determines

wheter or not sand is transported opposite to the direction of the peak velocity.

1.4.4 Heavy mineral placers

Accumulations of heavy minerals (placers) at beaches are mostly found in

areas su�ering from erosion and have generally been thought to develop due

to the winnowing of light material from beach sediments. Extensive studies

about the subject have been published by several authors. Frihy et al. (1995)

[Fri95] studied spatial variations of the heavy minerals contents along the Nile

Delta in Egypt. Areas of erosion were characterised by higher concentrations

of heavy minerals like garnet and zircon. The less dense and coarser grains
were found in zones of beach accretion where they were deposited after be-

ing selectively removed from areas of beach erosion. Woolsey et al. (1975)

[Woo75] concluded that backshore heavy mineral concentrations on Sapelo

Island (Georgia) were fully the result of dune erosion. The concentration pro-

cess was most e�ective during moderate surf energy levels attending storm

wane.

Eitner (1995) [Eit95] found entrainment sorting to be very important for

development of heavy mineral concentrations at the beach. Heavy minerals

in beach samples were hydraulically equivalent with the light minerals but

the critical bed shear stress varied. He concluded that because the heavy and

light fraction had the same settling velocity, concentration can only be the
result of selective removal of the light fraction from the beach. Consequently

accumulations of heavy minerals are indicative for beach erosion.

Cordes (1996) [Cor66] studied the origin of heavy mineral concentrations

at a beach near Skagen in Denmark. He concluded the main source of heavy

minerals to be dune sand, enriched by selective aeolian transport. Accumu-

lations developed by reworking of the beach sediments.

However, Stapor (1973) [Sta73], who studied heavy mineral placers at

the coast of Florida, found strong indications for o�shore concentration of

heavy minerals. Wave tank experiments performed by May (1973) [May73]

support this. Slingerland (1984) [Sli84] described the formation of deposition

areas at bar crests containing a relatively large heavy mineral fraction with
a settling velocity that is greater than that of the light fraction; large light

grains are more likely to be entrained than small heavy ones, because they

protrude further into the ow. Moreover, hiding e�ects may play a role.

This points to the possibility that heavy minerals are concentrated o�shore
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to be subsequently transported to the beach. Also Bonka (1980) [Bon80], who

observed the high -dose rate coming from heavy minerals at the beach of

Norderney, suggests a combination of concentration in water and on land.

The experiments performed by May (1973) in a wave tank were performed

to study the formation of accumulations of heavy minerals in the form of

discrete lamina. Accumulations did occur with several combinations of water

depth and wave height where the best results, with respect to selectivity, were

obtained under moderate conditions (peak velocities at the wave boundary

layer in the order of 0.2-0.3 m s�1). It was observed that under these con-

ditions heavy minerals were transported onshore whereas light grains were
moved in a o�shore direction. The author explained this by de�ning three

classes of sediment, based upon their response to the wave condition:

1. grains that are not moved,

2. grains that are only moved under the crest of the wave, i.e unidirectional
motion,

3. grains that move under the crest as well as the trough of the wave, i.e.

bi-directional motion.

If the heavy grains fall into class two and the light ones in class three, the

selection is most e�ective [May73]. This indicates that the sediment is segre-
gated o�shore and that the heavy minerals may, under favourable conditions,

be transported shorewards to be deposited there. This shows that heavy and

light mineral grains are transported in di�erent modes: the small heavy grains

move close to the bottom as bedload whereas the larger lighter grains move

in suspension.

About the origin of heavy mineral placers the following can be concluded:

� Heavy mineral placers are generally found at beaches that su�er from

erosion.

� Entrainment sorting is an important factor for the development of heavy

mineral concentrations in water as well as at the beach.

� Heavy minerals may be transported shorewards while light minerals may

move in the opposite direction.
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1.5 Gamma radiation and its detection

1.5.1 Natural radioactivity

The crust of our earth contains several naturally radioactive elements. Some

of them, like 40K, 232Th, 235U and 238U, are remnants of long lived isotopes

and have been there since the origin of this planet. They have a half life that

is of the same order of magnitude as the age of the earth.

The di�erences with which light and heavy minerals incorporate natural

radionuclides makes it possible to use radiometric techniques for the study of

transport processes. The practical applications are not restricted to detection

of accumulations of heavy minerals; the sensitivity of such methods allows for
discrimination between sediments based upon their radiometric characteris-

tics.

In �gure 1.1 one can see that the half life of the nuclei in the chains

are considerably shorter than that of the parent nuclei 238U and 232Th . If

the system is isolated, meaning that no nuclei can disappear otherwise than

through the process of nuclear decay, the state of so-called secular equilibrium

is reached. In secular equilibrium the activity concentrations of all the nuclei

in the chain becomes equal. Thus, provided the system is closed, measuring

the activity concentration of one member of the chain provides information

about the presence of all members.

Activities are expressed in becquerel (Bq), where one becquerel corre-

sponds to one decaying atom per second. The activity A of a radioac-

tive nucleus, given in Becquerel (Bq) is given by

A =
N ln 2

T 1

2

; (1.41)

where N is the number of atoms and T 1

2

is the half-life time of the

radionucleus. In this thesis activity concentrations are determined,

which is the activitya per unit weight of material (sand), expressed

in Bequerel per kilo (Bq kg�1). One can calculate, using Avogrado's

number, that an uranium and thorium concentration of 1 ppm is equal

to an activity concentration of 12.3 and 4.0 Bq kg�1, respectively. One

percent K2O contains 257 Bq kg�1 40K.

aThis should not be confused with the speci�c activity.
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The decay series of uranium includes a radium isotope with a long half-life

time that is soluble in water. The next product in this series is radon, which

is a gas and has the possibility to escape. The principal -ray emitters in the

uranium decay series are progeny of these nuclides. Because it is not sure that

the system is isolated, the measured activities might not be representative for

the actual uranium concentration . To check to what extent mineral grains can

be considered as an isolated system, uranium concentrations determined with

X-ray uorescence were compared with measured bismuth concentrations.

Within the uncertainties of the measurements there were no indications that

the systems were not closed [Mei94]. For quartz, however, it is known that up
to 20-30% of radon formed in the grains escapes [Rog91, Spo96]. Therefore,

the activity concentration in the decay series of 238U will be reported as the

�rst nuclide in the chain that emits  rays, being bismuth-214.

From the two main ingredients of the sand found at the Dutch beaches,

the light minerals quartz and feldspar, feldspar is a mineral that may contain

components that are rich in potassium (40K). This nucleus and several nuclei

present in the decay chain of 238U and 232Th which can be incorporated in

the crystal lattice of certain heavy minerals, are -ray emitters; their activity

concentration can be determined by  ray detection.

1.5.2 Detection of gamma rays

For the detection of  radiation we use the interaction of photons with mat-

ter. Three processes play a role: (1) the photo-electric e�ect, (2) Compton

scattering and (3) pair production. For the energy range of interest mainly
the �rst two processes are of importance. In the photo-electric e�ect the total

energy of the photon is transferred to the detector material whereas in comp-

ton scattering only part of its energy is transferred. The third process, pair

production, is less important for the detection of gamma radiation of natural

origin because the average energy of the emitted  rays is approximately 1.0

Mev, which is just over the threshold energy for pair production (1.0 MeV).

The three -ray detectors used in this study will be discussed:

- a semi-conducting hyper-pure germanium (HPGe) detector for high ac-
curacy measurements in the laboratory,

- a sodium iodide (NaI(Tl))- and

- a BGO (beryllium germanium oxide) scintillation detector.
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Germanium detector In the laboratory samples were measured on a semi-

conducting HPGe detector. This detector is basically a diode, consisting

of a hyper-pure germanium crystal between a p type and a n type contact

formed on opposite surfaces of the crystal. Incoming photons create electron

hole pairs within the depletion layer. By applying a reverse voltage over the

diode, these charge carriers cause a change in voltage. Because the number of

electron-hole pairs depends linearly on the energy of the incident photon, the

magnitude of the voltage change is a measure of the absorbed energy. Semi-

conductor detectors have a very high energy resolution because the average

energy needed to create an electron hole pair is small (3.0 eV). They are
therefore well suited for -ray spectroscopy. The semi-conducting detectors

have to be cooled to very low temperatures before they can be operated and

are not very practical for �eld measurements; their use is mainly restricted to

the laboratory.
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Figure 1.3:  spectrum of sand from Ameland measured with a HPGe de-

tector during 674 seconds. Note the narrow high photo peaks and a broad

continuum of Compton energies.

In the setup at the KVI laboratory the crystal (180 cm3) is placed in-

side a container with walls of 10 cm thick, made of `old lead' to reduce the

background radiation. Samples are dried and sieved to remove coarse parts

(> 2 mm), and are placed on the crystal in a sample holder matching the
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sample volume. Signals from the detector are pre-ampli�ed (ORTEC GEM-

45200S) and then processed by a Personal Computer Analyzing (PCA) card

(IBM PCA from `the Nucleus'). This card in combination with a personal

computer acts like a multi-channel analyzer in which the pulse height of a

signal is converted in a channel number by a analogue to digital converter

(ADC) and the contents of the channel is incremented by one. In this way a

pulse-height spectrum is generated that corresponds to the energy spectrum

of the photons. In �gure 1.3 a  spectrum is shown of a sand sample from

Ameland (containing a relatively large concentration of heavy minerals) mea-

sured with a HPGe detector during 674 seconds. Note the narrow high photo
peaks and the broad continuum of compton energies.

Portable NaI detector For onshore �eld measurements (Chapter 4) a

portable -ray detector (SCINTREX GIS-5) was used. This scintillation

detector contains a 3.7 � 3.7 � 5.0 cm3 thallium activated sodium iodide

(NaI(Tl)) crystal, specially `ruggedised' for �eld measurements.

A scintillation detector is based on the principal that some materials con-

vert an absorbed gamma ray into a light pulse with an intensity proportional

to the energy of the incident gamma ray. This light pulse is transformed into

an electrical pulse by a photo-multiplier tube (PMT). These pulses are subse-

quently processed electronically. The scintillation detector is the combination

of scintillation crystal and PMT. The energy resolution of scintillation detec-

tors depends on the scintillation material but is in general considerably worse
than of semi-conductor detectors. Because they do not need to be cooled and

they are very suitable for �eld measurements.

Pulses from the SCINTREX detector system may sorted according to

amplitude by using one of the four windows:

1. Total Counts (TC), all  energies above 0.05 MeV

2. Bi + Th + K, all  energies above 1.38 MeV

3. Bi + Th, all  energies above 1.66 MeV

4. Th, all  energies above 2.38 MeV

The possible measuring periods are 1, 3, 10, 30 and 100 s; all recordings on

the island were `total-counts' measurements with an integration time of 10
seconds. It is assumed that the square root of the measured number is a good

estimate of the statistical uncertainty.

The `action radius' of the detector is in the order of meters if held at

hip height. Because the penetration length of  rays in air is large, it is the
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solid angle, penetration length in sand plus the activity concentrations of the

sediment that are the factors that determine how large the `action radius' is.

BGO detector For the measurements within the Large Scale Wave Tunnel

(see Chapter 3) the ERG-detector system MEDUSA (Multi-element detector

system for underwater sediment activity) was used, which contains a Bismuth

Germanium Oxide (BGO) scintillation crystal (5 cm �, 15 cm long). This

crystal has a high e�ciency for  radiation due to the high speci�c density

of the material and the high Z value of bismuth. It is not hygroscopic and is

resistive to shock, properties that make it very suited for a detector that has

to be towed over the bottom of the sea. Due its high e�ciency it allows for

accurate measurements of the activity concentrations in a short time.

A disadvantage of using a BGO crystal is that the light output is relatively
low resulting in an energy resolution which is worse than a NaI crystal of sim-

ilar size. Photo peaks in the spectrum are broader, but the peak to Compton

ratio is considerably better than for HPGe or NaI. To make optimal use of the

high e�ciency of this detector the special method of spectrum deconvolution

is used for analysis as will be described in the next section.

In �gure 1.4 a schematic view of the detector system, as used in the tunnel,

is given. On the cylindrical crystal a photo multiplier tube (PMT) is mounted

together with a voltage divider (for the PMT). They are placed inside a

watertight sealed aluminium cylinder. A second cylinder connected to the �rst

by a coaxial cable, contains the high voltage power supply (HVS), an ampli�er,

an analogue to digital converter (ADC) and additional electronics to transmit
the signals through a coaxial cable to a PC for storage and processing.

To shield the crystal from radiation coming from its surroundings (cosmic

rays and radiation coming from building materials) the tube with the crystal

is placed inside a rectangular piece of lead (25 � 17 � 11 cm3) with a slit in

the bottom side such that the detector faces the sediment bed. The two tubes

together with the lead shielding were placed in a specially carriage designed

to �t into the tunnel. The carriage could be placed on a rail present in the

tunnel and was positioned manually at the desired locations in the tunnel at

a chosen distance from the bottom of the tunnel.

1.5.3  ray analysis

Two types of analysis may be distinguished: (1) spectroscopy based on the

content of photo peaks in case of  detection with a high energy resolution as

with the HPGe detector and (2) spectrum deconvolution in case of detection

with a low energy resolution as with the BGO detector.
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Figure 1.4: Front and top view of the detector system within a lead shield.

Spectroscopy The pulse height spectrum from the HPGe detector is anal-

ysed using the commercial analysis programme GammaTrac [Gam93]. The

contents of each photo peak is determined after subtraction of the background.

From this the activity concentration of the corresponding radionuclide is de-

rived, taking into account the mass, the branching ratio, which gives the

statistical chance that this transition takes place, and the photo-peak e�-

ciency of the detector (the probability of a full energy response of a photon

to be detected). Assuming secular equilibrium, the activity concentration of

the parent nucleus 232Th (or 214Bi) is considered to be the weighted mean of

the concentrations of several isotopes from the respective decay series.
In a few cases two -ray energies are not separated within the resolution

of the detector. Usually this is not a problem because in the decay series

of uranium and thorium several  rays are emitted which may be used to

determine the activity concentration. For 40K a problem may occur because

its only  ray at 1460.8 keV practically coincides with the 1459.2 keV  ray

emitted by one of the nuclei in the decay series of thorium. For samples

where K and Th have the same activity concentration the K line is about ten

times stronger than the Th line and corrections based on the strength of other

Th lines is readily made. In certain cases, however, with a thorium activity

concentration that is several orders of magnitude larger, it becomes virtually

impossible to determine the 40K content accurately.
To determine concentrations a good calibration of the system is essential.

The e�ciency of the detector is de�ned as the number of photons in the photo

peak divided by the total number that is emitted by the source. Besides the

volume of the crystal and the photon energy it depends on the size and density

of the sample and the sample-detector geometry. The last aspect depends on
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the type of sample holder that is used.

The system is calibrated for di�erent types of sample holders with an

aqueous solution of man-made radionuclides emitting  rays with energies in

the interval from 59 - 1836 keV. The e�ciencies for the  energies radiated

by the calibration solution have been determined for several sample volumes.

Based on the e�ciency ew of water a density dependent correction can be

made for the self absorption in the sample; the e�ciency es(Ei) for an energy

Ei of a sample of sand with a density �s is given by

es(Ei) = ew(Ei)�
Ss

Sw
; (1.42)

where S is called the self-absorption factor. Because this factor is a measure

for the fraction of the emitted photons that is not absorbed the name is

somewhat misleading. It may be calculated by

Sj =
1� e��j�jd

�j�jd
; (1.43)

where d is the height to which the sample holder is �lled. The attenuation

or absorption coe�cient �j (cm
2 g�1) is a function of the Z number of the

absorber j, i.e. the type of material, and the photon energy. Multiplication

with the speci�c density of the absorber gives the linear attenuation coe�cient

� (cm�1), which is a quantity that will be used in the rest of this thesis.

The uncertainties in the measured radionuclide concentrations originate

from di�erent sources:

- counting statistics,

- uncertainties in the e�ciencies and

- uncertainties arising from inhomogeneities in the samples.

An extra systematic error is caused by the summing e�ect; when two

(or more) photons are absorbed by the detector within the dead time of the

detector they may be detected as one instead of two photons. In case of 214Bi

and 232Th the total uncertainty is estimated to be in the order of 5% - 10%.

This is con�rmed by comparisons with chemical measurements of the heavy

mineral contents of sand samples [Mei90].
The level of accuracy for 40K depends strongly on the heavy minerals

concentration in the sample; high concentrations lead to a decrease in accu-

racy. This may partly be avoided by improving the statistical accuracy by

increasing the measuring time.
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Spectrum deconvolution In �gure 1.5 a typical  spectrum as recorded

with the BGO detector is shown. On basis of the contents of the photo peaks

alone no accurate activity concentrations can be obtained. It is also evident

that the integrated contents of the full spectrum is large compared to that of

the photo peaks.

Figure 1.5: A typical  spectrum (measured of the coast of Terschelling in

November 1994) as recorded with the BGO detector with a measuring time

of 5 minutes. The location of the prominent photo peaks of 40K , 232Th and
238U are indicated.

The method of spectrum deconvolution assumes that the number of pos-

sible sources of natural  radiation from minerals are limited to three: 40K,
232Th and 238U. This means that every natural  spectrum can considered

to be a superposition of standard spectra of each of these three sources sep-

arately plus a constant contribution from the background. Hence, the count

rate R(i) in counts per second as recorded in channel i of a spectrum from an

arbitrary sample containing only natural radionuclides can be written as

R(i) = CK �K(i) + CBi � Bi(i) + CTh � Th(i) +B(i); (1.44)
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with K(i), Bi(i) or Th(i) are the count rates in channel i from the standard

spectra and B(i) the contribution of the background; the unknown concentra-

tions of the radionuclides are denoted with CK; CBi and CTh and i = 1; ::; N

is the channel number where N is the total number of channels in the spec-

trum. The values of CK; CBi and CTh are then determined by a least squares

method:

X
i

[CK �K(i) + CBi � Bi(i) +CTh � Th(i) +B(i)�R(i)]2

�2
S(i)

= minimal;

(1.45)

where �2R(i) =
p
R(i) is the uncertainty in de count rate R(i) [Pat95].

To obtain standard spectra, calibration pads from the British Geological

Survey (BGS) were used [Sta93]. These are concrete blocks with a volume of

1 � 1 � 0.3 m3 with a well known concentration of the three radionuclides
40K, 232Th and 238U (214Bi). They are an approximation of the in�nite-plane

geometry which occurs at the sea bottom. The spectra were measured with

the detector underwater and a geometric correction factor was applied for the

limited size of the pads.

With this method activity concentrations can be determined with an accu-

racy of approximately 10% with a measuring time of 10 seconds. This short

measuring time makes it possible to tow the detector over the sea bottom

while measuring the activity concentration6. In the experimental setup of the
large scale wave tunnel, where the BGO detector was used, measuring periods

of 30 sec were taken to increase the accuracy.

6If a towing speed of � 8 km h�1 is assumed this means that the spatial resolution is �

25 m.



Chapter 2

Experiments in a small-scale

wave ume

To investigate selective sand transport by waves under controlled conditions,

experiments in a small-scale wave ume were carried out. Originally the ex-

periments were meant to see if it was possible at all to create conditions under

which selective transport occurs. It quickly became clear, however, that it was

more di�cult to get conditions under which separation of the sediment into

a light and heavy fraction did not occur. This gave the opportunity to con-

centrate on the `degree of selectivity' as function of hydraulic circumstances.

Sand was exposed to a number of asymmetric wave conditions with periods

varying from 1 - 2 seconds and velocities under crest and trough in the order

of 0.2 - 0.6 m s�1. Part of the runs was carried out with an opposite ow of �

0.1 m s�1. Due to the glass walls of the ume the processes could be followed

`online' which gave insight into the processes at the bottom. Analysis of the

samples taken after each experimental run showed how e�cient the selection

of the oscillatory uid motion had been; there were samples with almost no

heavy minerals present and samples that consisted of 70 - 100 % heavy miner-

als. Under most conditions light grains were transported net in the opposite

direction of wave advance whereas the heavy grains were transported in the

wave direction.

Unfortunately it became clear during the runs that the experimental con-

ditions were not fully controllable; there was always some disturbance of the

waves from the tube that circulated the water to create a ow, and from the

walls of the ume. The e�ect of these disturbances was visible by the shape

of the edges of the sediment patterns that were formed at the bottom. This

was most clearly seen in the runs of less than an hour. For the longer runs
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the sediment formed a regular pattern at the bottom.

To explain the observed patterns formed by the segregation of the heavy

and light mineral grains, a semi-quantitative and time-dependent model was

developed tot calculate grain trajectories. This model, which is based on

the solution of the equation of motion for individual grains, gives insight in

the selection processes that occur when sediment is transported by waves. It

shows the signi�cance of incorporating non-linear e�ects.

This chapter starts with a description of the experimental set-up and

methods. Since radiometric techniques are already discussed in Chapter 1

only a brief description of aspects relevant for this experiment will be given.

The experimental results are presented in section 2.2.1 which also contains a

brief discussion. In section 2.3.2 the semi-quantitative model is described to

explain the `behaviour' of heavy and light mineral grains.

2.1 Experimental methods and procedure

2.1.1 Wave ume

Experiments were carried out in a small-scale wave ume at the Laboratory of

Fluid Mechanics of the Delft University of Technology, the Netherlands. The

ume, made out of glass, is 15 m long, 0.5 m wide and 0.8 m deep and has

a horizontal at bottom (�g 2.1). At one side of the ume a wave generator

is installed which can produce periodic waves with adjustable amplitude and

frequency. At the other end of the ume there is a wave damping slope, made

out of porous material, that inhibits wave reection. It is possible to create

a weak ow in the direction opposite to the waves, via a pumping system

(9-12 L s�1). The water is pumped out through a plastic tube (� 0.1 m) just

in front of the wave generator and enters the ume behind the slope. The

plastic tube caused a slight disturbance of the waves. A sand trap was used

to minimise the amount of sand entering the pumping system.

During the experiments with a net ow, water entered the ume behind

the wave damping slope (see �g. 2.1). Because the slope was not well attached

to the bottom over the full width of the ume, the uid was mainly owing

through the slit between the slope and the bottom. This gave rise to large

uid velocities near the slit.

Velocity measurements An Electro Magnetic Velocity (EMS) meter was

used to measure instantaneous water velocities. The EMS generates an elec-

tric �eld; the degree of disturbance of this electric �eld is a measure for the

water velocity. Because of the streamlined probe (ellipsoidal ' 20 mm �,
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Figure 2.1: Schematic side view of the wave ume

thickness 4 mm) it is possible to measure accurately as close as 5 mm to the

bottom or side walls. The amplitude of the signal produced by this instrument

is proportional to the actual velocity. During these experiments the signal was

recorded on paper. Uncertainties in the output signal are due to errors in the

calibration, (which was done in a special ume prior to the experiments),

errors in the zero setting and uncertainties in reading the output. They are

estimated to be within � 0.05 m s�1. The velocities were measured in the

centre of the ume between the wave generator and the starting position of

the sand, at several heights above the bottom.

Wave-height measurements The wave-height meter consists of two verti-

cal, parallel stainless steel rods which act as the electrodes of an ohmic electric

resistance meter. A platinum electrode is used as a reference to eliminate the

e�ect of variations in the conductivity of the water. With the instrument wave

heights up to 50 cm may be measured. The value of the measured resistance

was recorded on paper.
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2.1.2 Sand

The sand in the experiments was collected on the Islands of Texel and Ame-

land. The coarse parts (> 2 mm) were already removed. One part of it was

`normal' blond beach sand from Ameland; the other part was collected on the

beach of Texel and was naturally enriched in heavy minerals (� 30 %).

For the experiments a rather arbitrary mixture of the two types of sand

was used. Sand had to be added regularly (in between runs) to replace sand

lost in the sand trap and/or removed by sampling. It should be noted that the

heavy mineral concentration was not the same in all runs and consequently

the d50 and density of the sand will vary.

2.1.3 Sampling and sample analysis

All sand samples were taken with a plastic tube (� ' 1cm) which served

as a siphon. If the sample was taken from a thick layer of sand the tube

was pinched into the sand, to a depth of 2-3 cm, at di�erent locations in

the sampling area to get sand from the surface as well as from the `bulk'.

Sediment pumped out of the ume in this way was collected in 0.5 L bottles.

The samples, which had di�erent sizes depending on the amount of sand

available at chosen sampling area, were dried over night in an oven at 100�C

for further analysis.

Grain-size measurements The grain-size distribution of the sand samples

was determined by passing dried sand through a stack of sieves with decreasing

mesh size. The mesh openings of the sieves were 90, 106, 125, 150, 177, 212,

250 and 297 �m. From run S on a sieve with a mesh size of 355 �m was

also used. Samples were sieved for 10 minutes after which the mass of the

sand fractions was measured. The values of the d35; d50; d65 were determined.

Approximately 50 g of material was processed at once. Larger samples were

split into smaller subsamples that were sieved separately. Subsequently the

results were summed to determine the grain size distribution of the original

sample.

Density measurements The density of a sample was measured by weigh-

ing a certain volume of the sand that was compacted by means of shaking.

The porosity of the sand was taken to be 0.4 with an uncertainty of 5 %. The

error in the volume and the weight measurements of the sand was taken 1 mL

and 0.1 g, respectively.
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Radiometric analysis Radioactivity concentrations in the samples were

measured with the HPGe detector (see section 1.5.2). Samples were placed,

in small cylindrical boxes (� 5 cm and 2.5 cm high), on a stand above the

HPGe crystal. Samples were measured su�ciently long to have good counting

statistics.

If an arbitrary sample consists of a heavy and light fraction the total

activity concentration Atot is given by

Atot = �Bi+ThAH + (1� �Bi+Th)AL; (2.1)

where �Bi+Th is the total heavy minerals fraction (THM), AH and AL are the

average of the summed 214Bi and 232Th activity concentrations for the heavy

and light fraction, respectively. Therefore, �Bi+Th is given by

�Bi+Th =
Atot �AL

AH �AL
: (2.2)

The values of AH and AL are determined for a reference sample by de Meijer

et al. (1990) as 1176 � 20 and 6.0 � 0.2 Bq kg�1, respectively (see table

1.1 at page 12). Values of �Bi+Th are in good agreement with gravimetrically

determined concentrations of heavy minerals, provided the reference sample

has the same provenance [Mei90].

2.1.4 Experimental procedure

At the beginning of an experiment the sand in the water �lled ume (h � 30

cm) was brushed together until it formed a layer of a few (2-3) centimeters

thick and about 30 cm long over the total width of the ume. In this way a

well-de�ned starting position was created. For each run an arbitrary mixture

of the two types of sand was made.

Before the wave generator was turned on, a sand sample was taken and

the zero levels of the wave height and velocity meter were recorded. Sand

was exposed to waves, or waves in combination with a ow in the opposite

direction (ow velocity � 0.1 m s�1), for di�erent periods of time (varying

from 15 to 1020 minutes). The waves had a period (T) varying from 1-2.5 s

and a height (H) of 20-30 cm. A total of 25 experiments were carried out,

labeled A - Y. The sand pattern formed under inuence of the moving water

was divided into a number of regions. The criteria for this division in regions

were the distance from the starting position of the sand, its colour and bed

form. A sand sample was taken from each region. The dried and sieved

sand samples (104 in total) were taken to the KVI-Groningen for radiometric

analysis.
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The positions where the samples were taken were chosen visually. The

di�culty in taking samples from a small area with a siphon and the demand

that there had to be enough material to analyse, led to relatively large sample

areas. To monitor the sediment at the bottom in a more continuous way was

not yet possible in this experiment.

To investigate the e�ect of an opposite net ow, two runs were carried out

for a number of wave conditions: one with and one without net ow.

2.2 Results and discussion

The discussion is restricted, for reasons of clarity to a number of typical

examples out of the total of 25 experimental runs . A complete overview

of the results is given in Appendix A. At the end of this subsection visual

observations made during the runs are summarised. They are illustrative for

the di�erences in behaviour between light and heavy particles. The outcome

of the sample analysis will be discussed in section 2.2.3 where the results of

the radiometric analysis will be compared to the outcome of the grain-size

and density measurements.

2.2.1 Experimental results

The results will be given in schematic diagrams indicating sampling positions

and tables, listing the conditions of the experiment and outcome of the sample

analysis. In general, the data are grouped such that two runs with the same

setting of the wave generator are combined, one with and one without a net

ow. Diagrams will sketch a top view of the wave ume and show where the

samples were taken. To give an idea of the distances over which the sand is

transported there will be a decimeter scale below each diagram. This scale is

such that 0 lays closest to the wave generator and 25 is closest to the damping

slope. The sample taken before each run was taken at the starting position

indicated by two dashed lines. In the tables it is given the index zero.

The tables start with the wave period and running time and run identi�er.

In the next block wave amplitudes and velocities are listed for the crest and the

trough. These velocities were measured at about 2 cm above the sediment bed

(crest and trough velocities are in opposite directions as indicated by the sign).

The lower part of the table lists the results of the sample analysis. For each

run the �rst column indicates the sample number; the location is indicated

in the accompanying �gure. Samples with the number zero were taken at

t = 0 at a location indicated by dashed lines. The median of the grain-size

distribution of the samples (d50) is given in the second column of the tables
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together with the width of the distribution, de�ned as � = 1
2
(d65-d35). In the

third column the densities of the samples, calculated for a porosity factor of

0.4, are shown. The radiometrically determined heavy mineral concentrations,

�Bi+Th (see above), are given in the last column.

Inuence of current Runs J and K are listed in table 2.1. The wave-

generator blade is positioned under a small angle with respect to the vertical

position to generate slightly asymmetrical waves.

J2

4 27 53

J1

310 1

J3

7 9 14 15

K1 K2 K3 K4

- -x (dm) x (dm)

Figure 2.2: Top view of the wave ume with the sampling areas for exper-

iments J and K. The wave-generator is positioned on the left-hand side and

the wave damper on the right-hand side. The wave propagates in the positive

x direction. The starting position of the sand is indicated with dashed lines

and the relative heavy mineral concentrations by the hatched areas.

wave period: (1:3 � 0:1)s

time: 60 minutes

run J (no ow) run K (with ow)

maximum elevation crest: (0:13� 0:02)m (0:08� 0:02)m

minimum elevation trough: (�0:06 � 0:02)m (�0:09� 0:02)m

maximum velocity crest: (0:44 � 0:05)m s�1 (0:38� 0:05)m s�1

maximum velocity trough: (�0:40� 0:05)m s�1 (�0:46� 0:05)m s�1

No d50 ; � �s �Bi+Th No d50 ; � �s �Bi+Th
�m kg L�1 � 100 �m kg L�1 � 100

J0 204 ; 23 3.00 (0.05) 23.9 (0.9) K0 197 ; 23 3.15 (0.05) 23.5 (1.2)
J1 212 ; 19 2.74 (0.05) 3.10 (0.15) K1 182 ; 15 2.69 (0.06) 5.9 (0.3)

J2 199 ; 22 3.22 (0.06) 28.6 (1.3) K2 182 ; 20 3.52 (0.09) 37 (2)

J3 169 ; 21 3.64 (0.08) 58 (2) K3 224 ; 19 2.90 (0.06) 7.7 (0.4)

K4 256 ; 25 2.88 (0.10) 1.33 (0.72)

Table 2.1: Results of and conditions for run J and K. The sampling areas

are shown in �gure 2.2.

Notice that, at the starting position, sand was used that was rather en-

riched in heavy minerals (' 24 %), �s = 3.00 kg L�1. Selective transport
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leads to a concentration of sand depleted (� ' 3 %) in heavy minerals at J1.

The sand is characterised by a somewhat increased median diameter and a

lower density. For J3 the median diameter is smaller, the density and activity

higher than for J0; this sample has a heavy mineral concentration of about

60 %. The sample from J2 is still a mixture of light and heavy minerals

although the density is somewhat increased indicating that light grains are

removed faster than heavy grains.

In run K, with a current in opposite direction of the wave propagation,

one observes that heavy minerals are hardly moving from the starting position

(K2) whereas transport of light minerals is observed in both directions (K1

opposite to; K3 and K4 in the direction of the waves). From the median

diameters one notices that small, light grains are transported with the current

(K1) whereas the larger, light grains move in the direction of the waves (K3

and K4). With increasing diameter the distance over which the grains are

transported increases. One notices that sample K4, located more than one

meter from the starting position, contains only light grains with a rather large

diameter.

Comparing the two runs leads to the observation that, due to the ow,

the pattern becomes much more elongated especially in the wave direction.

This is opposite to the ow direction and opposite to the direction in which

one intuitively would have expected that transport of sediment would occur.

Another striking di�erence is that without ow, mainly heavy minerals are

transported in the wave direction, whereas with ow mainly large-grained

light minerals travel in that direction. In both runs the smaller-grained light

material moves over a small distance in the direction opposite to the waves.

Inuence of opposite ow In run L and M the blade of the wave genera-

tor is positioned vertically to generate symmetric waves. The conditions listed

in table 2.2 indicate that the e�ect of the opposite ow becomes stronger. For

the velocities near the sediment bed the introduction of the ow leads to a

reverse situation in the relative maximum velocities under crest and trough

of the waves. The results of run L are comparable to those obtained in run

J with the exception that in run L a group of large-grained light minerals is

observed (L4) being displaced over the largest distance (about 1m). In retro-

spect, it is not clear if such a group was absent in run J, but it is likely that

if such a group had been clearly present it would have been sampled.

If run K is compared with run M, sample M1 contains much more heavy

minerals and hence has a smaller d50 and a larger density value than was found

in sample K1. This result seems to indicate that near the bottom the increased
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Figure 2.3: Top view of the wave ume with the sampling areas for experi-

ments L and M. See also �gure 2.2.

wave period: (1:4� 0:1)s

time: 60 minutes

run L (no ow) run M (with ow)

maximum elevation crest: (0:15 � 0:02)m (0:15 � 0:02)m

minimum elevation trough: (�0:07� 0:02)m (�0:05 � 0:02)m

maximum velocity crest: (0:50� 0:05)m s�1 (0:32 � 0:05)m s�1

maximum velocity trough: (�0:42 � 0:05)m s�1 (�0:54 � 0:05)m s�1

No d50 ; � �s �Bi+Th No d50 ; � �s �Bi+Th
�m kg L�1 � 100 �m kg L�1 � 100

L0 201 ; 23 3.21 (0.07) 25.2 (1.3) M0 200 ; 19 3.08 (0.02) 33.8 (1.4)

L1 215 ; 18 2.65 (0.03) 2.13 (0.11) M1 160 ; 17 3.01 (0.08) 29.7 (1.5)

L2 187 ; 23 3.48 (0.08) 33 (2) M2 159 ; 22 3.76 (0.03) 83 (4)

L3 177 ; 23 3.49 (0.04) 57 (3) M3 226 ; 13 3.05 (0.02) 21.9 (0.8)

L4 235 ; 23 2.96 (0.07) 5.73 (0.20) M4 226 ; 15 2.68 (0.02) 1.51 (0.08)
M5 262 ; 22 2.58 (0.02) 1.3 (0.8)

Table 2.2: Results of and conditions for run L and M. Sample areas are

shown in �gure 2.3.

velocity under the trough and the decreased velocity under the crest leads to

transport of heavy minerals opposite to the propagation direction of the wave.

Presumably only the lighter heavy minerals were transported and the heavier

ones remained in place. The fact that the heavy-mineral concentration in

M2 is so high indicates that the light minerals were removed very e�ectively.

Table 2.2 indicates that the light minerals have predominantly moved in the

direction of the waves. The transition of M3 to M4 marks a sharp change

in density, d50 and �Bi+Th values. Whereas in M3 still an � value of 0.25 is

found, M4 and M5 consist almost exclusively of light minerals.

The inuence of the opposite ow is in run M comparable to the one in

run K. The increased velocity asymmetry seems to have given rise to more

elongated patterns.
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Inuence of the wave period Next the inuence of the wave period was

investigated by using a larger wave period of 2.1 seconds in runs N and O.

The position of the wave blade is the same as in the former two runs L and M

and the results of the 4 runs will be compared. The diagrams are presented

in �g. 2.4 and the conditions and results in table 2.3.
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Figure 2.4: Top view of the wave ume with the sampling areas for experi-

ments N and O. See also �gure 2.2.

wave period: (2:1� 0:1)s

time: 60 minutes

run N (no ow) run O (with ow)

maximum elevation crest: (0:09 � 0:02)m (0:10 � 0:02)m

minimum elevation trough: (�0:06� 0:02)m (�0:04 � 0:02)m

maximum velocity crest: (0:44� 0:05)m s�1 (0:20 � 0:05)m s�1

maximum velocity trough: (�0:24 � 0:05)m s�1 (�0:40 � 0:05)m s�1

No d50 ; � �s �Bi+Th No d50 ; � �s �Bi+Th
�m kg L�1 � 100 �m kg L�1 � 100

N0 212 ; 19 2.90 (0.02) 14.3 (0.8) O0 217 ; 20 2.91 (0.02) 15.2 (0.6)

N1 239 ; 20 2.59 (0.02) 0.77 (0.09) O1 226 ; 17 2.78 (0.02) 1.84 (0.12)

N2 204 ; 18 2.92 (0.02) 21.6 (0.8) O2 212 ; 22 2.79 (0.03) 13.6 (0.5)
N3 180 ; 21 3.47 (0.03) 51 (2) O3 175 ; 21 3.59 (0.06) 48 (2)

N4 173 ; 21 3.90 (0.05) 58 (2) O4 165 ; 22 3.80 (0.05) 77 (3)

N5 213 ; 20 3.02 (0.06) 10.3 (0.4) O5 237 ; 25 2.94 (0.11) 7.8 (0.3)

Table 2.3: Results of and conditions for run N and O. Sample areas are

shown in �gure 2.4.

The velocities under the crest and trough are somewhat lower than in run

L and M because the wave-generator blade moves more slowly. The ratio of

the crest and trough velocities in run O is the inverse value of the ratio in

run N. Surprisingly this seems to have no e�ect on the selective transport

mechanism: both runs show the same overall trend: a decreasing medium

grain-size and an increasing density and heavy-mineral concentration when

looking in the propagation direction of the waves. From the results of the

former runs (L and M) the addition of the ow was expected to lead to an
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opposite distribution of the heavy minerals. This may be explained as follows:

An e�ect of a ow opposite to the wave direction is an increase of the bottom

roughness due to formation of eddies in the wave boundary layer (apparent

roughness [Rij90]). This means that the increasing e�ect on the velocity under

the trough of the wave works only outside the wave boundary layer. Since

the heavy mineral grains move as bedload inside the boundary layer they are

not exposed to the opposite ow and behave as if no ow is present.

It was observed that light sand is lifted up easily by the whirls or eddy

currents generated in the boundary layer and is moved at a relatively large

distance from the bottom. Dark-heavy material, on the other hand, stays

very close to the bottom and is `creeping' over the ripples of the sediment

bed or over bottom of the ume. This may explain why samples found in the

sand that was transported over the largest distance in either direction (N1,

N5, O1 and O5) contain large-grained light minerals.

Inuence of running time The relatively short duration of the runs

discussed may be the reason for the presence of transition areas, where the

sand is still a mixture of light and heavy minerals. To see if this was indeed the

case three long runs of 17 hours were made. Because of the risk of overheating

the pump during the night, it was not allowed to let the pumping system work

for such a long time unattended. Therefore these runs were all done without

an additional ow. The results and conditions of one of these runs (P) are

shown in table 2.4 and �g.2.5.

The wave heights and the measured velocities are comparable to the one

from run N but with a somewhat larger wave period. The sediment pattern

formed at the bottom showed very clear transitions between the di�erent

types of sand. This is reected well in the densities and the �Bi+Th values

of the samples. Except at the edges, the sediment bed consisted of regular

ripples over the total width of the ume.

The lighter material is moved faster or easier than the heavier sand and is

transported in the direction of the smaller (trough) velocity (P1). The heavy

minerals are moved by selective transport in the wave-propagation direction,

where the distance increases with increasing density and �Bi+Th values (P3,

P4 and P5). Somewhat larger, lighter grains with a rather large amount of

heavy minerals (P6), are transported over the largest distance, almost 2 m

in the direction of the waves. The sand at the starting position (P2) has

a depleted heavy-mineral concentration compared to the original sand (P0).

Because of the length of the run this is not due to incomplete removal of

the heavy parts of the sediment; it is much more likely that all the sand is
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Figure 2.5: Top view of the wave ume with the sampling areas for experi-

ment P. See also �gure 2.2.

wave period: (2:4� 0:1)s

time: 1020 minutes

run P (no ow)

maximum elevation crest: 0:10� 0:02)m

minimum elevation trough: (�0:05� 0:02)m

maximum velocity crest: (0:40� 0:05)m s�1

maximum velocity trough: (�0:30 � 0:05)m s�1

No d50 ; � �s �Bi+Th
10�6m kg L�1 � 100

P0 197 ; 12 3.01 (0.03) 15.0 (0.7)

P1 191 ; 13 2.58 (0.02) 1.0 (0.2)

P2 196 ; 13 2.73 (0.02) 8.3 (0.6)

P3 191 ; 12 2.98 (0.02) 33 (2)

P4 183 ; 18 3.47 (0.03) 36 (2)
P5 160 ; 18 4.46 (0.08) 70 (3)

P6 191 ; 15 2.95 (0.04) 24.4 (1.0)

Table 2.4: Results of and conditions for run P. Sample areas are shown in

�gure 2.5.

transported and is redistributed over the wave ume. The continuous pattern

as observed in �gure 2.5 supports this.

Visual observations Because the wave ume has glass walls and the min-

erals are very distinct in colour, it is possible to observe the e�ect of the

processes `online'. Recording the motion on video also allows a further o�-

line analysis. The observations may be summarized as follows:

� Starting from a at bed geometry the sediment rapidly is rearranged

into ripple structures. This rearrangement becomes visible in periods in

the order of minutes. The form and dimensions, which depend on ow

and grain parameters [Rij90], are schematically indicated in �g.2.6.
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� The uid motion near the sediment bed is in phase with the wave mo-

tion. This means that the maximum velocity in the forward direction,

that is the direction of the wave propagation, occurs under the crest

and the maximum velocity in the backward direction under the trough.

During the forward water motion vortices or eddies (see �g. 2.6) develop

behind the ripples which bring mainly light particles into the uid. Be-

cause of the asymmetry the vortex under the backward motion is much

less.

Relative to the water motion the vortex is a circular coherent ow struc-

ture with a diameter of a few centimeters. Grains stirred up or `cap-

tured' by the vortex, move with the water motion forwards and back-

wards and travel a certain distance along with the ow. Only part of the

particles will settle, which means that continuously one observes light

particles in the uid. The e�ect of these vortices on the light particles

is:

{ the integrated distance travelled in the horizontal and vertical di-

rection is at least in the order of the ripple length and height,

respectively.

{ the horizontal distance travelled is smaller in the forward than in

the backward direction because they are captured by the vortex.

{ the vortex will e�ectively inhibit the particles to settle and will

also `bring' some of the particles out of the boundary layer into

the uid or, in other words, into suspension.

Schematically the motion of the light particles, within or in the vicinity

of the boundary layer, is given in �gure 2.6. It should be noted that these

observations hold for the average particle motion and not necessarily for

each individual particle. Moreover in the present wording vortex motion

includes also the irregular motions present in the wake at the lee side

of the ripples.

� The dark coloured heavy particles more or less creep over the bed forms

over very small distances in the forward direction and over even smaller

distances backwards. They do not leave the boundary layer to enter the

uid but stay in the near vicinity of the sediment bed. This contributes

to the displacement of the bed (ripple) as an entity. Particles creep up

the slope and than drop over the crest. This motion is also schematically

indicated in �gure 2.6. For these particles no e�ect of the vortex motion

is observed except for small rearrangements at the foot of the lee side
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Figure 2.6: Schematic drawing of a. the bed con�guration, b. a vortex, c.

the motion of light and d. a heavy particle

of the ripple. Again one should be aware that this applies to for the

average particle motion.

2.2.2 Summary of the main results

In all runs a clear selectivity in sediment transport was observed. Summaris-

ing the results from the experiments leads to the following conclusions:

� Heavy minerals have a net displacement of zero or are transported in

the direction of the largest velocity.

� The net displacement for heavy minerals increases with increasing den-

sity and decreasing median diameter.

� Lighter, larger grains are lifted more easily or faster than heavy ones

and are transported in both directions. The light grains moved in the

propagation direction of the waves travel over a larger distance than the

heaviest heavy minerals.

� Patterns of sediment redistribution develop in a relatively short time

(several hours).

The e�ect of the ow opposite to the wave propagation direction is twofold:

� It enhances the trough velocity and reduces the crest velocity.
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� It leads to a more elongated sediment distribution pattern in either di-

rection. The reason for this might be the generation of more turbulence

or eddy currents at the bottom such that light mineral sand is lifted up

more easily.

The e�ect seems to depend on the wave period; it is less evident when the

waves are longer. This latter remark is based on the results of two runs (N

and O). Unfortunately, no more runs were made with a longer wave period in

combination with an opposite ow.

In section 2.3.2 a simpli�ed transport model will be introduced where

the selectivity is based on wave asymmetry and the di�erences in sediment

characteristics. In section 2.4 the outcome of the model will be compared

with the results presented in this section.

2.2.3 Assessment of the sample analysis

From all 104 samples taken during the experiments grain-size distribution,

density and 214Bi and 232Th activity concentrations were measured. The lat-

ter values were used to calculated �Bi+Th as introduced in section 2.1.3. In

�gure 2.7 plots of �Bi+Th against the density and median grain size (d50),

respectively, show a decreasing median grain size and an increasing density

when �Bi+Th gets larger. The median grain sizes of the samples show an
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Figure 2.7: Radiometric determined �Bi+Th plotted against the d50 and the

density of the samples.

approximately linear relation to the heavy mineral content represented by

�Bi+Th. Heavy minerals are more dense and therefore predominantly found

in the smaller size fractions (see page 16). Schuiling et al. found that an
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increase of the speci�c density of a mineral shifts its average grain size to a

smaller size class [Sch85]. It is therefore to be to be expected that a higher

concentration of these minerals in sand results in a larger speci�c density and

a smaller median grain size.

For samples containing almost no heavy minerals the median grain sizes

show poor sorting; with heavy mineral concentration increasing this sorting

improves quite rapidly and then remains almost constant. The reason for this

behaviour lies in the origin of the sand used in the experiments. The average

grain size of the sediment from the Dutch barrier islands is decreasing when

going from west to east [Ehl88]. The sand containing a high concentration of

heavy minerals was collected at the south point of the Island of Texel, which is

the most western situated island. The sand with practically no heavy minerals

came from the island of Ameland situated about 50 km to the east. At Texel

the grain size for light minerals is about 220 �m; at Ameland about 180 �m.

The two grains sizes are well reected in the d50 values at small values of

�Bi+Th. Because the light minerals come from both islands their grain size is

likely to show poor sorting.
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Figure 2.8: A. Activity concentrations for 214Bi (open squares) and
232Th (closed squares) as function of density. B. Activity concentrations for
214Bi and 232Th plotted versus each other. The line shows the equilibrium

situation ABi = ATh.

In the original sand the contribution to the total  activity of bismuth and

thorium are similar. In �gure 2.8-A one can observe that for samples with a

large density this is no longer true, the bismuth (open squares) contribution

is larger than the one from thorium (closed squares). In �gure 2.8-B this

is clearly visible. Considering the high density of the samples the deviation
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from the line ABi = ATh, denoted in �gure 2.8-B by a dotted line, is probably

caused by an relative increase of the zircon concentration. Zircon is mineral

with a speci�c density of 4.65 kg L�1 and a bismuth activity concentration

that is about seven times as large as its thorium contents see table 1.1.

The radiometric analysis shows good agreement with the density and grain

size measurements. The sensitivity of the radiometric analysis is large com-

pared to the density and grain size measurements. The latter two vary a

factor of two while the activity concentrations vary by a factor of more than

200. However, the value of AH used to calculate �Bi+Th is only useful for a

sample where all heavy minerals are present in the same proportions as in

the reference sample. If selection would be so e�ective that samples do only

contain certain minerals the value of AH would not be an appropriate refer-

ence value anymore. Deviations from the linear relation between density and

�Bi+Th in �gure 2.8-B, for � greater than � 0.5, indicate the separation of

the minerals in these experiments was indeed starting to play a role.

2.3 A simpli�ed model to calculate trajectories of

sand grains

The results and visual observations of the di�erences in the motion of heavy

and light particles as described in the previous section, are in agreement

with the results of other experiments; sediment transport by waves over a

rippled bed is in the direction of the largest peak velocity in case of bed

load transport and against the largest peak velocity when suspension is the

dominant transport mode [Man55, Sat86, Nap88] (summarised by van Rijn

(1990)). This suggests that transport of heavy and light particles should be

described separately in order to account for the di�erences. Our goal is to

develop one formalism to describe the motion of all particles and in this way

explain selective transport under waves.

The water motion, especially in vicinity of the bed, is extremely compli-

cated. This complexity is enhanced by the feedback of the uid motion on

the sediment motion, resulting in changing bed forms, and vice versa. During

the last years a considerable research e�ort was focussed on the description

of ow velocity and sediment concentration patterns above �xed rippled beds

(see Stive et al. (1995) [Sti95]). However, quantitative modelling of the

interaction with the bed is not yet possible. In the present work a semi-

quantitative description was developed in order to obtain understanding of

the experimental results.

From the results in the previous section it becomes clear that selectivity
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results from a di�erent susceptibility to pick-up by the uid motion. To

understand this susceptibility, an attempt is made to describe trajectories

of classes of particles, characterised by density and grain size. A similar

approach was used by May (1973) [May73] who developed a qualitative model

to explain selectivity in transport under waves (see section 1.4.3). Although

the description of May is capable of explaining the development of heavy

mineral placers it does not have predictive power as to which mineral grains

will accumulate, since grains were classi�ed only in retrospect, based on their

position after the experimental runs.

The model as developed in this study gives insight whether grains of a

certain size and density will be moved on or o�shore under given wave con-

ditions. Choosing for simplicity rather than sophistication, the model incor-

porates only �rst-order e�ects and focuses on the movement in the vertical

direction. This implies that particles are considered to be spherical, and that

only �rst-order e�ects of the vortex motion are taken into account. In the

present nomenclature the vortex motion also incorporates irregular uid mo-

tions in the wake of bed forms. For the motion in the horizontal direction it

is assumed that grains travel with a fraction of the uid velocity.

Section 2.3.1 starts by listing and justifying assumptions and simpli�ca-

tions used in the model. Next in section 2.3.2 the model is constructed and

some particle trajectories will be calculated. In the �nal section (2.4.1) model

calculations will be compared to the data and model parameters will be eval-

uated.

2.3.1 Assumptions and simpli�cations

The vertical component of the trajectory travelled by a grain is calculated

by solving the equation of motion. In the description of Morsi & Alexander

(1972) and Van Rijn (1993) this contains a drag, a gravity and a lift force

[Mor72, Rij93]. E�ects related to viscosity or friction are incorporated in the

lift and drag coe�cients which have to be determined empirically. Here a

somewhat di�erent approach is chosen in which viscosity-related e�ects, like

for example drag, are incorporated in a friction force. Therefore the lift is

generated only by velocity di�erences over the particle and the motion of the

particle in the vertical direction is governed by a gravity, friction and lift force.

The choice of speci�cally addressing the friction force, as worked out in the

next subsections, allows a simpli�cation of the problem because it avoids the

necessity to describe the vortex and turbulent motions. As a consequence of

this simpli�cation, plus the assumption that the horizontal motion is a �xed

fraction of the uid velocity, results should be interpreted qualitatively or
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semi-quantitatively. The model gives information on transport mode, trans-

port direction and relative distances traveled by grains, characterised by their

density and grain size.

The description of the near-bed uid-velocity distribution u(z; t) as a func-

tion of the depth z and at time t, is a crucial point. A boundary layer ap-

proximation is taken with a certain boundary layer thickness and a certain

velocity distribution pro�le. The selectivity of the sediment transport occurs

in this boundary layer.

All grains are assumed to be spherical; their radius and speci�c density

are denoted by R and �s, respectively. The size of the particles is such that it

can be assumed not to disturb the velocity distribution over the depth. The

velocity gradient in the horizontal direction is taken to be zero: @u
@x

= 0.

Friction force The most simple way of modelling the friction force is to

use Stokes' law, where friction is directly related to velocity. Unfortunately,

using this law is only justi�ed for so called creeping ow or, for Reynolds

numbers (related to the relative ow velocity with respect to the particle)

much smaller than unity. The Reynolds number for the present situation will

not be small enough 1. In addition, turbulent `structures' like vortices will

develop in the vicinity of the sediment bed, especially at the leeside of ripples.

The question is how to model these features in a simple and correct way. To

do this a qualitative evaluation is made of the e�ects of vortices (and other

turbulent or irregular uid motions).

As discussed earlier, the presence of a vortex motion may be considered,

to �rst order, as a circular motion around a horizontal axis perpendicular to

the stream propagation which, on the average:

1. causes only a small net displacement of the particles in the horizontal

direction (relative to the center of the vortex)

2. `prevents' particles moving at some distance from the bed to settle and

will `eject' part of them out of the boundary layer into suspension.

Since a description of an individual particle trajectory becomes quite cum-

bersome, it is assumed that the inuence on the horizontal motion may be

ignored meaning that the displacement in that direction caused by turbulent

and vortex motion will not be modelled separately but the average displace-

ment (being zero) will be adopted. The vertical motion is a�ected as if the

particle was moving in a non-turbulent uid with a high viscosity or friction.

1
The grain diameter is in the order of 10

�4
m, � is 10

�6
m

2
s
�1

and ur in the order of

10
�3

or 10
�2

m s
�1

, giving a Reynolds number of � 0.1-1.



58 Experiments in a small-scale wave ume

This approach is in fact a separation of the viscous and turbulent e�ects;

all turbulent and vortex motions are incorporated in an e�ective friction co-

e�cient and the uid is reduced to non turbulent. The net e�ect of this

procedure is that the friction force can be represented by the Stokes law with

a viscosity that is multiplied by a factor K, larger than unity, which will be

called the e�ective friction coe�cient:

Ffric(v) = �6�R � vz �K: (2.3)

In this equation R and vz are the radius and the velocity in the z direction

of the particles, respectively, and � (=��) the dynamic viscosity which is

1:0 � 10�3 N s m�2 for water of 10�C.

The `positive' e�ect of the vortex motion, namely the `ejection' of par-

ticles into higher parts of the ow is not included in this description. As a

consequence the thickness of the boundary layer will be a limiting factor for

the maximum height to which a grain can be lifted.

Lift force Another consequence of separating variables is that in the e�ec-

tive non-turbulent uid Bernoulli's law (equation 1.6) may be applied. One

of the simpli�cations is that grains are spherical. This implies that the grain

itself does not cause a di�erence between the uid velocity at its upper and

lower side like, for example, in the case of an airfoil. So in the case of a spher-

ical grain placed in a uniform ow, Bernoulli's law predicts a zero lift force.

This changes, however, for the case of a particle placed in a non-uniform ow.

It is assumed here that a grain, because of its small dimensions compared

to the depth of the ow, does not disturb the vertical velocity pro�le, so

Bernoulli's law, see section 1.3.1, in a somewhat modi�ed form, causes a lift

force on a grain:

Flift(z; t) = A� (P (z � r; t)� P (z + r; t))

= A
1

2
�m(u

2(z + r; t)� u2(z � r; t)); (2.4)

with A = �r2 being the `e�ective' surface of the grain for the uid-grain

interaction, P (z; t) the instantaneous pressure at a distance z from the bottom

(Pa), u(z; t) the instantaneous uid velocity at a distance z from the bed (m

s�1) and t is time.

This expression does not di�er substantially from a theoretical expression

derived by Sa�man (1965) [Saf65]:

Flift = ���0:5d2vr(
@u

@z
)0:5; (2.5)



2.3 A simpli�ed model to calculate trajectories of sand grains 59

where vr is the relative velocity of the grain with respect to the uid and � is

a coe�cient that is equal to 1.6 for viscous ow [Rij93]. Also here the velocity

gradient, with respect to the vertical coordinate z, and the grain diameter are

important ingredients. The principle of selective transport is not inuenced

by this choice of representing the lift force.

Fluid velocity near the bottom as a function of height. Using small-

amplitude wave theory, the horizontal uid velocity can be obtained from

the wave parameters at every moment and height. This theory is based on

potential ow, that is irrotational and that is valid for almost the total ow

except for a thin layer close to the bottom where viscosity has to be taken into

account. In this thin region (i.e, z0 � z � z� in which z0 is the height where

the uid velocity is equal to zero and z� is the edge of the boundary layer)

the relation between uid velocity and height z is not known. What is known

is that in this layer large velocity gradients (
@u(z; t)
@z

) must be present since

the velocity has to decrease to zero. To be able to lift sediment from a bed,

the velocity gradient has to be large close to the bottom. Because particles

stay in the vicinity of the bottom this gradient decreases with increasing z.

The boundary conditions are:

1. For z = z0: u(z) = 0;

2. For z = z�: u(z) = ub.

where ub(t), the velocity at the edge of the wave boundary layer. The value of

z0 depends on the sediment con�guration. The uid velocity can be obtained

from second-order linear wave theory. A possible function that matches these

boundary conditions and has a decreasing derivative with z is a logarithmic

function:

u(z) =

8<
:

0 for z � z0;
ub

ln( z�
z0
)
ln(

z

z0
) for z > z0

: (2.6)

This choice of the velocity distribution, in principle, allows for a lift force on

grains. This is of course not the only function that matches the boundary

conditions and has a decreasing gradient. Other possible functions are a

polynomial or an arctangent function.

Zero-velocity level and boundary layer thickness In the model z0 and

the thickness of the wave boundary layer are input parameters to retain some

exibility. It turned out to be possible to simulate the trajectories for either
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type of sand with the same thickness of the boundary layer (in the order of

several millimeters2) and the same value of the zero velocity level.

2.3.2 Model description

Considering the forces working on a grain in a uid, the equation of motion

in the z direction (the direction perpendicular to the bottom) is:

m
d2z

dt2
= Flift(z; t)� Ffric(z; t)� Fgrav; (2.7)

where:
m = e�ective mass of the grain(kg);

Flift(z; t) = lift force (N);

Ffric(v) = friction force (N);

Fgrav = gravity force (N);

v(z; t) = dz
dt = vertical velocity of the grains (m s�1);

t = time (s)

z = vertical position relative to z = 0 (m).

The e�ective mass of a spherical grain immersed in a perfect incompressible

uid consists of its physical mass and an apparent additional mass, due to

the motion of the body relative to the ambient uid:

m =
5

3
�R3(�s + CM�m); (2.8)

in which:
R = radius of the grain (m);

�s = density of a grain (kg m�3);

CM = additional mass coe�cient;

�m = density of the medium (kg m�3).

In these calculations the value of CM is adapted for a sphere in a potential

ow: CM = 0.5 [Men60].

The gravity force is given by:

Fgrav =
5

3
�R3g(�s � �m); (2.9)

with g being the acceleration due to gravity (m s�2).

The lift force can be written according to equation 2.4 as:

Flift = A
1

2
�m

u2b(t)

ln2
�
z�
z0

�
�
ln2

�
z +R

z0

�
� ln2

�
z �R

z0

��
; (2.10)

2
Using an empirical formula of Jonssen and Carlsen (1976) for turbulent ow gives similar

values [Jon76].
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with ub is, according to second-order wave theory, ub = u1 sin(2�t=T ) +

u2 sin(4�t=T ) where the peak velocity under the crest wave Uc = u1+u2 and

under the trough Ut = u1 � u2.

All the forces working on a grain are formulated and the equation of

motion can be expressed as:

m
d2z

dt2
= Flift(t; z)� Ffric(vz)� Fgrav

= Flift(t; z)� Cfric
dz

dt
� Fgrav; (2.11)

where Cfric = 6�R�K is the friction coe�cient according to Stokes' law mul-

tiplied with the e�ective friction coe�cient K.

Due to the non-linear z-dependence of the lift-force, this di�erential equa-

tion has to be solved numerically (Runge-Kutta) which means that the process

will be discretised with a step in time of �t.

Movement in the horizontal x direction The motion in the x direction

may also be modelled by solving an equation of motion such as

m
d2x

dt
= �Cfric

�
dx

dt
� u(x; t)

�
; (2.12)

in which the term in parentheses represents the velocity of the grain with

respect to the uid. This would mean that the horizontal grain velocity is

not only reduced with respect to the orbital velocity, but also delayed (there

is a phase lag ��). Because the two are coupled equation 2.12 may be ap-

proximated by
dx

dt
= bui(z); (2.13)

with ui(z) the velocity at ti at height z and b < 1 for a non-zero phase lag.

As a consequence the choice of b has no inuence on the selectivity because

it is a scaling factor.

2.3.3 Summary of the assumptions and simpli�cations

In summary, the following assumptions and simpli�cations are made:

1. Grains are spherical;

2. Grains are not transported by rolling;
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3. Variation of the uid velocity as a function of time is of the same shape

as, and in phase with the water elevation (linear small-amplitude wave

theory);

4. Viscous, vortex and turbulent e�ects are incorporated in a friction force

via the e�ective friction coe�cient K.

5. The lift force is due to a uid velocity gradient, via the Bernoulli e�ect.

6. The increase of uid-velocity with z, the distance from the bottom, is a

logarithmic function of z inside the wave boundary layer.

7. The thickness of the wave boundary layer is constant.

8. For the horizontal motion the particle moves with a velocity that is a

fraction of the uid velocity at the height of the center of the particle.

2.4 Assessment of the model

In this section the functioning of the model will be discussed. This will be done

by showing some results of calculations and by evaluating the parameters.

2.4.1 Model calculations

As mentioned in the previous section the model calculates particle trajectories

x (cm)

z 
(m

m
)

0

2

4

0 4 8 12

Figure 2.9: The movement of a

quartz grain under one wave as calcu-

lated by the model. The starting point

is at x=0.

in a two-dimensional xz-plane, x be-

ing the direction of the wave propa-

gation and z being the vertical coor-

dinate. Such a trajectory is shown

in Figure 2.9 where the motion of a

quartz grain during the passing of a

single wave, calculated by the model,

is drawn.

The input parameters of the

model may be divided into sediment

and ow parameters. Sediment is

characterised by density (�s), grain

size (d) and average diameter of the

grains in the sediment bed (davg).

Flow is parameterised by the maxi-

mum velocities under the wave crest
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and trough (Uc and Ut), wave period (T ), `e�ective' viscosity (K � �), zero

velocity level (z0) and thickness of the boundary layer (�). In the model cal-

culations the sediment parameters will be kept constant and only the ow

characteristics will be changed.

In this section model calculations are compared with experimental results.

Three types of grain will be considered: a light mineral grain (�=2.6 kg L�1;

d = 200 �m), a heavy-mineral grain (� = 4.0 kg L�1; d = 150�m) and an

`intermediate' grain with medium density (�=3.0 kg L�1) and a large diameter

(d = 250 �m). The average diameter of the grains in the sediment bed dmean

will be 215�m in all cases.

The value for z0 can be estimated from the ripple height which was in the

order of 1 cm. According to the relation z0 = ks=30, where ks is the Nikuradse

roughness length, one obtains a value of z0 � 200 - 300 �m. A suitable value

for the e�ective friction coe�cient K was obtained by trial and error.

For various ow conditions the trajectories of the grains will be calculated.

The results will be presented in graphs like �gure 2.9. In all �gures the

direction of the wave propagation is from left to right.

Maximum velocities under crest and trough. In �g. 2.10 trajectories

for the three grain types are presented for three combinations of Uc and Ut.

From the �gure one notes the clear di�erences in transport mode of the light

and heavy particle. In all three combinations the light grain is not settling

and remains o� the bottom; it will either be transported against the wave-

propagation direction or its net displacement is zero within one wave cycle.

The heavy grain always moves in the wave-propagation direction. Moreover

one observes that the excursions in the x direction increase with increasing

values of Uc and Ut whereas the excursion in the z direction mainly depends

on Uc. These results are in agreement with the experimental observations;

heavy grains were transported in the direction of the highest velocity and

the light ones in the direction of the smallest velocity. Also the shape of

the trajectory is in agreement with the observations made during the runs:

light grains stay o� the ground and follow the alternating ow motion and

the heavy grains make small jumps, staying more or less in contact with the

sediment bed.

For the intermediate grain, however, the net displacement is rather sensi-

tive to the combinations of Uc and Ut. These grains with a `medium' density

were found at both the edges of the formed sand pattern and this behaviour

is not simulated in a satisfactory manner
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Figure 2.10: Calculated trajectories for three types of sand grain for various

values of Uc and Ut: A. Uc = 0:5 m s�1, Ut = 0:3 m s�1, B. Uc = 0:6 m s�1,

Ut = 0:3 m s�1 and C. Uc = 0:5 m s�1, Ut = 0:4 m s�1. The values of the

other parameters are: z0 = 215 �m, T = 2 s, K = 20, and � = 5 mm. The

wave propagates from left to right. The grains are �rst subjected to the crest

motion.

Thickness of boundary layer In �g. 2.11 trajectories are presented for

the three types of grain for various values of the boundary layer thickness �.

The main e�ect of the layer thickness is the vertical velocity gradient. This

gradient diminishes with increasing thickness and consequently the magnitude

of the lift force decreases. As may be observed in �g. 2.11 the increase of

� results in a smaller excursion in the z direction. For the light grain this

means that it returns earlier to the bed which leads to a decrease of the x

displacement along the x axis and, for the largest thickness, as a positive

directed net movement. For the intermediate grain the reduced lift results in

increased displacement and for the heavy grain it is not su�cient anymore to

overcome the downward directed force of gravity, and hence this grain does

not move at all.

Zero velocity level In �g. 2.12 trajectories are presented for the three

types of grain for various values of the zero-velocity level z0. The lift force

will increase with decreasing z0 causing an early pick-up so the excursion in
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Figure 2.11: Calculated trajectories for three types of sand grain for various

values of the boundary layer thickness �: A. � = 5 mm, B. � = 7 mm and C.

� = 10 mm. The values of the other parameters are: z0 = 215 �m, T = 2 s,

K = 20, Uc = 0:5 m s�1 and Ut = 0:3 m s�1. The wave propagates from left

to right. The grains are �rst subjected to the crest motion.

the positive x direction will increase. One can see that a small value of z0,

with respect to the grain diameter, results in a positive transport direction

for the light mineral grain too.

Viscosity As mentioned in the previous section a multiplication factor K

for the viscosity was introduced to describe the e�ect of the vortex and tur-

bulent uid motion on the e�ective settling of the grains. A larger value of K

corresponds to more turbulence (friction) and hence a smaller settling velocity.

In �g. 2.13 trajectories are presented for the three types of grain for various

values of K. From the �gure one notes for K close to unity the transport

is hardly selective: all grains move in the direction of the wave propagation

(This e�ect becomes even stronger for smaller values of K.). Increasing K,

corresponding to increasing friction, results in smaller z excursions and slower

settling. Especially for the light grains this leads to a larger displacement un-

der the trough in the direction opposite to wave propagation. As a result

the selectivity in transport between light, intermediate and heavy grains in-

creases with larger values of K. A value of K in the range of 10-30 gives
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Figure 2.12: Calculated trajectories for three type of sand grains for various

values of the zero velocity level z0: A. z0 = 250 �m, B. z0 = 215 �m and C.

z0 = 50 �m. The values of the other parameters are: � = 5 mm, T = 2 s,

K = 20, Uc = 0:5 m s�1 and Ut = 0:3 m s�1. The wave propagates from left

to right. The grains are �rst subjected to the crest motion.

results comparable to experiments in the ume.

Wave period The inuence of the wave period was examined for three val-

ues of T: 1, 1.5 and 2.5 s. The results for the three types of grain are presented

in �g. 2.14. As can be seen the length of the trajectories increases consid-

erable with increasing value of T. This is not surprising since a larger value

of T means that particles remain for a longer time o� the sediment bed and

consequently travel a longer distance. One notices that with increasing T, the

selectivity in transport decreases rapidly especially for the intermediate and

heavy grains. The net displacement of the light grain within one wave period

changes from negative to positive. This result shows the non-linear behaviour

as a consequence of the di�erences in threshold velocity for entrainment for

di�erent grains. Under longer waves this e�ect becomes less dominant and

grains move in the same direction.
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Figure 2.13: Calculated trajectories for three types of sand grain for various

values of the e�ective friction factor K: A. 1 B. 10 and C. 30. The values of

the other parameters are: z0 = 215 �m, T = 2 s, � = 5 mm, Uc = 0:5 m s�1

and Ut = 0:3 m s�1. The wave propagates from left to right. The grains are

�rst subjected to the crest motion.

2.5 Conclusions

The aim of the experiments was to investigate the possibility of creating

conditions in the laboratory in which selective transport of light and heavy

minerals could be obtained. From the experiments it can be concluded that

selective transport is the rule and not the exception. In all measurements a

di�erence in net transport distances was observed. In general, light and heavy

grains were net transported in opposite directions with the heavies moving in

the direction in which the maximum velocity in the wave period occurred.

One observes that light grains are mainly transported after being brought

into suspension, whereas heavy grains creep over the sediment bed (bed load

transport). The e�ects of selective transport become manifest in a rather

short time. Longer runs indicate that the initial thin sediment layer gets

completely reworked and grains become distributed according to density.

From sample analysis it was found that the activity concentrations of bis-

muth and thorium increase with density; for higher densities the bismuth

to thorium ratio starts to change, indicating a further selectivity within the
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Figure 2.14: Calculated trajectories for three types of sand grain for various

values of the wave period T : A. T = 1 s, B. T = 2 s and C. T = 3 s. The

values of the other parameters are: z0 = 215 �m, � = 5 mm,K = 20, Uc = 0:5

m s�1 and Ut = 0:3 m s�1. The wave propagates from left to right. The grains

are �rst subjected to the crest motion.

heavy mineral suite. These results indicate that `in situ' radiometric mea-

surements can be used, rather than taking disturbing samples. In principle

the radiometry seems to be a direct measure of the density.

A model was constructed to describe the observations. One may conclude

that the model, despite its severe simpli�cations, seems to be able to simulate

the trajectories of light as well as heavy grains with one set of (ow) param-

eters. It shows that it is not unlikely for light particles to move against the

wave direction. Of course the question remains whether this model based on

the motion of a single particle has predictive power for sediment transport in

general.

The model can in principle be applied for any ow condition by chosing a

suitable value for the e�ective friction coe�cient K. This parameter represents

all mechanisms that may delay or inhibit the settling of a grain and has

therefore a somewhat `fuzzy' character. To reproduce the selectivity observed

in the wave-ume experiments an e�ective friction coe�cient K, had to be

used that is in the order of ten to thirty. This e�ectively means that all

particles settle a similar factor slower than in still water. The conditions for
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hydraulic equivalence remain unchanged. One should be aware that because

K is a constant variations in time and place of the responsible mechanisms

are not taken into account.

In order to give quantitative estimations of sediment transport rates, dif-

ferent aspects have to be taken into account as well:

- the probability for a grain of getting into motion (so far it is assumed

that a grain that may move will move),

- what happens after one wave has passed, speci�cally whether grains

in suspension will stay o� the bottom or whether they will eventually

settle.

With respect to the assumptions in the model the present investigations have

pointed out that for this simpli�ed model quantities such as thickness of the

boundary layer and the velocity as function of z in this layer are of prime

importance. Because the velocity at the sediment bed (z = z0) has to be

zero and at the upper boundary of the layer (z = z1) equal to U
max, various

functions may be applicable.

Concerning other aspect of the model the following remarks can be made:

� The `positive' e�ect of the vortex motion on the vertical motion of the

light grains is not taken into account and the upward force is solely

generated by the velocity gradient. The vertical velocity distribution is

such that outside the wave boundary layer this gradient is small and

not su�cient to lift the grains higher up into the ow. This means that

the vertical distances are determined by the thickness of the boundary

layer. What one can see is that the light particles tend to stay o� the

bed, which can be interpreted as being in suspension. The `crawling'

behaviour of the heavy grains was simulated well.

� Only with value of the zero-velocity level z0 in the order of the grain

diameter the model is able to simulate the displacements observed in

the wave ume.

� Qualitatively the model seems to predict the displacements of the grains

rather well. The di�erences in the motion of heavy and light grains are

reproduced and the direction of the net movement is in agreement with

the experimental results.



Chapter 3

Experiments in a wave tunnel

3.1 Introduction

The experiments described in the former chapter had an exploratory charac-

ter; the small ume allows only for low velocities and short wave periods which

are not well representative of the conditions which occur on the Dutch coast.

To overcome these restrictions, experiments were carried out in the Large Os-

cillating Wave Tunnel (LOWT) of Delft Hydraulics, `de Voorst', in the spring

of 1994. These experiments were supported by the EU programme `Human

Capital and Mobility' under its division Large Installations Programme.

The experiments described in this chapter are the �rst in the LOWT in

which sand with a high concentration (�40 % of the mass) of heavy minerals

was used. In the initial part of the tests, conditions were chosen as close as

possible to the conditions used in the ume (Chapter 2). This meant that in

the experiments a small section of the tunnel was covered with a thin bed of

sediments and that peak velocities under crest and trough were chosen such

that they had an overlap with the ume experiments. Complete overlap could

not be achieved since the LOWT is not able to generate waves as short as in

the ume experiments.

In the second part of the experiments conditions were chosen to correspond

with the normal kind of experiments in the LOWT. For that purpose the test

section of the tunnel was covered with a thick layer of sediment over its full

length . Wave period and peak velocities were set similar to those used in

earlier test-series, carried out with uniform light sediment (�s = 2.65 kg L�1)

[Rib94]. The velocities were higher than in the wave ume and correspond to

the sheet-ow regime (see Chapter 1). These conditions are considered to be

representative for conditions near the seabed in the �eld under moderate to
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strong wave action. They were designed on the basis of estimated near-bed

oscillatory ow conditions in the North Sea at the Dutch shoreface at water

depths of 5-25 m in moderate to strong wave conditions [Rib94].

The experimental test-series can thus be divided in two types:

I : The `thin layer experiment' consisting of test-series with an initial

sediment bed of approximately 1.0 � 0.3 � 0.02 m3 (length � width

� thickness). Two wave regimes were applied; one in the ripple regime

(F1) and one in the sheet ow regime (F2).

II : The `thick layer experiment' consisting of test-series with an initial

sediment bed of 12.5 � 0.3 � 0.3 m3, i.e covering the total length of the

ume. All �ve test-series were in the sheet ow regime (F3 - F7).

Type (I) was carried out to get more insight in the selective transport mech-

anisms under the chosen conditions and to make a comparison possible with

experiments carried out in the wave ume at Delft University of Technology

in 1992 (see Chapter 2). Experiments of type (II) allow for a comparison

between behaviour of sediment with a high concentration of heavy minerals

and that of `normal' (quartz) sand as used in experiments in the LOWT by

Al-Salem and Ribberink in 1992 [Rib94].

During both experiments a BGO detector was used for detection of  ra-

diation. This detector is part of the MEDUSA system as utilised by the Envi-

ronmental Radioactivity Research Group (ERG) to study sediment transport

near the Dutch Frisian Islands of Terschelling and Ameland. In those studies

the MEDUSA system, containing among other sensors a BGO detector, is

towed behind a vessel over the sea oor. In this way the natural radioactivity

of the sediment is recorded and is collected to derive information on selective

transport of heavy and light minerals. In the present study such a BGO de-

tector system was also used to test its sensitivity under laboratory conditions

and to validate the methodology to extract information on sediment compo-

sition from the natural  radiation emitted by the sediment. This validation

could be made by taking samples from the sediment and analyse them for

grain size, density and activity concentrations. Moreover the results of the

analysis were used to derive sediment transport rates.

In case of the thick layer experiment the measured transport rates were

lower than when `normal' sand was used. The sample analysis and radiation

measurements showed that the heavy mineral content in the bed was increas-

ing. It will be shown that the observed changes in radiation levels may be

described in a `two-layer-approach'. In this approach the sediment is con-

sidered to consists of a layer that is `active' in the transport process and an
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`inactive' layer. This approach also allows for a calculation of transport rates

for heavy and light minerals separately and to derive an estimation of the

thickness of the active layer from the data. To perform these calculations the

results of the radiation measurements were used.

This chapter starts with the discussion of the experimental set-up and used

methods. Than in section 3.3 the thin layer experiment will be discussed and

compared to the waveume experiment described in the former chapter. The

thick layer experiment and the `two-layer-approach' are discussed in section

3.4.

3.2 Experimental set-up

3.2.1 The Large Oscillating Wave Tunnel

Figure 3.1: Large Oscillating Wave Tunnel

The Large Oscillating Wave Tunnel (LOWT) was designed to simulate the

situation under waves in the nearshore zone, in the region close to the bottom

at a one to one scale. Figure 3.1 presents a schematic view of the LOWT. As

can be seen the LOWT has a long rectangular horizontal test section with two

cylindrical risers at either end. A piston system in the closed cylinder, driven

by a hydraulic servo-cylinder, is capable of simulating near bottom velocities

in the test section that correspond to moderate to rough wave conditions. The

steering signal for the hydraulic piston is generated by a PC. The other riser

is open to the atmosphere. Of the test section, that measures approximately

14 � 0.3 � 1.1 m3, the lower 0.3 m is available for a sand bed and the upper
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0.8 m for the oscillatory ow. At both ends of the test section a sand trap is

located to collect the sediment that is transported out of the tunnel.

Test measurements indicated that the horizontal velocity amplitude is

uniform in the central axis over the middle 10 m of the test section. For the

vertical component, however, the uniform behaviour of the velocity uctua-

tions (the estimated velocity amplitude) is restricted to the central 7 m. No

systematic variations in the horizontal velocity component in the lower 20 cm

of the central 2.0 m were found [Rib89].

The positions in the test section are denoted with an x coordinate in the

range of -6.25 up 6.25 m where x = -6.25 m corresponds to the position nearest

to the piston.

All experiments were carried out with regular asymmetric second-order

Stokes waves:

U(t) = U1 cos!t+ U2 cos 2!t; (3.1)

where U(t) is the near-bed horizontal orbital ow and ! the angular frequency

of the basic oscillation. The peak velocities under the crest and trough of the

wave are given by Uc = U1 + U2 and Ut = U1 � U2, respectively. The root-

mean square velocity Urms = 0:5 � (U2
1 +U2

2 )
0:5. `Real' waves propagate in the

direction of the crest velocity. In the LOWT the wave direction is equal to

the direction of the largest peak velocity.

The LOWT is equipped with a forward-scatter laser-doppler system for

Figure 3.2: Transverse suc-

tion concentration meter

the measurement of the horizontal and verti-

cal velocity components at every desired po-

sition in the test section of the tunnel. It is

based on the Doppler shift of incident laser

light due to moving particles in the water.

It determines water velocities with an accu-

racy of 1.7%. In the present experiments,

the laser doppler system was positioned in

the middle of the test section at x=2.0 m, at

40 cm above the bottom.

A transverse suction system, as devel-

oped by Bosman et al. (1987), was mounted

in the test section to measure average sus-

pended sediment concentration pro�les C(z)

[Bos87]. In �gure 3.2 a schematic view of

the transverse suction concentration meter

is given. It was located in the middle of the LOWT at y = 0.15 m and x =

0.3 m with the nozzles (� 3 mm) perpendicular to the (horizontal) uid mo-
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tion. The uid with the suspended sediment was pumped out of the LOWT

with a constant velocity and collected in reservoirs. In a volume meter the

wet volume of the sand present in the reservoirs was determined from which

the suspended sediment concentrations (g L�1) in the suction samples were

calculated assuming a certain porosity. The ratio between the concentration

in the suction samples Cs and the actual sediment concentration in the ow

Cc is given by the trapping e�ciency � = Cs=Cc. This factor depends on the

grain size and is constant if the suction velocity is high enough (� three times

the uid velocity). Its value was determined in a calibration procedure for

several types of sediment [Bos87].

To test the e�ect of the presence of the suction system on the experiments

two test-series (F6 and F7) were performed without the sediment concentra-

tion meter.

3.2.2 The BGO detector system

The BGO detector system as described in section 1.5.2 was used. For the

thin layer experiments a lead shield was placed under the test section of the

tunnel. This was necessary because the background level was relatively high

compared to the radiation intensity of the sand. When the sediment bed is

thicker than 10 cm the radiation level will be a factor 20 higher than the

background; moreover the majority of the gammas coming from the concrete

oor of the laboratory will be absorbed by the sand (a sediment bed with a

density of 3.2 kg L�1 and a thickness of 10 cm will reduce the radiation level

as generated by the oor by � 80% which then makes a contribution of less

than 1% to the total radiation level).

The distance from the bottom of the tunnel to the detector was kept

constant throughout the test-series. The detector was never in contact with

the sediment bed in order not to disturb it.

During the tests the detector was taken out of the tunnel. By letting out

part of the water, avoiding disturbance of the sediment bed, the tunnel could

be opened and the detector put in place.

The  spectra as recorded by the BGO detector system are transformed

to activity concentrations by spectrum deconvolution as described in section

1.5.3. No calibration sources are available for the LOWT and therefore the

standard spectra were obtained on three concrete calibration pads used for

the general calibration of the system (see section 1.5.3). Because the geometry

in the tunnel di�ers from the pads, the output of the detector system is not

equal to the activity concentrations. Therefore radiation intensities I will be

given in arbitrary units (a.u).
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The radiation intensity was measured in still water with the detector at

a �xed height with respect to the bottom of the test section. If the height of

the sediment bed is varying, measured radiation levels have to be corrected

for the absorption of  rays by water according to the relation

Im = I0e
��wd; (3.2)

where Im is the measured and I0 the corrected radiation intensity. The term

e��wd accounts for absorption by water. The absorption coe�cient of water

�w for the natural radiation spectrum was determined experimentally. To

that end the radiations levels Im(d), measured at several heights d above the

sediment bed, are �tted with the function given in equation 3.2. In this way an

absorption coe�cient of 0.090 � 0.003 cm�1 for 214Bi and 232Th was found1

(�g. 3.3). This agrees with an average of the values found in literature which

range from 0.12 - 0.04 for the energy range from 300 to 3000 keV [Deb88].

The inaccuracy in the calculation of I0 depends on the accuracy of the

sediment-bed height measurements. The error ranges from 5 - 20 % for
214Bi and 232Th , where the higher value occurs only for the erosion hole

due to the irregular structure of the bottom surface. In the main part of the

test section where the bottom is smooth an uncertainty of 5-10 % is obtained.

The energy of the  rays emitted by 40K is lower than for some prominent

peaks in the bismuth (uranium) and thorium spectra. Therefore the scat-

tered radiation originating from the latter two contributes to the continuous

part of the potassium spectrum. Due to the high concentrations of heavy

minerals present in the tunnel the 214Bi and 232Th contribution are domi-

nant in the  spectrum and results in relatively large uncertainties in the

derived 40K radiation intensities (see �g.3.3). In view of these uncertainties

the 40K activities will not be used in further analysis of the data.

3.2.3 Radiation levels

To understand the measured radiation patterns over the ume, shown in �gure

3.11, a two layer approach is assumed: the top layer is active in the transport

process and changes in composition, and consequently in activity concentra-

tion, while the lower layer keeps its original composition. This corresponds to

the assumptions that only the upper layer of the sediment bed is inuenced by

the uid motion. A one-dimensional model for the radiation intensity in the

tunnel will be given. With this same approach it is also possible to calculate

transport rates for two separate fractions. Transport rates for a heavy and

1Any geometrical e�ect is incorporated.
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Figure 3.3: Measured radiation levels I for 214Bi , 232Th and 40K as function

of the distance between the detector and the sediment bed d. The lines

through the data are �ts of the form I = I0e
��wd where �w is the absorption

coe�cient of water for natural  radiation. The value of �w for 214Bi and
232Th is 0.090 � 0.003 cm �1; the �2red values are 1.1 and 0.75, respectively.

light fraction are calculated in section 3.2.6 where the results of the radiation

measurements will be used.

As a �rst step a more general situation will be considered: the radiation

z’

z
dz’

I

A, r

Figure 3.4: The measured ra-

diation level above a semi-in�nite

plane.

level measured above a semi-in�nitely

extending homogeneous bed of sand

[Gre89]. Consider a semi-in�nitely ex-

tending bed of sand of thickness z made

out of homogeneous material with a den-

sity � (kg m�3) and an activity concen-

tration A (Bq kg�1). What will be radia-

tion intensity I measured at the surface?

First the contribution to I of a thin layer

at a depth of z � z0 under the surface is

considered (�g. 3.4). If build-up e�ects

are ignored, the radiation intensity orig-

inating from this layer that reaches the

surface is given by

dI(z) = 0:5� �� (1� "0)�A� e��(z�z
0)dz0: (3.3)

In this equation a factor 0:5 is the solid angle for detection (only half of it

will go in the upward direction) and "0 is the porosity of the bed. The term

e��(z�z
0) accounts for absorption of photons by the covering layer of sand.

The parameter �, the linear absorption or attenuation coe�cient (usually
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expressed in cm�1), depends on the energy of photons and density of the

material. Since the method of spectrum deconvolution is using the total 

spectrum and not only the contents of the photo peak, � is considered to be

an energy average and can be regarded as a characteristic parameter of the

sand.

The value of the absorption coe�cient depends on the type of material

and density:

� = �w �
�(1� "0) + "0�w

�w
; (3.4)

with �w and �w being the absorption coe�cient and the density of water,

respectively. Introducing r as the (dimensionless) bulk density,

r =
�(1� "0) + "0�w

�w
; (3.5)

and integrating over the total depth, an expression is obtained for the radia-

tion level at the surface

I(z) =

Z z

0
dI(z) = 0:5

�A

r�w
(1� e��wrz): (3.6)

If the sediment bed is thick enough the self-absorption term e��wrz can be

neglected (for r = 2 and z = 20 cm e��wrz becomes 0.02) and the radiation

level will be independent of the thickness of the sediment bed

I(z) =

Z z

0
dI = 0:5

�A

r�w
: (3.7)

Since �w is constant, the radiation level as measured above a homogeneous

sediment bed is a function of density, activity concentration and porosity of

the sand.

This model can easily be modi�ed to the situation in the tunnel where

the sand bed has �nite dimensions by introducing a factor c that takes into

account the geometric situation in the LOWT 2:

I(z) =

Z z

0
dI = c

�A

r�w
: (3.8)

This `one-layer-model' can be extended to a `two-layer-model'. Consider a

(�nite) bed of sand of thickness z0, a density �0 and a activity concentration

A0. It is covered by a layer of sand with a thickness d, a density �d and

2It also takes into account the factor 0:5 as used in equation (3.6)
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an activity concentration Ad. This layer will not only absorb the radiation

coming from the underlying sand but also produce photons itself. This leads

to the following expression for the radiation level at the surface

I(z0 + d) = I(z0)e
��wrdd + c

�d

�wrd
Ad(1� e��wrdd); (3.9)

where rd =
�d(1� "0) + "0�w

�w
and I0 is considered to be constant. The factor

c =
I0r0�w
�0A0

.

From sample analysis the activity concentrations for bismuth and thorium

A
Bi;Th
d will be known as a function of density. Therefore equation 3.9 gives the

radiation intensity as function of density of the sediment in the upper `active'

layer. Density and activity concentration �0 and A0 for the `original' sediment

are measured. The absorption coe�cient for water �w was determined (see

�gure 3.3) and the detector measurements at t = 0 will provide the radiation

intensity I0. The porosity "0 is taken to be 0.4. This leaves the thickness d

of the top layer as the only unknown parameter.

3.2.4 Sampling analysis

During the thin layer experiments samples of several hundred gram were

taken, using the same syphon method as with the experiments in the ume

(Chapter 2). In case of the full sediment bed experiments, a surface layer

with a thickness of about 2 cm was scooped o� the bed with a shovel over

a length of � 10 cm, after which the sand was stored in 0.5 L bottles. No

e�ects of this procedure on the experiments have been observed.

From the sand samples that were collected during the experiments the

following parameters were determined:

� density

� grain-size distributions

� 214Bi , 232Th and 40K activity concentrations

The �rst two measurements were done at Delft Hydraulics, the activity con-

centrations were measured at the KVI.

Density measurements The sand was weighed under water, dried at

100�C and than weighed again. From the two masses the speci�c density
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of the samples �s follows from the relation:

�s

�w
=

Md

Md �Mu
; (3.10)

where �w is the speci�c density of water, Md the dry and Mu the mass under

water. Densities can be measured with an uncertainty of less than 1% pro-

vided there is enough material to perform the weighing procedure accurately3;

the mentioned uncertainties are valid for samples of more than 10 g.

Grain-size distributions Grain-size distributions were determined by put-

ting the dry samples through a stack of 15 sieves with mesh sizes in the range

from 500 to 45 �m. About 70 g of material was sieved each time; larger

samples were processed by dividing them in a number of sub samples. The

d90, d50 and d10 were obtained by linear interpolation. Only part of the

samples were processed.

Activity concentrations Samples were measured on a HPGe detector

with 0.25 L bottles as sample holder. The measuring time was long enough to

register at least 1000 counts in the 609 keV peak (214Bi ) ensuring su�cient

counting statistics. Reasonable estimates for the inaccuracies in the results

are 5% for samples with a density below 3.5 kg L�1 and 10% for the more

heavy samples. The di�erence is a consequence of the larger uncertainty in

the absorption coe�cient for the more dense samples.

3.2.5 Sand

The sand used in this experiment was taken from the North Sea beach of

the Dutch Island of Ameland (pole 17.800) where a heavy mineral placer

was deposited on the beach during a storm in the winter of 1991-1992. In

the spring of that same year `big bag' samples with a total volume of � 5

m3 were collected from this area before the placer was covered by a beach

nourishment a few months later. From the place where it was stored for two

years, the sand was brought directly to the laboratory without any chemical

preparation.

To determine the sediment characteristics, three samples were taken from

each bag. Because the sand properties in the six bags were similar, only gen-

eral characteristics will be given here. In the data report that is available from

these experiments the characteristics for each sample separately are presented

[Tan94].

3this value is based on test measurements with sand of known density
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� median grain size d50 = 142 � 157�m,

� median settling velocity w50 = 18:2 � 19:6 mm s�1,

� density �s = 3:1 � 3:3 kg L�1

In �gure 3.5 the density per sieve fraction is plotted for a mixture of two

samples from the same bag. One can see that for fractions on the sieves with

a mesh size smaller than 150 �m the density is considerably larger than for

those on larger sieves; average densities of the two fractions are 3860 � 70

and 2750 � 30 kg m�3, respectively. It was decided to divide samples in two

fractions with a sieve with a mesh width of 150 �m to obtain information on

the amount of heavy minerals present in a sample.
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Figure 3.5: Density per sieve fraction of a mixture of two of the samples

of the sand used in the experiments. The relatively high inaccuracies for

the largest and smallest mesh sizes are because not enough material for an

accurate density measurement was collected on these sieves.

The average of the bismuth and thorium activity concentrations of the

samples taken from the six bags were (with standard deviation) ABi = 400 �
60 Bq kg�1, ATh = 280 � 40 Bq kg�1, respectively. The spreading in the two

values, which does also occur within the samples of one bag, is a consequence

of the inhomogeneous mixing of heavy and light minerals.

For potassium only an upper value of 90 Bq kg�1 can be given for the

average activity concentration. Because the criterion to end a measurement

was based on the contents of the 609 keV line from the decay series of 214Bi
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the measurements were not long enough to extract a more precise value (see

also section 1.5.3).

The (average) bismuth to thorium ratio in the samples is 1.34 � 0.09.

This value di�ers from the value normally found at Ameland. This might be

caused by a lower concentration of epidote, a heavy mineral with a density

between 3.1 and 3.3 kg L�1, a medium grain-size of � 160 �m and rich in

thorium (� 3000 Bq kg�1) [Sch85, Mei90]. Its bismuth to thorium ratio is

in the order of 0.2 which is considerably lower than the average value for the

total heavy mineral fraction and its absence will cause an increase of this

ratio. Because epidote it is the lightest mineral within the heavy fraction it

is possible that during the selective deposition on the beach the conditions

prevented deposition of not only quartz but also of epidote.

3.2.6 Transport rates

The amount of sand transported in the LOWT can be calculated by applying

the concepts of conservation of grain volume or grain mass. The �rst concept

will give the net volume of transported sand, without pores; the latter the

weight of transported sand (both per unit width and unit time). When sand

contains only a small percentage of heavy minerals both methods will give the

same results expressed in di�erent units (the transported volume multiplied

with the density of the sand will give the weight of sand that is moved).

In the present experiments sand contains a high percentage of heavy min-

erals and the two methods may give di�erent results because the density of

the sand in motion is unknown. Therefore the mass transport rate in the

tunnel will be calculated by applying the two layer approach. In this way

transport rates for a light and heavy fraction separately can be derived.

In this section both methods will be discussed.

Sand-balance method Net sand-volume transport rates are calculated

with a sand-balance method by considering the change in bed volume and

the weight of sand collected in both sand traps [AlS93]. It is based on the

conservation of grain volume within the tunnel system

�V tot = 0; (3.11)

with V tot being the total volume occupied by the grains in the tunnel. This

means that after a run the volume of sand that is collected in the sand traps

at the left and right hand side of the tunnel, Vl and Vr respectively, must be

equal to �V the di�erence in sediment volume, present in the test section of
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the tunnel before and after a run:

��V tun =
Ml

�l
+
Mr

�r
= Vl + Vr: (3.12)

Here Ml, Mr, �l and �r are the mass and density of the sand in the left and

right sand trap, respectively. The total amount of sediment in the tunnel at

t = 0 is given by

V tun = L�W � z � (1� "0); (3.13)

with L and W the length and width of the tunnel, z the height of the sand

bed and, if we assume a constant porosity, "0 is the porosity of the sand. The

change of sand volume in the tunnel between time t1 and t2 is given by

�V tun = V tun(t2)� V tun(t1) = (1� "0)LW [z(t2)� z(t1)]: (3.14)

By dividing the tunnel in two parts, calculating the loss of grain volume for

each half and using the fact that total grain volume is preserved, the transport

rate in the middle can be calculated. Using the change in volume in the left

half of the tunnel gives the left trap estimation of the transport rate in the

middle of the tunnel, [AlS93]:

�ql =
�Vlip(1� "0)

�t �W � Ml

�l

1

�t �W ; (3.15)

and that in the right half of the tunnel, the right trap estimation:

�qr = ��Vrip(1� "0)

�t �W +
Mr

�l

1

�t �W : (3.16)

Since the total grain volume in the sand traps must be equal to the loss of

grain volume in the tunnel, the average porosity "0 may be computed by:

1� "0 =

�
Ml

�l
+
Mr

�r

�
1

�Vip
: (3.17)

In these equations:
�Vip = �Vlip + �Vrip = total eroded volume including pores from

the tunnel (m3)

�Vlip = total eroded volume including pores from the left half of the

tunnel test section (m3)

�Vrip = total eroded volume including pores from the right half of

the tunnel test section (m3)
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M = Ml + Mr = total (dry) weight of the sand collected in both

traps (kg)

Ml = total dry weight of the sand collected in the left trap (kg)

Mr = total dry weight of the sand collected in the right trap (kg)

�l = density of the sand in the left sand trap

�rmr = density of the sand in the right sand trap

"0 = sand porosity

W = width of the tunnel

�t = duration of one test = t2 � t1 (s)

�qs = measured net transport rate in real sand volume (without

pores) per unit width and time in the middle of the tunnel

test section (m2 s�1).

Equations (3.15) and (3.16) give the volume of sand (no pores) per unit width

that is transported per second.

Two layer approach for transport rates Besides total volume, total

mass of the sand within the tunnel system is preserved

�M tun = M tun(t2)�M tun(t1)

= (1� "0)LW [ �z(t2) ��(t2)� �z(t1) ��(t1)]

= Ml +Mr: (3.18)

Changes in sand mass in the tunnel can be either due to a change in

volume or/and a change in composition and hence in density of the sand. Se-

lective transport mechanisms may cause a non-uniform distribution of heavy

minerals and hence a non-uniform density of the bed: �(xi) 6= �(xj). To ob-

tain an estimate of the mass transport rates, the test section can be divided

in parts with a density that is changing in time but is constant over a section.

Subsequently, the net change in mass has to be calculated for each part.

Consider a section in the tunnel of length li, density ��i and thickness �zi
(�g. 3.6). Any change of mass within such a section is due to a gradient in

the mass ow qMs (kg s�1 m�1):

@qMs
@x

+
@(1� "0)��iz

@t
= 0: (3.19)

A non-uniform density in the tunnel does occur predominantly in the upper

part of the sediment bed as was shown in section 3.2.3 where the `two-layer-

model' was introduced to describe the measured radiation intensities. If it is

assumed that the thickness of this `transport' or `active' layer is constant, the

sediment bed may be split in two parts:
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Figure 3.6: A section in the tunnel with a sediment ow q. If the gradient of

the sediment ow is positive erosion occurs. If the gradient is negative there

is sedimentation within the section.

I: an upper `transport'-layer with a constant thickness d but a changing

density �i

II: a lower layer with a constant density �0 but a changing thickness z0;i .

As mentioned before the thickness of the active layer d might vary over the

length of the tunnel. However, just as for the porosity "0 (see eq.3.14) it is

only possible to deduce an average value over the length of the test section

from the data. Therefore d is considered to have a constant value for all

sections.

Assuming a constant porosity "0, equation (3.19) may be written as

@qMs
@x

+ (1� "0)d
@�

@t
+ (1� "0)�0

@z0;i

@t
= 0: (3.20)

Since only the situation before and after a run is known , equation (3.20) has

to be written in a discrete form:

qMi � qMi+1 =
�Mi

�t
= �Wli(�0�zi + d��i)�

(1� "0)

�t
; (3.21)

where �t = t2� t1 is the duration of a run, �0 is the density of the lower layer

of `undisturbed' sand, ��i = �i(t2)� �i(t1) the change in the speci�c density

in tunnel section i (of the upper layer), �zi = �z0;i = zi(t2)� zi(t1), d is the

thickness of this layer and Wli is the area of a section.
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In case of erosion the two-layer model seems quite acceptable but in case

of sedimentation it will almost certainly give an incorrect estimate for the

transport rates because the density of the deposited sand will most likely

not be the same as in the lower part of the bed. For the calculation one

has to estimate the density �s;i of the deposited material. As a reasonable

approximation one can take average of the densities measured before and after

a run �s;i =
1
2 [�i(t1) + �i(t2)]. With this assumption equation (3.21) in case

of sedimentation becomes

qMi � qMi+1 =
�M s

i

�t
= �Wli(�s;i�zi + d��i)�

(1� "0)

�t
: (3.22)

It should be noted that sedimentation only occurs in relatively small part of

the tunnel.

The amount of sand collected in the sand traps acts as a boundary con-

dition from which the transport rate in the middle of the tunnel may be

calculated. The mass-transport rate can be obtained either by using the

boundary condition at the left or right side qM1 or qMN , respectively, given by

the amount of sand collected in the sand traps. The mass transport rate qMK
at any position xK is given by:

qMK;l = qM1 �PK�1
i=1

�Mi
W�t

or qMK;r = qMN +
PN

i=K
�Mi
W�t

; (3.23)

where N is the total number of sections in the tunnel (127).

The thickness d follows from the condition that the total loss of mass in

the tunnel must be equal to the mass collected in the sand traps. If from

N sections in the tunnel Ne sections have su�ered erosion and in Ns sections

sedimentation has occurred, the total loss of mass in the tunnel is given by:

�M tun =W (1� "0)[�0

NeX
�xi�zi +

NsX
li�zi�s;i + d

NX
li��i]: (3.24)

This gives for the thickness d

d =
1PN li��i

�
(
�[Ml +Mr]

W (1� "0)
� �0

NeX
li�zi �

NsX
li�zi�s;i

)
; (3.25)

which is an average value over the length of the test section of the tunnel.
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Transport per fraction Consider the sediment to consist of two groups

of minerals with average densities �i and �j, respectively. If pi is the volume

fraction occupied by the minerals of density �i the total mass M is given by:

M = �V (1� "0) = (�ipiV + �j(1� pi)V )(1 � "0): (3.26)

If it is assumed that any change in density is only due to a change in the ratio

of the two fractions, �i and �j are constant and pi can be written as:

pi =
�� �j

�i � �j
: (3.27)

The change in mass in a section given by equations (3.21) or (3.22) can now

be rewritten by replacing the density by the fraction pi, which in this case

is chosen to be the heavy mineral fraction. Instead of the change in mass

equations yield the change in the volume of heavy minerals.

Accuracies Uncertainties are calculated numerically. It is assumed that the

uncertainty E(f) of a parameter f that depends on N measured quantities

x1; ::; xN is estimated by

E2(f(x1; ::; xN )) =
NX
(f(x1; ::; xi +E(xi); ::; xN )� f(x1; ::; xN ))

2; (3.28)

where E(xi) is the uncertainty in xi. This does not include any correlations

between parameters or systematic uncertainties.

3.3 Thin layer experiment

3.3.1 Experimental conditions and procedures

The two test-series of this experiment (F1 and F2) consisted of several runs

with the same hydraulic conditions (meaning the steering signals of the pis-

ton). Each run contained two parts (A and B) of the same length (4 or 10

minutes). Experimental conditions are listed in table 3.1. After the �rst part

(A) the gamma radiation above the sediment was measured at several po-

sitions in the tunnel. No samples were taken nor was the bed attened or

was any sand added. After the second part of the run (B) the radiation was

measured and samples were taken. Visual observations about the bed forms

were recorded.

At the beginning of a test-series, sand was brought into the centre of

tunnel and attened with a brush mounted on the detector carriage. The
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Table 3.1: Experimental conditions of the test-series F1 and F2 with a thin

sediment layer. The velocities under crest and trough Uc and Ut, respectively,

are average values over all runs in one series with the corresponding spreading.

The positive direction is from the piston to the `open leg' side of the LOWT.

In the column with the header `runs' the number of runs is given; they do

not necessarily are of equal length. In all test-series the wave period was 6.5

seconds.

Test Ut Uc Urms runs Tr
series (m s�1) (m s�1) (m s�1) (min)

F1 -0.335 � 0.005 0.561 � 0.010 0.302 � 0.001 4 20

F2 -0.705 � 0.008 1.273 � 0.004 0.698 � 0.006 6 5-2

detector was positioned 3 cm above the metal bottom of the tunnel which is

approximately 1 cm above the sediment. A radio-activity measurement (with

the lead shield under the tunnel) was done at the centre of the bed. During

the runs the detector was taken out of the tunnel.

Unfortunately it was not possible to measure the precise thickness of the

sediment bed during and after the runs because the lowest �ve centimeters of

the side walls of the LOWT are from steel and not from glass. Any thickness

of less than �ve centimeter could therefore not be determined accurately.

3.3.2 Results and discussion

After all runs the layer of sand was elongated predominantly in the wave

direction. Only a small fraction of sand was transported in the direction

opposite to the wave direction. In test-series F1, with a Urms = 0.3 m s�1,

sample analysis revealed that the sediment that was transported backwards

had a density of 3.0 - 3.3 kg L�1. Light coloured sand was removed from the

sediment layer and brought into suspension. It was found spread over the

tunnel at the end of a run, at the downstream (or rather downwave) side of

the original position. Under the conditions of F1 ripples developed within

the original layer of sediment; at the front edge of the layer, ripples detached

from the bulk and moved as entities over the bottom of the tunnel. Under the

conditions of F2 the bed was at and light coloured sand was distributed over

the down stream halve of the test section of the tunnel. In both test-series a

`lag deposit' developed in the sense that part of the sand moved only over a

small distance.

In �gure 3.7 the density and grain size of samples taken along the sediment
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patterns as formed during test-series F1 and F2, are shown. All distances s

are with respect to the centre of the starting position of the layer of sand

(s = 0). The heavier and smaller mineral grains were moved over the shortest

distance and were mainly found in the `lag deposit'. Going in the downstream

direction density decreases and grain size increases. Note that this behaviour

is exactly the opposite as to what was observed in the wave-ume experiments.
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Figure 3.7: Results of the sample analysis of test-series F1 and F2. All

distances are relative to the centre of the starting position at s = 0 m. Closed

symbols denote measured densities. The open circles point out the weight

percentage of grains with a grain size smaller than 150 �m of samples taken

after the �rst run (F1.1, t = 20 min and F2.1, t = 5 min). The solid dashed

and dotted lines connect values from the same run.

Under the more energetic conditions of test-series F2 winnowing of light

mineral grains happens faster and more e�cient and the heavy minerals have

moved upstream. After the runs F2.1 and F2.2, with a run time of 10 minutes,

samples with a density of 4.4 kg L�1 that consisted for 90 % of grains smaller

than 150 �m were found at s � 1 m. In the two runs of F1 the maximum

density found was � 3.5 kg L�1 at s � 0 - 0.5 m after 40 minutes of run time.

Measured bismuth and thorium activity concentrations within the samples
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shown in �gure 3.8 show a similar pattern; whereas after runs F1.1 and F1.2

only a slight increase in activity can be observed, an increase of 400 % occurs

after F2.1 and F2.2.
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Figure 3.8: Activity concentrations of 214Bi (closed squares) and
232Th (open squares) in the samples taken during F1 and F2 as function

from the distance to the starting position s = 0 m. Samples taken at t = 0

are denoted by circles.

Because it was not possible to measure the exact thickness of the layer

in situ recorded radiation levels cannot be used to provide direct information

on heavy mineral concentrations in the sediment. Only in situ measured

bismuth to thorium ratios will therefore be shown that give information on

the composition of the sediment.

Figure 3.9 is a plot of the bismuth to thorium ratios as measured by the

BGO detector system after various runs. Also shown in the same plot by

stars connected by a solid line are bismuth to thorium ratios as measured in

samples on the HPGe detector. There is a good agreement between the two

data sets. For test-series F1 the ratio is fairly constant; only a slight decrease

can be observed for s >1 m. In the runs of test-series F2 the ratio is increasing

in the down stream (wave) direction, till a maximum is reached that roughly
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coincides with the edge of the remainder of the original layer of sand (or `lag

deposit'), from whereon it decreases.

From these result one may conclude that a heavy (dense), small grained

mineral with a relatively large bismuth content is an important ingredient of

the `lag deposit' as developed during the runs. Most likely this is zircon, a

mineral with a typical activity concentration of more than 2000 Bq kg�1, a

bismuth to thorium ratio of 7, a density of 4.65 kg L�1 and a median grain

size of approximately 100 �m. It normally constitutes about 20 % of the mass

of the total heavy mineral fraction within the original sand; hence zircon is

an important contributor to measured radiation intensities. The decreasing

bismuth to thorium ratio in the downstream direction is due to the increasing

contribution from quartz with a bismuth to thorium ratio of about unity.
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Figure 3.9: Bismuth to thorium ratio as measured by the BGO detector

(circles) and by the HPGe detector (stars). The horizontal distances are

relative to the center of the starting position (s = 0 m). At t = 0, IU=ITh =

1:34 � 0:09
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Model calculations The semi-quantitative model as introduced in Chapter

2 will be applied to explain the present data. Based on the sample analysis

as described in the former paragraph the grain trajectories are calculated for

the following three sediment types:

� light: � = 2.65 kg L�1, d50 = 200�m

� medium: � = 3.4 kg L�1, d50 = 140�m

� heavy: � = 4.4 kg L�1, d50 = 100�m

The peak velocities Uc and Ut, and wave period are taken from table 3.1,

the thickness of the boundary layer 2 cm and the z0 level is 150 �m. The

latter two values di�er from the one used in the calculations for the wave

ume. Because of the longer wave period the boundary layer has more time

to develop and hence its thickness is expected to become larger. To account

for the smoother stream pattern because of the longer wave period an e�ective

friction coe�cient K is taken of 10 for test-series F1, with wave conditions in

the ripple regime. For test-series F2 in the sheetow regime a value of K =5

was taken.

The outcome of the model is shown in �gure 3.10 where calculated grain

trajectories in one wave period are plotted in the xz plane. Note the di�erence

in scale between F1 and F2. The results are in agreement with the mineral

patterns as observed after the runs. It should be remembered (see Chapter 2)

that distances have only a relative meaning. Due to the reduced inuence of

the the pick-up time in combination with the smoother ow pattern, the net

distance `travelled' by the grains is decreasing with increasing density under

both conditions. For condition F1 the net distances are less than in F2 and

the heavy mineral grain is moved only under the most energetic condition

(F2).

Relative transport heights of heavy and light particles are correctly repro-

duced in case of F2; light grains are lifted higher from the bed than the heavy

ones. All three grains make an oscillatory motion and do not make contact

with the sediment bed. According to the calculations for the conditions of

test-series F1 all of the sediment will not go into suspension but stays close

to the bottom.

3.3.3 Conclusions

Selective transport was observed in both runs. Figures 3.7 to 3.9 show that

under these controlled conditions results are very well reproduced. The degree
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Figure 3.10: Calculated trajectories of three mineral grains under two wave

conditions F1 and F2 (see table 3.1): light: � = 2.65 kg L�1, d = 200 �m,

medium: � = 3.4 kg L�1, d = 140 �m and heavy: � = 4.4 kg L�1, d = 100

�m.

of selectivity is velocity dependent; when Urms = 0.7 m s�1 it took 10 minutes

to form a deposit highly enriched with heavy minerals (� = 4.4 kg L�1)

whereas with Urms = 0.3 m s�1 even 40 minutes was not su�cient to obtain

the same result. Contrary to the ume experiments in Delft, heavy and light

minerals were mainly transported in the same downstream direction and the

distance travelled is inversely correlated to density.

The model as developed for the TUD wave ume (Chapter 2) gave semi-

quantitative agreement with the experimental patterns formed due to selec-

tive transport of the di�erent minerals. Similar to the results of the TUD

experiments absolute values for calculated distances do not agree with the

observations. However, in view of the simplicity of the model the agreement

with the data is quite reasonable.

The results of these experiments con�rm the larger mobility of the lighter

grains and indicate that the selectivity of the transport increases for higher

velocity regimes (the di�erent grains are separated better). Again it was

found that it takes only a short time (minutes) before the e�ects of selective

transport become clearly noticeable.

The agreement between the bismuth to thorium ratios measured in situ

with the BGO detector and the one measured in the laboratory with the HPGe
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detector was good. Therefore the output of the BGO detector system gives

reliable information about the composition of the sediment. Unfortunately it

was not possible to measure the exact thickness of the layer and the (online)

radiometric data could not be translated to heavy mineral concentrations.

3.4 Thick layer experiments

3.4.1 Experimental conditions and procedures

An 0.3 m thick sediment bed was placed over the full length of the test

section of the LOWT. The sand originated from the six Ameland bags and

was homogenised by stirring. In total �ve test-series (F3-F7) were carried out,

each consisting of several runs. The main goal of these experiments was to test

the e�ect of a large heavy mineral concentration on the measured transport

rates. The experimental conditions are listed in table 3.2. After each run

the height and activity of the sediment bed was measured. The detector was

positioned � 3.0 cm above the bed surface at t = 0. The �ray activity

was measured at several positions along the tunnel and the bed height was

recorded at every 10 cm along the length of the tunnel. This was repeated

after every run together with the determination of the weight of the sediment

collected in the sand traps. Because of the selective nature of the transport,

removed sediment was not replaced during one test-series because the replaced

sand would have a had di�erent composition and would thus have inuenced

the experiment.

Because a net sediment transport occurred during the measurement, an

`erosion hole' developed at the upstream boundary of the test section. This

hole slowly propagated into the test section. The test-series were stopped if

the bed height in the erosion hole became less than 10 cm, because otherwise

the e�ects on the rest of the sediment bed would have become too large.

At the end of a test-series the top layer (� 5-10 cm) was removed from

the tunnel and fresh sand was added to create again a homogeneous sediment

bed. Because of the limited amount of sand available it was necessary to mix

the sand from the test section with sand from the sand traps and use it again.

In test-series F5-F7 this `recycled' sand was used.

Sand samples were taken at regular time intervals at several locations

along the test section.

The transverse suction system was used in three of the �ve experiments

(F3-F5). Samples were taken from the collected sediment for further analysis.

In test-series F7 the wave direction was reversed.
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Table 3.2: Conditions of the test-series F3 - F7 with a full sediment-bed.

The velocities under crest and trough Uc and Ut, respectively, are the average

values over all runs in one series with the corresponding spreading. The

positive direction is from the piston to the `open leg' side of the LOWT. In

the column with the header `runs' the number of runs is given; they are not

necessarily of equal length. In all runs the wave period was 6.5 seconds.

Test Ut Uc Urms runs suction

series (m s�1) (m s�1) (m s�1) Y/N

F3 -0.59 � 0.07 0.965 � 0.009 0.510 � 0.001 4 Y

F4 -0.97 � 0.02 1.756 � 0.013 0.932 � 0.008 3 Y

F5 -0.719 � 0.010 1.315 � 0.016 0.704 � 0.002 4 Y

F6 -0.894 � 0.011 1.713 � 0.008 0.920 � 0.003 5 N

F7 0.582 � 0.012 -0.972 � 0.015 0.511 � 0.002 6 N

3.4.2 Results of the measurements

The �rst part of this section shows the results of bed-height and radiation

measurements as well as the contents of the sand traps. In the second part

the suspended sediment concentration pro�les are discussed.

Figure 3.11 shows the elevation and bismuth radiation intensity levels as

measured in the �ve test-series F3-F7 at the beginning and end of a test-series.

Since the bismuth to thorium ratio was approximately constant (1.4 � 0.1)

no thorium radiation levels are shown.

The �gure shows the net sediment transport in the down stream direction

(in test-series F7 the wave direction was reversed): the erosion hole propagates

in the tunnel and sedimentation occurs at the down stream side of the test

section (x = 6 m).

Bismuth radiation levels decrease inside the erosion hole but increase con-

siderably directly downstream of the hole. Local maxima in the radiation

levels are in general located at the downstream side of `bumps' in the bottom

topography. But although maxima in radiation are connected to bedforms,

the presence of a bump is not necessarily accompanied by a peak in the ra-

diation level. A decrease in the bismuth signal is observed at the location of

the `sedimentation bump' at the downstream side (x = 6 m) of the tunnel.

From sample analysis it is known that sand deposited at this location consist

almost entirely of light minerals.

Comparing series F3 and F7, which were both with Urms = 0.5 m s�1,

shows the inuence of the suction system located at x = 0:3 m during F3.
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The presence of the suction system causes a distortion in the bed structure

ranging roughly from x = �3 m to x = 3 m. At x = -1 m a relatively deep

pit develops followed by two bumps at the downstream side. The small dip

separating the bumps coincides with the location of the suction system. A

similar bottom topography as in F3 is present in test series F5 where the

suction system is also present. In test-series F4 no e�ect is visible. This is

probably due to the presence of approximately 2 m long and 5-10 cm high

`megaripples' or `dunes'. These bed forms are apparently induced by the

conditions since they are also present in test-series F6, with the same value

for Urms (0.9 m s�1). The presence of these bed forms apparently `overrules'

the inuence of the suction system.

In table 3.3 the change in sediment volume (bulk) and contents of both

sand traps is given. In general the density of the sand in the down stream

trap is lower than the original sand in the tunnel, only in test-series F7 the

sediment in both traps has a similar density. For test-series with low velocities

(F3 and F7) only small amounts of sand were collected in the upstream trap.

The contents of the upstream trap for F4 and F6 indicates that under higher

velocities more and heavier sediment is transported in the upstream direction.

The inuence of the erosion hole is reected by the increasing weight of the

sediment collected in the upstream sand trap.

Suspended sediment concentrations In test-series F3-F5 the transverse

suction system was used to determine time-averaged suspended sediment con-

centrations hC(t)i as function of height. For calculation of the actual sediment

concentrations within the tunnel it is assumed that the trapping e�ciency (see

page 75) is constant (� = 0.74) [Bos87] and that the collected sediment was

loosely packed with a porosity of 0.46 [AlS93]. It is customary to express sus-

pended sediment concentrations in weight per volume. Analysis of the suction

samples learned that the suspended sediment consisted mostly of quartz sand

(�s = 2.65 kg L�1) which density was assumed for the calculation of the actual

concentrations. The results are plotted in �gure 3.12.

Measured concentration pro�les can all three be described by a negative

power distribution:

hCz(t)i = Cr

�
z

zr

���d
; (3.29)

where z is height above the bed in centimeters, zr is a reference height, Cr

is a reference concentration and �d the concentration decay parameter. This

power distribution is expected as the solution for a convection-di�usion equa-



3.4 Thick layer experiments 97

Table 3.3: Underwater weight, Mu and Md, and density of the sediment col-

lected in the up and downstream located sand trap, respectively (uncertainties

in the weights are estimated to be less than 5%). Eroded in sediment volume

in the up and downstream half of the tunnel �Vuip and �Vdip, respectively.

run �t Mu Md �u �d �Vuip �Vdip
10�2 10�2

(s) (kg) (kg) (kg m�3) (kg m�3) (m3) (m3)

F3.1 3444 0:35 20:30 2838 (5) 2740 (6) 2:2 �0:3
F3.2 3575 0:90 19:00 2858 (5) 2742 (9) 3:0 �0:6
F3.3 3601 1:60 21:60 2918 (6) 2737 (6) 2:4 �0:5
F4.1 1027 11:50 19:40 2841 (10) 2753 (7) 2:5 0:4

F4.2 1046 12:70 16:00 2842 (18) 2743 (15) 2:4 0:6

F4.3 1020 20:00 16:20 3265 (8) 2710 (11) 3:5 0:0

F5.1 1034 1:80 11:00 2928 (10) 2683 (7) 2:2 0:2

F5.2 1027 5:80 11:80 3351 (13) 2684 (8) 2:2 0:3

F5.3 487:4 2:60 5:40 3201 (12) 2683 (7) 1:2 0:0

F5.4 475 3:10 5:40 3192 (8) 2714 (7) 1:1 �0:1
F6.1 598 6:30 9:30 2780 (6) 2692 (8) 1:4 0:2

F6.2 604 6:30 9:80 2808 (6) 2662 (6) 1:4 0:3

F6.3 591 7:10 9:40 3324 (13) 2671 (7) 1:6 0:4

F6.4 591 13:60 8:90 3648 (13) 2673 (8) 1:9 0:2

F6.5 591 13:20 7:90 3445 (11) 2692 (10) 1:7 0:5

F7.1 1781 0:50 6:80 2722 (15) 2738 (11) 1:0 �0:1
F7.2 1794 0:40 7:70 2804 (5) 2704 (11) 1:2 0:1

F7.3 1781 0:50 8:20 2799 (11) 2791 (10) 1:1 �0:2
F7.4 1794 0:75 8:20 2806 (12) 2810 (13) 1:3 0:1

F7.5 1788 1:10 7:40 2806 (9) 2809 (20) 1:0 �0:3
F7.6 1781 0:85 8:60 2867 (10) 2869 (9) 1:1 �0:3

tion for the sediment in suspension [Rib93]

wshCi+ "s
@hCi
@z

= 0; (3.30)

where ws is the settling velocity and "s the di�usion or mixing coe�cient.

Assuming a linear increasing mixing coe�cient with distance z above the

bed, "s = az, the concentration decay parameter �d in equation 3.29 becomes

equal to wsz
"s

= ws
a .

From �gure 3.12 one can see that the value for the concentration decay
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Figure 3.11: Measured radiation levels for 214Bi and the height of the sedi-

ment bed during test-series F3 and F7. Dotted lines represent the situation at

t=0 and solid lines at the end of a test-series. The dashed line is at some inter-

mediate moment as indicated above each plot. The positions of the radiation

measurements are denoted by symbols.
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parameter �d is approximately 2 for all three conditions and is thus velocity

independent in the range of: Urms = 0:5�0:9 m s�1. This is the same value as

reported by Al-Salem and Ribberink: �d = 2.10 � 0.11 in the velocity range of

Urms = 0:3 � 0:9 m s�1 [Rib94]. Considering the di�erences in fall velocities

as determined for the average sediment, ws = 0:026 m s�1 in case of the

experiments by Al-Salem versus ws = 0:02 m s�1 in the present experiments,

this is somewhat surprising. This can either mean that the concentration

decay parameter �d is not equal to ws
a ("s 6= az) or that only a speci�c part

of the sediment goes into suspension.

The reference concentration Cr at z = 1 cm is 10 - 20 g L�1 for F3 and

F5 (Urms = 0.5 and 0.7 m s �1 respectively) and � 100 g L�1 in case of F4

(Urms = 0.9 m s �1). These values are higher than found by Al-Salem and

Ribberink (5-10 g L�1 for Urms = 0.5 m s �1 and 20 g L�1 for Urms = 0.9 m

s �1). This can be explained by the coarser grained sediment (d50= 210 �m)

as used by Al-Salem and Ribberink .
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Figure 3.12: Time averaged concentration pro�les as measured in test-series

F3-F5. The solid lines have a slope of -2.

Between the concentrations found for Urms = 0.5 and 0.7 m s�1 there is

no signi�cant di�erence whereas for Urms = 0.9 m s�1 concentrations have

increased by a factor 5 - 10. A phenomena that was also observed in the

results of Al-Salem and Ribberink. A possible explanation is the presence of

very low ripples in case of the lowest root mean square velocity, which, in
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the present experiments were only visible due to color di�erences within the

sediment. Although they are only in the order of one millimeter high they can

have a signi�cant e�ect on the amount of sediment that goes into suspension.

3.4.3 Results of the sample analysis

In this section the relation between density, grain size and activity concentra-

tions of the samples will be discussed.

Density and activity concentration In �gure 3.13 the 214Bi and
232Th activity concentrations in the samples are plotted as function of the

measured densities. The solid lines are linear �ts where each data point has

the same weight. Given error ranges are estimated by considering the spread-

ing of the data and do not include uncertainties within the measurements:

ABi = (�60� 70) + (750 � 100)(� � �0)

ATh = (�50� 60) + (490 � 100)(� � �0);
(3.31)

where �0 = 2.65 kg L�1. Such a linear relation between activity concentration

and density was also found in the wave ume experiment over a large part

of the covered density range (see �g. 2.7). For the present experiments it

seems to be valid over the range of densities between 2.65 and 4.0 kg L�1; for

densities larger than 4.0 kg L�1 some deviations can be observed. Measured

bismuth and thorium radiation intensities with the BGO detector, are plotted

as function of the measured activity concentrations with the HPGe detector

in �gure 3.14. Both lines indicated in this �gure have a slope of 0.7. The

constant bismuth to thorium ratio indicates that, contrary to the thin layer

experiments, no separation has occurred within the heavy fraction.

These results, a linear increase of activity concentration with density and

a constant bismuth to thorium ratio, point at a sand that may be regarded

as a mixture of two sediment types with a certain density and activity con-

centration. Since both features are characteristic for minerals, this suggests

two sediment types of constant composition.

Density and grain size Figure 3.16 shows the relation between grain size

and density of the bed samples of test-series F1-F7. The left part of this

�gure shows the mass percentage of grains with a size smaller than 150 �m

as function of density. The right part shows the d10, d50 and the d90 of the

samples as function of density. The nature of these relations will be explained

in the following discussion.
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Figure 3.13: Speci�c density of the bed samples versus the bismuth and

thorium activity concentration as measured with the HPGe detector. The

solid lines are linear �ts (see text).
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Figure 3.14: A: Measured 214Bi and 232Th activity concentrations in the

samples. B: Measured bismuth and thorium radiation levels (in a.u.) with

the BGO detector at the positions of the samples. Both lines have a slope of

0.7.
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Figure 3.15: Grain size distributions of three arbitrary bed samples with a

density of 2.7, 3.5 and 4.2 kg L�1. The dashed lines are �tted Gauss functions

with a mean grain size of 175, 131 and 111 �m and a variance of 31, 31 and

26 �m, respectively.

In section 1.2 it was stated that ideally grains are distributed according to

a log-normal distribution. As may be concluded from �gure 3.15 the grain size

distribution may well be approximated by a normal (Gaussian) distribution.

Because a Gaussian distribution has certain advantages in calculations, for

simplicity reasons the Gaussian distribution will be adapted. In the �rst-order

approximation of hydraulic equivalence one expects a decreasing variance of

the grain size distribution with increasing density. However, �gure 3.15, which

shows the grain-size distribution of three arbitrary bed samples, shows that

the di�erences are small and it may be assumed that the variance is a constant.

With this assumption the mass fraction of grains with a size smaller than 150

�m as a function of density, shown in the left part of �gure 3.16, can be

described with an error function (erf(x)) which is the integral of 0 to x over

a normal distribution:

erf(x) =
2p
�

Z x

0
e�t

2

dt =

r
2

�

Z x
p
2

0
e
�t

2

2 dt: (3.32)

When �= 2.65 kg L�1, the distribution lies almost entirely on the right

(coarse) side of d = 150 �m. When the density � is increasing, an increasing

part of the distribution will shift to values under that of d = 150 �m where

for � � 4.5 kg L�1 roughly all grains are smaller than 150 �m. The solid line

through the data points is erf(x) where x = 0:02 + 1p
2
� (�s � �0); �0=2.65 kg

L�1. The value of 0.02 represents the fact that for �s is 2.65 kg L�1 part of

the grains will be smaller than 150 �m.

When the density is increasing from � = 2.65 to approximately 4.4 kg
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Figure 3.16: Left: the mass fraction of grains smaller than 150 �m ver-

sus speci�c density. The solid line represents equation 3.32 (see text). The

samples from the thin layer experiments F1 and F2 are denoted by triangles.

Right: the d10 (circles), d50 (squares) and d90 (triangles) versus the speci�c

density of the bed, trap and suction samples from test-series F1-F7. The lines

represents equations (3.33) and (3.34).

L�1 the d50 decreases from � 150 �m + 2� to 150 �m - 2�. This means

that if the value of the variance � is known the median grain size of each of

the samples can be fairly well deduced. The right part of �gure 3.16 shows

measured values for the d10, d50 and d90 as a function of density. For �s '
2.65 kg L�1 the d50 ' 195 �m which would imply that � ' 23. Using this

value gives the following linear relationship between density �s (kg L�1) and

d50 (�m):

d50 ' 195� 52� (�s � �0); (3.33)

where �0 = 2.65 kg L�1 and the proportionality factor (52) is expressed in

10�9 m4 kg�1. This relationship is indicated by a solid line in right part of

�gure 3.16.

Under the condition of hydraulic equivalence, the grain size d is propor-

tional to the reciprocal of some power of the density �s, which for small grains

is 0.5 (see eq. (1.3)). The dashed line in �gure 3.16 represents

d =
2:2 � 10�4p

�
; (3.34)
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where � = (�s��)=� and the proportionality factor 2:2 �10�4 (m) is obtained

from equation 1.3 using �s = 3.4 kg L�1 and d50 = 140 � m.

Equations 3.33 and 3.34 both show reasonable agreement with with the
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Figure 3.17: Mass fraction of grains

smaller than 150 �m versus density of

the suspended sediment samples.

data where equation 3.33 somewhat

overrates the measured d50 in the

density range from �s = 3 to 3.8

kg L�1. The value for � of 23 �m,

used to obtain equation 3.33 is lower

than one would expect considering

�gure 3.15. This indicates that the

assumption of a constant variance is

not valid for all samples as is also

suggested the values of the d10 and

d90 as shown in the right hand side

of �gure 3.16.

In �gure 3.17 the density and

grain size of samples taken from

the suspended sediment pumped out

through the lowest one or two tubes

of the suction system. These sam-

ples consist of �ner grained sediment than the bed samples and can not be

described with the same (error) function. The rate at which the median grain

size of the suspended sediment changes with increasing density is higher than

for the bed samples.

3.4.4 Radiation intensity levels as function of density

With equation 3.9 we can calculate the radiation intensity as function of the

density of the top active layer. Since the density �0 and activity concentration

A0 at t = 0 have been measured and the activity concentrations is known as

function of density (eq. 3.31) the only unknown parameter is the thickness d

of the top layer.

Although it is assumed that the layer thickness d is a constant it is very

likely that it varies over the length of the test section. Inside the erosion hole,

for example, it will be larger than at the down stream side of the tunnel.

Therefore it is to be expected that not all data points can be described with

one function. In �gure 3.18 measured bismuth and thorium levels are plotted

against the density of sand in the upper layer. Curves for three values of the

layer thickness are shown: the dashed line for d = 1, the solid line for d = 2

and the dotted line for d = 3 cm.
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Figure 3.18: Speci�c density of the bed samples versus the bismuth and

thorium radiation intensity level (arbitrary units) measured with the BGO-

detector system on the sample locations. The lines are the calculated curves

according to eq. 3.9: dashed for d = 1, solid for d = 2, and dotted line for

d = 3 cm. I0 ' 300.

It may be concluded that the `two-layer-model' accounts reasonably well

for the recorded radiation levels. Measured values indicate an `active' layer

thickness in the range from approximately 1-3 cm. Radiation measurements

therefore not only give direct information about the composition of the upper

layer of sediment but they also support the assumption that the transport

takes place in a thin layer and therefore helps to describe the selection pro-

cesses.

3.4.5 Results of the transport calculations

The volume transport rates were calculated with equations 3.15 and 3.16, us-

ing the measured values for the volumes in both sand traps and the measured

bed heights in the test section of the tunnel. To calculate the heavy mineral

fraction in the sand the density of the heavy and light minerals were chosen

to be 4.40 kg L�1 and 2.65 kg L�1, respectively. These rather extreme values

were necessary to cover the total range of densities of the samples. For the

original sand this gives a heavy mineral content of 30 %. The density in each

section was determined from the samples in combination with the measured

radiation levels.

In table 3.4 the results of the transport calculations are given. The re-
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spective columns show the calculated porosity "0, the thickness of the `active'

layer d, the total (volume) transport rate and the heavy-mineral fraction

ph;T =
qh

qh + ql
in the transported sand.

The calculated values for the porosity are relatively high and show consid-

erable variation. The thickness of the `transport layer' is within the estimated

range of 1-3 cm. Due to the large inaccuracies no conclusions about any corre-

lation between the hydraulic conditions and the layer thickness can be drawn.

From found values for ph;T, shown in the last column of table 3.4, it can be

concluded that the transport has been selective because transported sand has

a lower heavy mineral content than the original sediment. The fact that ph;T
is increasing with time points at the fast removal of light minerals from the

test section of the tunnel. Consequently the concentration of heavy minerals

in the sand in motion increases.

3.4.6 Comparison with other studies and model calculations

As mentioned earlier the present experiments are similar to experiments per-

formed by Al-Salem and Ribberink (A & R) in 1992 [Rib94, AlS93]. Although

the hydraulic conditions were the same the sediment was di�erent: quartz

sand was used with a density of 2.65 kg L�1 and a median grain size of 210

�m. In the present experiments �ner sand, d50 = 150 �m, with a high con-

centration of heavy minerals was used, � = 3.20 kg L�1.The results of both

experiments are shown in �gure 3.19. To compare the results of both sedi-

ment types, transport rates transformed to a dimensionless quantity �bw by

dividing the transport rates by the square root of the under water weight of

grains [Rib94]:

�bw =
qTV

(�gd350)
0:5

; (3.35)

where � = (�s��w)=�w and g is the acceleration of gravity. The dimensionless

transport rates in the present experiments are calculated using parameters

that represent the characteristics of the transported sand, �s = 3.00 kg L�1

and d50 = 165 �m. In table 3.5 the results of the two experiments are shown.

For the lowest velocity, Urms = 0.5 m s�1, results of both experiments

are similar where the somewhat higher transport rates of test-series F3 could

be due to the presence of the suction system. For increasing velocity the

di�erences with the experiments of A & R increase, as shown in �gure 3.19;

under the most energetic conditions, Urms = 0.9 m s�1, transport rates of

the present experiments are approximately 50% lower than were found by A

& R. Therefore the scarce data obtained sofar are suggestive for a transport
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Table 3.4: Result of the transport calculations from the experiments. The

second and the third column show the calculated value for porosity and thick-

ness of the transport layer d, respectively. The next column contains the

transport rates qVT (m2 s�1) expressed in grain volume per unit width and

time. The heavy mineral fraction ph;T in the transported sand is given in the

last column (the original sand contained 30 % heavy minerals); the density of

the heavy fraction is chosen to be 4.40 kg L�1 and of the light fraction 2.65

kg L�1. For test-series F6 and F7 runs had to be combined because samples

were not taken after all individual runs.

Urms run "0 d qVT ph;T
10�6

m s�1 (10�2 m) (m2 s�1)

0.510 F3.1 0.4 � 0.05 3 � 1 12.7 � 0.5 0.10 � 0.08

0.510 F3.2 0.53 � 0.03 7 � 4 12.7 � 0.7 0.24 � 0.06

0.510 F3.3 0.32 � 0.06 2.1 � 1.2 14.4 � 0.9 0.28 � 0.06

0.932 F4.1 0.41 � 0.04 5 � 2 28.1 � 1.6 0.07 � 0.14

0.932 F4.2 0.46 � 0.03 5 � 2 19.7 � 1.4 0.10 � 0.19

0.932 F4.3 0.49 � 0.03 -4 � 4 31 � 3 0.25 � 0.13

0.704 F5.1 0.61 � 0.04 5 � 2 23.9 � 1.0 0.04 � 0.11

0.704 F5.2 0.51 � 0.04 1.9 � 1.1 27.7 � 1.8 0.00 � 0.16

0.704 F5.3 0.64 � 0.05 1 � 1 22 � 2 0.35 � 0.05

0.704 F5.4 0.54 � 0.15 -1.0 � 1.5 24 � 4 0.32 � 0.15

0.920 F6.1 0.42 � 0.06 1.7 � 0.8 25 � 2 0.17 � 0.14

0.920 F6.2-3 0.51 � 0.02 6 � 2 22.7 � 1.1 0.23 � 0.08

0.920 F6.4-5 0.51 � 0.02 -5 � 20 19.4 � 1.1 0.2 � 0.5

0.511 F7.1-2 0.58 � 0.03 0.8 � 0.3 -8.1 � 0.3 0.10 � 0.02

0.511 F7.3-4 0.56 � 0.03 0.7 � 0.5 -9.1 � 0.3 0.17 � 0.03

0.511 F7.5-6 0.34 � 0.06 0.2 � 0.6 -11.5 � 0.8 0.19 � 0.07

rate that becomes velocity independent for Urms � 0.7 m s�1, whereas in the

experiments of A & R the rates increase with Urms.

Comparison to model calculations In table 3.6 estimations of the three

models discussed in Chapter 1, Bailard, bed load and suspended (eq. 1.27),

Ribberink (eq. 1.29 ) and Dibajnia & Watanbe (D & W) (eq. 1.36), for the

three experimental conditions are given. To perform th calculations a Pascal

programme was used, developed by Koelewijn (1994) [Koe94]. The chosen
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Figure 3.19: Transport rates as found in the present experiments (squares)

and by Al-Salem and Ribberink (circles). The latter can be described by a

third order power law: hqVi = ahU3i.

Table 3.5: Dimensionless transport rates of the present experiments (F)

and the one performed by Al-Salem and Ribberink (B) where sand with a

medium grain-size of 210 �m and a density of 2.65 kg L�1 was used. In test-

series F3-F7 the moving sand was found to consist of lighter and larger grains

than the original sediment. The dimensionless transport rates � are therefore

calculated by eq. (3.35) using �s = 3.00 kg L�1 and d50 = 165 �m.

Urms = 0.5 m s�1 Urms = 0.7 m s�1 Urms = 0.9 m s�1

run �bw run �bw run �bw

B7 1.01 � 0.08 B8 3.19 � 0.16 B9 5.7 � 0.4

F3.1 1.33 � 0.05 F5.1 2.50 � 0.11 F4.1 2.93 � 0.17

F3.2 1.33 � 0.07 F5.2 2.85 � 0.18 F4.2 2.06 � 0.14

F3.3 1.51 � 0.10 F5.3 2.32 � 0.18 F4.3 3.2 � 0.4

F5.4 2.5 � 0.4

F7.1-2 0.85 � 0.04 F6.1 2.59 � 0.18

F7.3-4 0.95 � 0.03 F6.2-3 2.37 � 0.12

F7.5-6 1.20 � 0.08 F6.4-5 2.03 � 0.12

input parameters are listed in appendix B.

Total transport rates qtot are calculated with the average sediment char-

acteristics, �s = 3.20 kg L�1 and d50 = 150 �m, and for a sediment consisting

out of two fractions: a light one (70 % of the grain volume), �s = 2.65 kg
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L�1 and d50 = 180 �m, and a heavy one (30 % of the grain volume), 4.40 kg

L�1 and d50 = 90 �m. In the latter case transport rates qfrac are calculated

according to:

qfrac = 0:7qlight + 0:3qheavy; (3.36)

where 0.7 and 0.3 are the light and heavy fraction in the original sand, re-

spectively. The contribution of heavy minerals to the transported sand ph;T
is given by

ph;T =
0:3qheavy

(0:7qlight + 0:3qheavy)
: (3.37)

It is assumed that all grains are hydraulically equivalent and have a settling

velocity ws = 1:9 cm s�1. This means that, according to equations 1.39

and 1.40, the models of Bailard and Ribberink will predict a heavy minerals

fraction within the transported sand of ph;T � 0:17. This value is, within the

inaccuracies, in agreement with the experimental values 4 (see last column of

table 3.4). The only exception is test-series F7 where a lower heavy mineral

content of the sand in motion was found. However, in view of the large

uncertainties in the experimental results it is not meaningful to draw any

conclusions about the performance of the models on this aspect.

Table 3.6: Results of model calculations for transport rates under sheet

ow conditions. Three models are considered: Bailard's model (suspended

and bedload), Ribberink' model and Dibajnia & Watanbe's model. Total

transport rates qtot, for homogeneous sediment �s = 3.20 kg L�1, d50 = 150

�m, and qfrac for a sediment consisting out of two fractions, a light and heavy

one (see text). For the model of D & W the heavy mineral fraction in the

transported sand ph;T is given between brackets. Transport rates are given in

10�6 m2 s�1.

Urms 0.5 m s�1 0.7 m s�1 0.9 m s�1

qtot qfrac qtot qfrac qtot qfrac
Bailard 23 25 70 79 207 238

- bed 3 4 7 8 17 14

- sus 19 22 63 70 190 219

Ribberink 13 14 34 39 88 107

D & W 11 13 (0.18) 32 38 (0.18) 61 47 (0.36)

4Because the heavy mineral content in the sediment bed is changing in time, the model

calculations should only be compared to the results of the �rst run of each test-series.
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Figure 3.20: Calculated and measured transport rates as function of the

root mean square velocity. The left �gure show the total transport rates qtot
for homogenous sediment (�s = 3.2 kg L�1). The right �gures shows the result

when two fractions are considered, qfrac (see text).

The outcome of the model calculations are given in table 3.6 and shown

in �gure 3.20. For the model of D & W the heavy mineral fraction in the

transported sand (ph;T) is given between brackets.

Total transport rates are estimated well for the lowest two velocities by

Ribberink's and D & W's model. Bailard's model overestimates measured

transport rates for all three velocities by a factor of 2 - 8 because suspension

transport is overrated. In this respect the remark should be made that the

outcome depends on the choice of the expression for the bottom roughness

ks. In the present calculations ks = 3�d90 whereas the model of Bailard gives

lower (better) results for ks=d50 [Koe94]. For the highest velocity all models

overrate the measured transport rate by a factor 2 - 8.

Calculating transport rates by considering two separate fractions increases

the estimated values in case of the models of Bailard and Ribberink. The

model of D & W gives a somewhat higher transport rate for the lower ve-

locities. However, for the roughest wave condition, Urms = 0.9 m s�1, the

transport rate decreases when two separate fractions are considered. Accord-

ing to this model, the net transport rate of the light minerals in the down

stream direction has decreased, because light material is transported in the
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opposite direction. This is reected by the considerably higher contribution

of heavy minerals to the net transported sand in the direction of the waves,

0.36 versus 0.18.

On basis of the experimental results it is impossible to tell whether the

transport of light minerals in suspension against the wave direction as the

model of D & W predict, is the cause of the low transport rates found for the

higher velocity regime. Unfortunately no thin layer experiments have been

performed with such a high velocity. The calculated transport rates are still

a factor two higher than the experimental values and the predicted heavy

mineral fraction in the transported sand is considerably higher than found in

runs F4.1 and F6.1. However, from the three models considered the model of

Dibajnia & Watanbe shows the best agreement with the experiments.

Hiding and sheltering To test the e�ect of applying hiding factors as

discussed in section 1.4.1 the model of Ribberink is used. It is the only

one, of the three models discussed, where beginning of motion and e�ective

shear stress are included and consequently correction factors a�ecting both

parameters may play a role. The corrections will be applied to the transport

of the light and heavy fraction separately5.

The correction factor on critical shear stress according to Ezigaro� (eq.

1.23) is considered plus the method of Komar et al. (eq. 1.22). For the

e�ective shear stress the factors according to Misri and Day are used, (eq.

1.24) and (eq. 1.25), respectively. The method of Misri implies a considerably

higher e�ective shear stress for the light fraction. Because it is questionable

if this is a correct approach, results are also given if the correction factor is

applied only on the small heavy fraction (Misri (h)). Input parameters are

listed in appendix B.

The results are shown in table 3.7. Adjusting the critical shear stress for

initiation of motion has hardly any e�ect on total transport rates where the

corrections according to Eziagarof and Komar give the same results. Applying

a hiding correction on the e�ective shear stress gives the largest reduction of

the transport rates. However, the best agreement between experiment and

model calculation is still obtained by using average sediment characteristics

instead of separate fractions as input parameters (see table 3.6). Moreover,

applying Day's correction factor on the average sediment results in a reduction

of 20 % on calculated transport rates for the highest velocity. This reduction

is still by far not su�cient to explain the observed lower transport rate in the

5Since the correction factor suggested by Day is based on the gradation of the sediment

(steepness of the grain size distribution) it can also be applied to the average sediment.
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Table 3.7: E�ect of several correction factors on estimated transport rates

qfrac (10�6 m2 s�1) according to the model of Ribberink. The bottom row

shows the result when no correction is applied.

Urms = 0.5 m s�1 Urms = 0.7 m s�1 Urms = 0.9 m s�1

qfrac ph;T qfrac ph;T qfrac ph;T
Komar 15 0.16 40 0.17 107 0.17

Ezi. 15 0.16 40 0.17 107 0.17

Misri 34 0.03 92 0.03 250 0.03

Misri (h) 13 0.07 36 0.07 97 0.07

Day 13 0.10 35 0.10 94 0.10

no cor. 14 0.17 39 0.18 107 0.18

present data.

Armouring The results in table 3.7 indicate that the low transport rates as

observed in the present experiments can not be modelled by a correction for

hiding on the e�ective or critical shear stress. Moreover, the deviation between

observed and calculated transport rates as well as between the results of the

present experiments and the one of Al-Salem and Ribberink, is increasing

with increasing velocity. In view of the results of the thin layer experiments

this may be because the removal of light material is more e�ective under the

most energetic conditions; the heavy material moves considerably slower and

stay close to the bottom under these conditions. This implies that transport

rates depend highly on the amount of light material `available' to meet the

`demands' of the velocity. In case of low velocities, as in test-series F3 and

F7, enough light material was available but for the more energetic conditions

it may not have been su�cient. If there is no light material any more in

the upper part of the sediment bed heavy minerals may form an `armouring

layer' for the underlying sediment, preventing deeper light minerals to be

transported, and thus decreasing the transport rate.

3.4.7 Conclusions

The conclusions from the thick layer experiments can be summarised as fol-

lows:

� Accumulations of heavy minerals in general occurred at bed forms like

the `mega ripples' or `dunes' as did develop in test-series F4 and F6.



3.4 Thick layer experiments 113

However, not every bed form is marked by such an accumulation.

� The material in suspension consisted mainly out of somewhat lighter

minerals with a relative small grain size (�gure 3.16). Concentration

pro�les of the material in suspension could all be described with a power

law with a constant concentration decay parameter �d ' 2. Unfortu-

nately the use of the suction system seems to inuence the experiment,

an e�ect most evident in the test-series F3.

� The BGO detector system is sensitive enough to detect changes in com-

position of the sediment which are occurring in the upper layer of the

bed; a good correlation between measured radiation levels and density of

this layer does exist. The results are reproduced by a `two-layer-model'

that describes the radiation above a homogeneous sediment-bed covered

with a layer with di�erent characteristics. Since it was also shown that

the density of a sample is related to its grain size (�g.3.16), radiation

measurements give information on density and, to some extent, grain

size distribution of the underlying sediment.

� The grain size distributions of the bed samples in this experiment may

be described by a Gaussian shape with a approximately constant vari-

ance and a mean grain size which is a function of density. This allows

for the determination of the median grain size based on the separation

of samples in two fractions only.

� The `two layer approach' used to calculate the transport rates per frac-

tion gives a good description of the observed features. The thickness of

the `transport layer' is in the order of centimeters. No correlation was

found between the thickness of this layer and the hydraulic conditions.

A more dense set of measuring points along the test section will pro-

vide more detailed information on the variations in the thickness of the

active layer.

� From the contents of the downstream sand trap it may be concluded

that the light fraction of the sediment is rather e�ciently removed from

the test section.

� Calculated dimensionless sediment transport rates in the present ex-

periments are in general lower than in experiments by Al-Salem and

Ribberink in 1992 [AlS93, Rib94]. In the present experiments transport

rates under the most energetic conditions (Urms= 0.9 m s�1) are as

much as 50 % lower. The composition of the transported sand indicates
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that this decrease may be due to `armouring' by high concentrations

of heavy minerals. From the top layer of the sediment bed the light

material is removed and therefore consists mainly of a slowly moving

heavy sediment. This layer prevents light sediments to be transported

(armouring). Because the process of enrichment with heavy minerals is

going faster under rougher conditions, as can be seen in the thin layer

experiments, this e�ect is most e�ective for test-series F4 and F6.

� Three transport models have been compared to the data: the models

of Bailard, Ribberink and Dibajnia & Watanabe. The model of Bailard

is over estimating the data with a factor 2-10 mainly by a overrating

of the suspension transport rate. The other two models are capable

of reproducing transport rates for low velocities reasonably well. The

models of Ribberink and D & W overestimate transport rates for the

most energetic condition by a factor of 3 and 2, respectively. This large

deviation can, in the case of the model by Ribberink, not be explained

by hiding or sheltering e�ect caused by non-uniform sediment.

The model of D & W shows better agreement with the measured trans-

port rate in case of the highest velocity when the transport rate for

a heavy and a light fraction was calculated separately. This due to a

o�shore directed transport of light minerals (according to the model).

However, the calculated heavy mineral fraction in the transported sand

is considerably higher than the experimental values (see tables 3.4 and

3.6).



Chapter 4

Measurements at the beach

4.1 Introduction

In 1982 high concentrations of heavy minerals were found on the Island of

Ameland (see �g. 4.1) which thus became an area of research interest. As

mentioned in Chapter 1 heavy mineral placers have traditionally been con-

sidered to be the result of winnowing of light minerals from beach sediments

due to erosion. This concept, however, does not explain the presence of high

amounts of radiogenic minerals like garnet, zircon and tourmaline in areas

such as `Zwanewaterduinen'. The `Zwanewaterduinen' were formed some 160

years ago after a man-made dike was constructed to close o� a tidal inlet. It

would appear that accumulations of such minerals also occur when sand is

deposited; a hypothesis that is supported by the 25.000 m3 of heavy minerals

that were found on the beach between beach pole (RSP) 17-19, after a storm

surge in the January - February 1992. This amount exceeds the amount of

heavy minerals available in the eroded beach and dunes by an order of mag-

nitude [Mei92, Bos92].

To study the mechanisms of beach erosion and accretion, elevation and

radiation were measured at two rectangular test sites during a period of more

than three years; from August 1991 till December 1994, 29 measurements

were carried out.

Elevations of the Dutch coast are regularly measured for coastal studies;

the JARKUS pro�les, for example, form a data set of the elevation of the

Dutch coast at 250 m intervals recorded at a yearly basis since 1967. The

measurement of elevation levels with intervals only in the order of months

is less common especially for a �ne measuring grid. Green�eld et al (1989)

[Gre89] measured time evolutions of elevation and natural radiation levels



116 Measurements at the beach

at three test sites at the beach of the Island of Texel. The measurements

were mainly of exploratory nature and formed a prelude for the present set

of measurements. Because of the high frequency of the measurements and

the total time period that was covered the data provide information on the

short term behaviour of the beach that would not be noticeable in annual

recordings. Due to the combination of elevation and radiation measurements

knowledge may be obtained on processes that inuence sediment transport.

In the pilot study at the Island of Texel it was shown that radiometric

measurements are a sensitive tool for studying dynamical processes at the

beach [Gre89, Les89]. Wind driven sand transport is characterised by an in-

verse correlation between changes in elevation and changes in radiation level;

the light, low activity, minerals are mainly involved in transport and cover or

uncover the heavy, more active minerals in the top layer of the beach. More

generally one may say that because the radiation level contains direct infor-

mation on the heavy mineral content of the sand and light and heavy minerals

are transported in a di�erent way the data entail additional information on

the history and therefore on the possible future of the beach.

The dimensions of the sites on Texel were limited (600-1000 m2), with

a grid size of 2 m. The processes studied were on a micro scale compared

to the size of the island. In the present study on Ameland with sites of

240.000 (`Oerd') and 30.000 m2 (`Bornrif') and with grid sizes of 25 and 12.5

m, respectively, it was possible to cover a considerably larger �eld and study

processes on a larger scale (see �g. 4.1). The obtained data are processed by

an empirical eigenfunction analysis which allows for a study of the spatial and

temporal variations of the data, by calculating `eigenmodes' of the system.

In this way a distinction can be made between signi�cant variations and

uctuations in the data. A positive correlation between evolution in time of

radiation and elevation was found for the ooded part of the test site. This

shows that heavy minerals are transported onto the beach from the sea (see

section 4.4).

After the description of used methods and techniques, section 4.2, �rst

some features of the radiation patterns recorded at the smaller test site, `Born-

rif' will be discussed, section 4.3. The measurements on this �eld lasted only

one year, after which the area was fully below the low-water line. The data

from test site `Bornrif' is unfortunately not suited for an Empirical Eigen-

function analysis because the measurements are often incomplete due to the

rapidly progressing erosion. However, the recordings reveal some typical fea-

tures of the correlation between elevation and radiation which will be dis-

cussed.
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Figure 4.1: Location of the Island of Ameland with the two test sites, Bornrif

and Oerd.

4.2 Measuring techniques and methods

A more detailed discussion of -ray detection is given in Chapter 1, here

only some aspects important for the beach measurements will be given. In

section 4.2.3 the chosen method of analysis, empirical eigenfunction analysis,

is discussed. A complete listing of all measurements and whether conditions

is given in appendix C.

4.2.1 Radiation Measurements

A portable solid-state gamma-ray spectrometer SCINTREX GIS-5, as de-

scribed in Chapter 1, was used for the radiation measurements in the �eld.

All recordings were `total-counts' measurements with an integration time of

10 seconds. Enhancements in radioactivity due to higher heavy mineral con-

centrations on the beach occur in the form of lamina, extending over areas

that are an order of magnitude larger than the action radius of the detector.

Because the `action radius' of the detector is several meters any inaccuracies

in the measuring locations are considered to be negligible.

Small variations in the distance of the detector to the ground will not

inuence the measurements because the absorption of radiation in air is very

low. However, two centimeters of over-lying water on the �eld means a reduc-

tion of approximately 20 % in the measured intensity. Because it is practical

impossible to correct for this absorption, no measurements were taken when

the �eld was inundated.

4.2.2 Elevation measurements

The elevation was measured by the personnel of `Rijkswaterstaat' (RWS) us-

ing laser-based and optical level equipment. All values are relative to reference
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poles (RSP) at the beach. These poles were calibrated in 1990 according to

the Dutch Ordinance Datum (NAP) based on an average sea level. Uncer-

tainties are due to the irregular surface of the beach and the positioning of

the measuring rod; they are estimated to be of the order of 2 cm.

4.2.3 Empirical eigenfunction analysis

With an empirical eigenfunctions analysis it is possible to separate spatial and

temporal variations of a measured parameter. A data set consisting of mea-

surements at a large number of locations and moments in time can be reduced

considerably with this method by calculating `eigenmodes' or `eigenfunctions'

of the system. It allows for discrimination between signi�cant variations and

`noise'.

The empirical eigenfunctions method has been applied to analyse data

sets consisting of elevation pro�les measured at several moments in time

[Win75, Aub79, Aub80, Wij95]. The application as described in this work

is di�erent in the sense that a grid of data points is considered instead of one

dimensional pro�les. Moreover, two quantities are measured (radiation and

elevation). The aim of the analysis is not merely to extract eigenmodes of

these two quantities and their variation in time but also to investigate possible

correlations between elevation and radiation.

The goal of the procedure is to represent the data as a linear combination

of two sets of functions with one depending only on position and the other

only on time. If the data are denoted byD(p; t), where p is the position p(x; y)

and t is the time of the measurements, this separation of variables may be

written as:

D(p; t) =
X

i

liSi(p)Ti(t); (4.1)

where Si(p) are spatial functions depending only on position and Ti(t) tem-

poral functions depending only on time. The coe�cients li give the `weight'

of the contribution of the respective functions. Of course there are an endless

number of functions that could be chosen but the power of an empirical eigen-

function analysis is that the data are represented by a linear combination of

a set of orthogonal functions, `generated' by the data itself [Win75].

The method is based on the Eckart-Young theorem stating that for any real

matrix X two orthogonal matrices U and V can be found for which the prod-

uct VTXU is a real diagonal matrix � with no negative elements [Dav73]. If

V and U are matrices whose columns are orthonormal this theorem can be

written as:

X = V�UT
: (4.2)
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The non-zero eigenvalues of the minor and major product matricesR = XTX

and Q = XXT, respectively, are the same and equal to the square of the

singular matrix � and hence1:

�2 = diag(�); (4.3)

where � is a vector containing the non-zero eigenvalues. Furthermore the

columns of matrix U and V contain the eigenvectors of product matrices R

and Q, respectively. The relation between the U and V follows from equation

4.2
V = XU��1

U = XTV��1:
(4.4)

The Eckart-Young theorem expresses the relation between the data matrix X

and the eigenvalues and eigenvectors of its two cross-product matrices.

If the present data are written in the form of a data matrix D, where

every column represents one recording of the 429 measuring points, the spatial

functions Si are eigenfunctions of the major product ofD or correlation matrix

A

A =
1

npnt
DDT

: (4.5)

with

aij =
1

npnt

ntX

t=1

dk(pi; t)dk(pj ; t); (4.6)

where np is the number of positions (429), nt the number of measurements

(27 or 28) and dk(pi; t) the radiation or elevation level as measured at position

pi at time t. The diagonal elements aii of this matrix are

aii =
1

npnt

ntX

t=1

dk(pi; t)
2
; (4.7)

so that the trace Tr A of the matrix is given by

TrA =

npX

p=1

aii =
1

npnt

ntX

t=1

npX

i=1

d
2
k(pi; t); (4.8)

which is the mean of the squared values of all data.

The set of eigenvalues �i belonging toA with corresponding eigenfunctions

Si are de�ned by

ASi = �iSi: (4.9)

1
R = XTX = U�TVTV�UT = U�2

U
T
) RU = �2

U, and thus U contains the

eigenvectors of R with eigenvalues �2
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Because the trace of the matrix A is equal to the sum of the eigenvalues one

may think of each eigenvalue being representative for a percentage
�iP
i �i

of

the mean of the squared values (MSV) of the data [Win75].

The spatial eigenfunctions form a new set of basis vectors for the data;

the temporal eigenfunctions Ti(t) times the coe�cients li are projections of

the data on this new basis. They can be determined by

liTi(t) =

npX

p=1

dk(p; t)Si(p): (4.10)

From equations 4.3 and 4.4 it follows that

li = (�inpnt)
1

2 : (4.11)

The coe�cients li express the relative importance of the respective eigenfunc-

tions since they comprise the square root of the eigenvalues The temporal

eigenfunctions give the weight at time t for the spatial eigenfunctions and

thus describe the time evolution of the spatial eigenfunctions.

The functions Ti(t) are also eigenfunctions of the minor product matrix

B:

B =
1

npnt
DTD; (4.12)

with the elements

bij =
1

npnt

npX

p=1

dk(p; ti)dk(p; tj): (4.13)

The word `function' suggests a mathematical form and therefore the term

eigenpro�le (EP) will be adapted for the spatial eigenfunctions; the temporal

eigenfunctions will be referred to as weightings.

Often the arithmetic mean is subtracted from the data (principal com-

ponent analysis) so that the trace of the product matrices is equal to the

total variance and all o�-diagonal elements represent the covariance between

the gridpoints. The advantage of using the raw data without subtracting the

mean, is that the mean beach pro�le (shape) is represented by eigenpro�le

associated with the largest eigenvalue; this pro�le will be called mean radia-

tion or elevation eigenpro�le (MREP and MEEP). The higher-order pro�les

account for the variance from this mean beach pro�le, where the second and

the third EP are most important. The data may be described accurately with

only three or four pro�les. An Empirical Eigenfunction analysis was used suc-

cessfully by Wijnberg et al. (1995) to describe the morphological behaviour
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of the multiple bar system for the Dutch coast over a period of decades using

the JARKUS-data set[Wij95].

Eigenvectors, eigenvalues and all matrix manipulations have been calcu-

lated with routines from the NAG (Numerical Algorithms Group) Fortran

Library (1975).

4.3 Test site `Bornrif'

4.3.1 Description of the site

This site is located near the west point of the island with RSP 3.0 in its

centre; the area is known as `Bornrif'. Measurements were started in March

1992 because of the presence of high concentrations of heavy minerals were

spotted there by the personnel of `Rijkswaterstaat'. The �eld measured 200

� 150 m2 and was located between RSP 2.9 - 3.1, y = 525� 675. The whole

area was inundated regularly and eroded fast. After a year the measurements

were stopped because the total site had disappeared below the low-water line.

In total 10 recordings were made of the site.

The �eld is not marked by any particular features like dunes; the area is

at. It is an interesting area because of the high erosion rate and the relatively

high count rates. After two recordings it was decided to reduce the grid size

to 12.5 m; 25 m was too large to cover the interesting phenomena.

4.3.2 Results and discussion

Especially in the �rst four recordings of the survey the radiation pattern as

measured at the test site Bornrif could be called spectacular. The average

level was relatively high (compared to the site at `Oerd') and the variation

large; areas with count rates approximately twice as high as in the rest of the

�eld occured. Spots of dark coloured heavy mineral grains could be noticed

at the surface of the beach. In time the di�erences within the �eld decreased

but the average level remained relatively high.

The Bornrif area was eroding fast during the period of the survey, espe-

cially in the winter period; the net sediment transport must have been mainly

seaward. The logical question arises: is the occurrence of high radiation levels

caused by high concentrations of heavy minerals, supporting the lag-deposit

hypothesis? It will be shown that this is not necessarily true.

Radiation swash bar. In �gure 4.2 two characteristic recordings of the

elevation and count rate of the site at `Bornrif' are shown. The recordings
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were made at a) 22 April 1992 and b) 21 October 1992. Both elevation plots

show a (local) maximum as a result of sand deposited by the swash run-up

of the waves. It will be called a `swash bar' (SB). Notice that the orientation

of the SB is di�erent at the two dates. Both radiation plots also show well

de�ned peaks in the measured count rates. Such a peak area will be called

a `radiation swash bar' (RSB). It was observed that an RSB is caused by an

accumulation of heavy mineral grains at the surface close to the peak of the

SB. Another example of an occurrence of an RSB is given in �gure 4.3 where
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Figure 4.2: Two recordings of the count rates (cp10s) and elevation (cm) at

`Bornrif': a) at 22 April 1992 and b) at 21 October 1992.

two recordings, one of 10 March 1993 and one of 7 April 1993, are shown.

Contrary to April no RSB is present in March. At �rst sight the elevation

plots do not seem to di�er signi�cantly but a more thorough examination

reveals that in March the crest of the SB has migrated outside the test site,

as is clear from �gure 4.4, which shows cross sections (in the y direction) of

the beach and the measured count rates at the four mentioned dates. From

these transects one notices that the occurrence of an RSB coincides with the

presence of a swash bar. A (local) maximum in the elevation seems to be a

necessary condition for the development of an RSB. There are two possible

reasons for the occurrence of an accumulation of heavy minerals: 1. removal

of light material due to erosion or 2. deposition of heavy minerals. Because

a swash bar is formed by the wave run-up it implies that heavy minerals are
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Figure 4.3: Two recordings of the radiation (cp10s) and elevation (cm) levels

at `Bornrif': a) at 10 March 1993 and b) at 7 April 1993. (The white part of
the �eld was already below the low water line when the recording was made.)
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Figure 4.4: Measurements on single lines in the seaward direction (y) from

four recordings of the elevation (solid lines) and count rates (dashed lines)

at `Bornrif': 22 April 1992, 21 October 1992, 10 March 1993 and at 7 April

1993.
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deposited by a landward directed (bed load) transport and are not (solely) the

result of winnowing of light minerals (lag deposit). However, the local wave

climate which causes the erosion might be the reason why the large amounts

of heavy minerals, which are a prerequisite to form an RSB, are present in the

area. Erosion would than correspond to selective removal of predominantly

light minerals.

That deposition of heavy minerals is not restricted to areas su�ering ero-

sion becomes clear in the next section where the measurements at the second

test site `Oerd' will be discussed.

4.4 Test-site `Oerd'

4.4.1 Description of the site

This major site is located at the north-east side of the island, between RSP

23.2 and 24.0. It will be referred to as site `Oerd', named after the nearby

natural reserve. The location was chosen because at this location the beach

is broader than at the rest of the island and a signi�cant variation in the

count rate is present within the �eld. During the period of the recordings

(August 1991 until December 1994) the beach was stable; no obvious erosion

or accretion of the beach was observed.

The cross-shore positioning, indicated by y, is between pole y = 0 and

y = 300. The shore parallel direction, � west-east, will be denoted with

x. Position (x = 0; y = 0) denotes the southwest corner of the site and

(x = 800; y = 300) the northeast one. Hence the total site measures 800

� 300 m2. Every 25 m in both directions a small pole marks a measuring

location. The total �eld is covered with a grid of 429 points where every

position p can be denoted by p(x; y) with x = m� 25 and y = n� 25 where

m = 0; ::; 32 and n = 0; ::; 12.

The northwest part (x = 0� 400; y = 175 � 300) of the �eld was ooded

during almost each tide while during northerly storm events the total site

gets inundated usually with the exception of the dune area. In �gure 4.5

an elevation plot is shown that is typical for the site. In the central part of

the �eld (x = 300 � 575; y = 50 � 150) small dunes are present which are

characteristic of the area.

The south side of the �eld is surrounded by dunes of a few meters high

at y � �50m. When going eastwards they bend a little to the south. During

the measuring period the sea managed once to break through this dunes in

the winter 1992-1993 leaving an `inlet' behind. Behind the dunes a stretched

at area is located, the nature reserve `Oerd'.
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Figure 4.5: The radiation (counts per 10 seconds) and elevation (cm) of the

site `Oerd' as recorded at 30-9-1991. The two ridges of enhanced radioactivity

and the dunes are clearly visible.

A characteristic radiation pattern of the site is shown in the left part of

�gure 4.5. Two parallel ridges (y � 50 and y � 200 m) in the west part of

the �eld with an enhanced radioactivity level show up. From a possible third

ridge, in the east part directed from (x = 700; y = 50 to x = 800; y = 150)

only the tail is visible. The rest of the site has a lower activity. The presence

of dunes does not seem to inuence the radiation pattern; no sudden decrease

or increase occurs.

The elevation and radiation level (count rate) of the test site `Oerd' are

recorded for a period of three and a half year. In this period the radiation

was measured 28 times and the elevation 27 times2. The frequency of the

recordings was irregular; the winter period is the most dynamic and therefore

interesting period and it was tried to do as many measurements as possible

within this season. Unfortunately weather conditions and high tide did not

always permit measurements. During summer months changes were hardly

observed and in 1993 it was decided to drop measurements during this period

also in view of limited support by RWS in this holiday period.

4.4.2 Results

The data set from the major test site `Oerd' contains 27 elevation and 28 ra-

diation measurements at 429 grid points each. To extract information about

the development in time from the data, one has to separate space and time

2In total 29 measurements were undertaken: at one occasion only part of the �eld could

be measured due to inundation and once it was not possible to measure elevations because

of dense fog.
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dependence of both quantities. This is done by means of the Empirical Eigen-

function Analysis described in section 4.2.3.

The result of the analysis procedure is a set of eigenpro�les that serves

as a new basis for the measured data. Every recording of the site can be

`constructed' by a combination of these eigenpro�les multiplied with the as-

sociated weightings. The time evolution of the weightings are representative

for the dynamic behaviour of the site. Investigating correlations between the

weightings on the elevation and radiation eigenpro�les, EEP's and REP's,

respectively, gives information about accretion and erosion of the �eld and

the type of sediment involved in these processes.

First some general features of the calculated eigenpro�les will be discussed

after which the time evolution of the weightings are evaluated. The last part

of this section shall be devoted to the correlation between the weightings on

elevation and radiation eigenpro�les.

Eigenpro�les In �gure 4.6 the �rst three radiation and elevation eigen-

pro�les Si multiplied with
p
�inp (i = 1; ::; 3) are shown. In table 4.1 the

percentage of the mean of the squared values (MSV) of the data is shown.

The numbers in the parentheses give the percentage of the variance from the

mean pro�le. The fourth eigenpro�le accounts for only 7 % of the variance of

the mean elevation eigenpro�le (MEEP). It represents extreme values in the

elevation measurements and is therefore not shown in �gure 4.6 but will be

discussed separately later on in this section. In the following discussion the

letters refer to the marked areas in the �gures.

Table 4.1: The percentage of the MSV of all data (left) and of all data

except for the recordings in week 78 and 83 (right), that is described by the

eigenpro�les associated with the four largest eigenvalues. The numbers in

parentheses give the percentage of the variance that is represented by the

eigenpro�les. The columns with 'R' are for the radiation and 'E' for elevation

data.

EP R E R E

1 98:95 99:73 99:16 99:73

2 0:33 (32) 0:12 (45) 0:25 (31) 0:13 (49)

3 0:15 (15) 0:04 (15) 0:11 (13) 0:03 (10)

4 0:11 (10) 0:02 (7) 0:07 (8) 0:02 (7)

The mean elevation eigenpro�le (MEEP) accounts for 99.73 % of the MSV
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of the data. The main features, the dunes (D) and the decreasing height in

the seaward direction, are visible. The letter `H' marks roughly the position

of the high-water line. The second and third elevation eigenpro�les (EEPs),

which together represent 60 % of the variance of the MEEP, account for the

variation in elevation as present in, for example, the dune area 3.
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Figure 4.6: First three eigenpro�les multiplied with (�inp)
1

2 (i= 1,..,3) asso-

ciated with the three largest eigenvalues of the radiation (left) and elevation

data from site `Oerd'. The higher-order pro�les can have a positive or a

negative weighting. The letters refer to the text

The mean radiation eigenpro�le (MREP) accounts for almost 99 % of the

MSV of the data. It clearly shows two ridges of enhanced radiation in the

west (left) part of the �eld with the peaks located at y = 250 m (R1) and

3The weightings of the higher eigenpro�les can either be positive or negative; they should

be superimposed or subtracted from the mean eigenpro�le, respectively.
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y = 25 m (R2). It seems that the `tail' of R2 extends until the dune area.

A possible third area of enhanced radiation is starting at (x = 700; y = 100)

and is mainly located outside the area.

The second and third radiation eigenpro�les (REPs) are less dominant

than in the case of the elevation and the fourth pro�le is needed to describe

more than half (57 %) of the remaining variance. The areas within the test

site where the variance in the radiation levels is most signi�cant are well

de�ned:

� The area near the high waterline (x = 0; y = 150�200 until x = 600; y =

300) is prominently present in the two higher pro�les (2B and 3B).

� The radiation ridges R1 and R2 visible in the MREP, are also present

in the third (3A) and second REP (2A and C), respectively.

The fourth REP is shown in �gure 4.7-A. It contains a ridge where the variance

is most signi�cant. This is caused by two recordings from February and March

1993 where a `radiation swash bar' (RSB), as was so frequently observed at the

test site `Bornrif', occurred. The purpose of this analysis is to extract trends

(eigenmodes) in the data. Because in the 28 measurements this phenomena

is observed only at the two mentioned occasions, it seems justi�ed to exclude

them in the analysis. The procedure as explained in section 4.2.3 is therefore

repeated without the two recordings. The result of this second analysis for
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Figure 4.7: Fourth radiation eigenpro�le multiplied with (�4np)
1

2 . Picture
A is the results when all data is included and B when the recordings from

February and March 1993 that contain the RSB, are left out.

the fourth REP is shown in �gure 4.7-B; it now represents the variance at the

locations of the two radiation ridges R1 and R2. It may be concluded that just

as in the case of the elevation eigenpro�les, the fourth REP is representing

extreme values.
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The results for the highest three eigenpro�les when the data from week 78

and 83 are left out are shown in �gure C.1 in appendix C. The main features

have not changed except that within in the second order REP the places of

maximal variance have become less pronounced (2A,B). In the right hand side

of table 4.1 the percentage of the MSV of the data that is represented by the

pro�les generated by the `peakless data' is shown. As expected the MREP

represents a higher fraction than in the case where all the data is included.

The remaining variance is divided over the other pro�les in a similar way as

before.

From this comparison one may conclude that the method produces stable

results: exclusion of two recordings does not yield signi�cant di�erent results.

Weightings Figure 4.9 b and c, show the weightings, multiplied with
p
�nt,

for the �rst two radiation and elevation eigenpro�les4. Appendix C contains

�gure C.2 where the weightings of the �rst three radiation and elevation

eigenpro�les are shown as a function of time for both analyses, with and

without the RSB of week 78 and 83.

The weightings of the mean pro�les are positive during the entire period.

Any increase (decrease) means an overall higher (lower) elevation or radiation

level and that the di�erences as present in the mean EP will become more

(less) pronounced. The increasing trend of the elevation weightings points at

a beach that is becoming higher but also steeper.

The weightings of the higher-order eigenpro�les can either be positive

or negative and the associated EP has to be superimposed or subtracted,

respectively, from the mean eigenpro�le.

An example To give an impression of the results of the method �gure 4.8

shows the measured and the reconstructed elevation pro�le from the western

part of the site, at x = 125m. The solid line is the measured pro�le, the

dashed line the MEEP and the dash-dotted line is the (weighted) sum of

the �rst three eigenpro�les. Two recordings are shown: a) from 16 October

1991 (week 10) and b) from 11 March 1994 (week 133). The weighting of the

MEEP at 11 March 1994 is larger than the weighting of 16 October 1991 (see

�g. 4.9); the MEEP in March lies lower than the measured pro�le which is

steeper than in October. The second-order eigenpro�le in March is scaled by

a relative large positive weighting to raise the middle part (y = 100� 225 m)

and lower the sea and duneside. The third eigenpro�le is used to somewhat

decrease this e�ect by a positive weighting (see �gure C.2 at page 167).

4Figure 4.9 is printed on page 131
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In October 1991 the opposite is the case; the mean eigenpro�le is too steep

and needs to be attened by the second and third order EEP: the middle part

is lowered by a negative weighting on the second order EEP which also means

that the sea and duneside are somewhat elevated; the latter e�ect is increased

by a positive weighting on the third EEP.
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m
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b) 11 March 1994
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Figure 4.8: Measured and the reconstructed elevation for transects from the

western part of the site Oerd, at x = 125m: a) 16 October 1991 (week 3)

and b) 11 March 1994 (week 133). The solid line is the measured pro�le, the

dashed line the �rst eigenpro�le and the dash-dotted line is the (weighted)

sum of the �rst three eigenpro�les.

4.4.3 Time evolution of the EPs

In �gure 4.9 the weightings of the mean and second-order EEPs and REPs (in-

cluding all data) multiplied with
p
�nt are plotted. The average value of the

mean elevation and radiation eigenpro�le is approximately 1 and the weight-

ings times
p
�nt are therefore equal to the averaged height, in centimeters,

and average count rate, in counts per 10 seconds, respectively. Summer (1

April - 31 September) and winter (1 October - 31 March) periods are denoted

by dashed lines. The upper part of the �gure shows the average (dashed) and

highest (solid) water levels as measured at the west side of the neighbouring

Island of Terschelling5. It shows that the winter periods are marked by higher

water levels were a peak value was reached in the winter of 1993 (� week 70 -

80). Within the summer of 1993 (week 90 - 110) when no measurements were

taken the weather was calm and the measured water levels were normal.

5Values from a measuring station located more near to Ameland were not available for

the full period. However, the recordings from both stations are similar.
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Figure 4.9: a. average (dashed) and highest (solid) water levels measured at

the west side of Terschelling. b. Time evolution (T1(t)
p
�1nt) of the mean and

c. of the second order eigenpro�le (T2(t)
p
�2nt) for elevation (squares) and

radiation (circles). The summer, `S' (1 April - 31 September ), and winter,

`W' (1 October- 31 March), periods are indicated by dashed lines. The beach

renourishment that took place in July - September 1992, is indicated in �gure

b. between week 50 - 60 with `bn'.

The �rst 70 to 80 weeks of the survey are characterised by rather regular

patterns. In the mean elevation pro�les one notes an increase in the winter
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periods (week 10 - 40 and 60 - 80) and slight decrease during the summer. The

mean radiation eigenpro�les show the opposite behaviour: a decrease during

the winter season and an increase in the summer. The second-order eigen-

pro�les show a slight oscillatory behaviour in phase with the mean elevation

eigenpro�le and with an increasing amplitude in time. These observations

correspond to a beach with an elevation pro�le that hardly changes in shape

during the �rst 70 - 80 weeks but gets steeper later on. For the radiation the

mean count rates are high in the summer and low in the winter and secondary

features, represented by higher-order pro�les, only play a minor role in the

�rst part of the surveys. After week 80 the average level of the countrate as

well as the variations in count rate within the site increase.

In the period between week 80 to 130 the storm event around week 80

produces a swash bar with a strong RSB in addition to an overall increase

in elevation of about 5 cm. No measurements were taken during the summer

period, but when the measurements are resumed in week 110 the overall

elevation of the beach is still higher than expected and its mean radiation

level is comparable to the situation at the end of the previous summer. It

takes until week 120 before the high water levels of the winter period manifest

themselves again and the situation in the pro�les changes. Around week 130

the second-order elevation pro�le has become quite strong meaning that the

dunes (D) are considerably reduced in height and that in the northwest corner

of the site the beach has obtained a well developed swash bar as indicated by

2B in �gure 4.6. Simultaneously the overall radiation levels dropped but, due

to the strong increase in weighting of the second-order radiation eigenpro�le,

increase on the seaward slope (A) of the elevation swash bar. The e�ect on the

physical appearance of the site is that the dry part of the beach becomes more

at especially in the dune area. The seaward side becomes more steep. This

is somewhat reduced by the larger third-order weightings (see �gure C.2).

For the rest of the period the elevation pro�le of the site maintains this

shape due to the remaining high weighting on the second-order elevation

pro�le. The radiation pro�les seem to resume their seasonal behaviour of

the �rst 80 weeks.

After this overall description of the evolution of the elevation and radi-

ation properties of the site, the time evolution of individual pro�les will be

discussed.

Time evolution of the MEEP (mean elevation eigenpro�le) During the

�rst 70 - 80 weeks the MEEP is (slightly) higher in the winter than it is in

the summer, contrary to the behaviour of the MREP. Remarkable is the fact
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that storm events that did occur during the period of the survey did not cause

erosion but accretion. In for example October 1991 recordings were made just

before and right after a storm surge (16 and 23 October 1991, week 10 and

11); in �gure 4.9 one may see that this caused a sudden increase of the mean

beach pro�le.

Over the total period of 174 weeks there is an increase in the elevation.

In �gure 4.10 a linear �t through the weightings of the MEEP gives a yearly

(relative) increase of the beach of 2.5 cm. However, the �rst 60 - 70 weeks

of the survey and in the last 80 weeks no real increase can be observed.

Therefore, the data are suggestive for a stepwise increase in the period of

week 60 to 90. One should realise that this increase is relative to beach

poles, which have subsided due to the extraction of natural gas by the NAM

since 1986. The rise of the beach relative to the subsiding beach poles is

such that the elevation relatively to the average sea level (NAP) is practically

unchanged. In the period of 1986 to 1994 the beach is lowered by 12 - 14

cm according to measurements of the NAM [NAM95]. The total measured

relative lift of the test site, in the period from August 1991 and October 1994

is approximately 6 - 8 cm which is similar to the measured subsidence of the

area.
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Figure 4.10: Time evolution (T1(t)(�1nt)
1

2 ) for the mean elevation pro�le.
The solid line is a linear �t with a slope of approximately 2 cm per year. The

dashed line is `to guide the eye' and shows the `jump' between week 60 - 90.

The total subsidence during the 3.5 year of the survey is approximately 6 - 8

cm.

From these observations one may conclude that natural processes tend

to keep the beach height at a more or less �xed position, relative to sea
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level. Under normal conditions the sand required for such supply has to

come from the active zone of the island, including the foreshore. A beach

nourishment is a man-made e�ect that distorts the quasi-equilibrium coastal

pro�le. From July until September of 1992 (week 46 to 58) an amount of

1.7 million m3 of sand, coming from the NAP -20 line, was brought on the

beach of Ameland between RSP 12 and 20 west of the site. The period is

indicated in �gures 4.9-b. and 4.10 by `bn'. The increase in accretion velocity

of the beach is starting roughly 15 weeks later (during the winter period).

This could indicate that the extra sand needed to compensate the subsidence

of the beach comes from the beach renourishment location. Moreover, it

was observed that a large part of the beach renourishment eroded within a

few months time [RWS92]. Changes in the behaviour of the mean radiation

eigenpro�le in the same period (�gure 4.9), indicate that sand with di�erent

radiometric properties is deposited on the beach than before. The weightings

on the second order eigenpro�les suggests that indeed sand with a higher

concentration of heavy minerals, is deposited within the ooded part of the

�eld where in the earlier part of the survey sand eroded. Samples from the

beach nourishment area did not contain higher amounts of heavy minerals.

However, the higher energetic conditions required to raise this site may very

well be the reason for deposition of heavy minerals.

Second-order eigenpro�les The weightings of the second-order radiation

and elevation eigenpro�les show a seasonal behaviour during the full 3.5 years.

One notices that in the �rst 70 weeks the overall sign of the second-order

weightings is negative, meaning a at beach. In the winter period the weight-

ings increase, or become less negative, meaning a deposition of sand containing

heavy minerals in the area around the high water line (2B), whereas the dunes

(2D) will decrease in height6. The dry parts of the site (2C and E) increase

slightly in height causing a small decrease in radiation.

During the summer the weightings decrease again; the dunes grow with

light, low-active minerals while sand is eroding from the rest of the site.

Because of the overall increase in count rate, the area around the high water

line becomes less pronounced as an active area.

Between week 70 to 90 and from week 120 on the sign of the weightings

changes from negative to positive and a SB is formed with an RSB, indicating

the deposition of heavy minerals. The storm event around week 80 caused

even a strong RSB. Due to the formation of the SB the site has become steeper

as can be seen in the right hand side of �gure 4.8. The dunes decrease further

6Note the sign of the eigenpro�les in each region.
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in height and lose their `low' activity feature.

4.4.4 Correlations

One of the goals of this study was to investigate correlations between eleva-

tion and radiation. However, �rst inter correlations have to be considered

between eigenpro�les of di�erent order but obtained from the same quantity

(elevation or radiation). This is necessary because the mean is not subtracted

and consequently the mean eigenpro�le passes through the arithmetic mean

of the data. Because higher-order eigenpro�les are in the direction of the

maximum variance, in sequential order, this means that weightings of the

mean eigenpro�les are not neccesarely uncorrelated to the weightings of the

higher eigenpro�les7. For the correct interpretation of any cross correlations

between elevation and radiation EPs one therefore has to start by considering

the inter correlations.

Inter correlations To test the signi�cance of correlations the linear corre-

lation coe�cient r is calculated. It is de�ned as the ratio of the covariance of

two variables and the product of their standard deviations

rxy =
covxy

sxsy
; (4.14)

where covxy =
1

(n� 1)

P
i;j(xi��x)(yj��y) and s2x = 1

(n� 1)

P
i(xi � �x)2. Since

the covariance can never exceed the product of the two standard deviations

the correlation r will be a number between -1 and +1 where zero means no

linear correlation and +1 (-1) a perfect positive (negative) linear correlation.

In table 4.2 the values of r are given between the weightings of the mean

and second to fourth-order radiation and elevation eigenpro�les. To be sig-

ni�cant on a 1% level the absolute values of the correlations should exceed

0.45 when all data are included and 0.47 for the data without the RSB8.

Table 4.2 shows that for the elevation the signi�cance of a correlation is not

inuenced when the recordings of February and March 1993 are excluded (see

table 4.2) and that the second-order EEP is strongly correlated to the shape

of the MEEP.

7Orthogonality does not per de�nition imply that pro�les are uncorrelated. A counter

example is a �rst and second-order sinus function.
8These values are according to the t-test. For this test to be valid it must be assumed

that the variables are normally distributed and that they are randomly chosen from the

population. Although the number of recordings is too low to tell if this requirement is

satis�ed, there is no reason to assume otherwise.
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Table 4.2: Correlations r between the weighting on the �rst and higher-order

eigenpro�les. The left side of the table gives the linear correlation coe�cient

for the weightings of elevation and the right side on the radiation eigenpro�les.

Correlation coe�cients are calculated for the data with (a) and without (w)

the recordings containing the RSB. Correlations are signi�cant on a 1% level

according to the t-test if jrj > 0:45 and jrj > 0:47, respectively

Elevation Radiation

a w a w

2 0:76 0:77 0:07 �0:09
3 �0:39 �0:28 0:21 0:06

4 �0:23 �0:45 �0:06 0:56

Figure 4.8 on page 130 illustrates the correlation between the �rst two

elevation eigenpro�les. A low mean elevation eigenpro�le is apparently equiv-

alent to a at beach; when the area is raised the beach gets more pronounced

features represented by a larger weight on the second EEP.

The negative correlation between the �rst and both the third and fourth-

order elevation pro�le, which is not signi�cant on a 1 % con�dence level, is due

to the fact that large part of the site lies at the dry beach. A large weighting

on these higher-order pro�les means an increase in height at the seaward side

and therefore a shift of the high water line in the seaward direction. Because

it has been shown that an increase of the whole site occurs when the �eld is

ooded (see �gure 4.9), this has a negative e�ect on the �rst-order weightings.

For the radiation a signi�cant correlation exists solely between the mean

and fourth REP and only without the two recordings of 1993. The change

from no correlation to a relatively strong one between the two eigenpro�les,

as illustrated in �gure 4.11, can be understood from �gure 4.7 at page 128. In

case of the `all-in' analysis the fourth radiation eigenpro�le is dominated by

the presence of the RSB; when this is omitted from the analysis it represents

(among others) variations in radiation level at the location of the two radiation

ridges R1 and R2

The absence of a correlation between the �rst three radiation eigenpro�les

emphasizes the independent behaviour of the steady and the dynamical part of

the radiation pattern represented by the mean and higher REPs, respectively.

Since the elevation eigenpro�les are correlated and radiation eigenpro�les are

not it may be concluded that any correlation between the mean and higher-

order eigenpro�les is not due to the method of analysis.
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Figure 4.11: Correlations between the weightings of the mean and the fourth

REP: A. when all data is included and B. without the two recordings of week

78 and 83 (RSB).

Table 4.3: Linear correlation coe�cients between the weightings of the ele-

vation (horizontal) and radiation (vertical) eigenpro�les. The left half of the

table includes all data (A) on the right half RSB is excluded (W).

A W

EP 1 2 3 4 1 2 3 4

1 �0:12 �0:11 �0:10 0:48 �0:22 �0:14 �0:06 0:34

2 0:72 0:71 �0:51 0:02 0:74 0:88 �0:13 0:11

3 �0:06 �0:36 �0:62 �0:08 0:49 0:22 �0:54 �0:36
4 0:58 0:38 �0:05 �0:11 �0:03 �0:09 0:08 0:24

Cross correlations As can already be seen in �gures 4.9 and C.2 the

weightings of the radiation and elevation eigenpro�les are correlated. In �gure

4.12 the correlation between elevation and radiation weightings of the same

order are illustrated and in table 4.3 the corresponding linear correlation co-

e�cients are given. The correlations can be understood by looking in detail

at �gure 4.6.

The correlation between the weightings of the mean radiation and eleva-

tion pro�les is not signi�cant. However, in �gure 4.12 one can see that up

and till the measurement of week 70 (solid squares) there is a rather strong

negative correlation (r ' �0:8). This negative correlation can be explained

by the presence of the radiation ridges (R1) and (R2); the beach is accreted

by light, low active sand, the ridges get covered and hence, the radiation level
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will decrease. If subsequently due to wind driven transport light minerals are

winnowed the radiation level will increase again. After week 70, open squares

in �gure 4.12, the correlation between the mean eigenpro�les changes and the

sign is not evident anymore.

The weightings on the second-order eigenpro�les are strongly correlated.

The points lie almost entirely in the �rst and third quadrant of �gure 4.12 and

hence both eigenpro�les are scaled with weightings that have the same sign.

For areas denoted by C, D and E in �gure 4.6 this means that an increase

(decrease) in elevation causes a decrease (increase) in radiation9. Areas C, D

and E are all three located at the dry beach and an inverse correlation between

radiation and elevation can be interpreted as wind driven transport of light

minerals; they cover (uncover) the heavy minerals present in the beach sand.

A similar behaviour was observed at the test sites at Texel [Gre89, Les89].

The part of the �eld denoted with A in �gure 4.6 lies on the border

between a positive and a negative correlation while for part B, an area that

is located just below the high-water line, a clear positive correlation between

elevation and radiation is found; an increase (decrease) in elevation causes

an increase (decrease) in radiation. Since in the ooded areas transport by

water is dominant, this correlation indicates that heavy minerals are deposited

(removed) by the sea. Sand deposited in week 78 in the area contains a

high concentration of heavy minerals which has increased the radiation level

signi�cantly. This is illustrated by the peak in both the weightings on the �rst

and second-order pro�les that is visible in �gure 4.9 (the RSB form February

and March 1993).

A semi-in�nite model, as described in Chapter 3, explains the change in

count rate if sand is covered or uncovered by material of di�erent activity.

The measured activity level Im is given by:

Im = I0e
��d + Ic(1� e

��d); (4.15)

where I0 is the activity of the original sand, Ic of the covering sand, � the

absorption coe�cient and d the thickness of the covering layer [Gre89]. In

�rst-order approximation this gives a linear correlation between changes in

radiation and elevation.

A negative correlation is observed between the weightings of the third

elevation and radiation EPs. The major part of the points (the bottom plots

of �gure 4.12) lies in the second and fourth quadrant and the weightings of

the radiation and elevation EPs have opposite signs. For areas A and B in

9Note the sign of the eigenpro�les for the di�erent regions
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Figure 4.12: Relative weightings, Tn(t) (n = 1; ::; 3), of the �rst three eigen-

pro�les for radiation (T r
n ) plotted as function of elevation (T h

n ) eigenpro�les.

The solid squares represent the 15 measurements up and til week 70. The left
part of the �gure includes all data, for the right part the results from week

78 and 83 are not included.

�gure 4.6, where the eigenpro�les have opposite signs, this is indicative for

the deposition of heavy minerals, as was the case in February 1993.

The area denoted with 3B can be regarded as an RSB that is apparently

part of the eigenmode of this test site. Although this RSB is less spectacular

than the one observed in week 78 and 83 it has the same characteristics; a
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band of high radiation level just at the position of the high water line.

Besides the correlation between elevation and radiation eigenpro�les of the

same order, correlations exist between EEPs and REPs of di�erent order as

may be seen in table 4.3. The strong correlation between the weightings on the

second order REPs and the mean elevation eigenpro�le is the consequence of

the inter correlation between the mean and second order elevation eigenpro�le,

as discussed in the former paragraph, in combination with the strong cross-

correlation between the second-order EPs. The fourth EEP accounts for the

variation in height at the locations of the radiation ridges R1 and R2 and is

therefore correlated to MREP.

4.5 Conclusions

The conclusions can be summarized as follows:

� The survey at `Bornrif' proves a correlation between the occurrence of

a swash bar and a `radiation-swash-bar' (RSB). Similarly at test site

`Oerd' such a phenomenon was observed. It indicates deposition of

heavy mineral grains by the swash run-up.

� Recordings of the elevation at a monthly basis give valuable information

on the `short term' (months, seasons) behaviour of the beach. Seasonal

trends were observed in the two highest eigenmodes of the system: in

the summer the beach at site `Oerd' is somewhat lower. Measurements

before and after a storm period indicate that the beach is raised by such

an event.

The apparent quick response of the beach to the subsidence of the island

due to gas extraction is remarkable. There are indications that the

increase of the beach elevation during the period of week 70 - 90 can be

correlated to the strong erosion of the beach renourishment that took

place between RSP 12 - 20.

� The Empirical Eigenfunction Analysis provides a powerful tool to study

the time evolution of a beach. The correlation between radiation and

elevation data allow for di�erentiation of transport modes of the sedi-

ment.

� The radiation measurements give valuable information on not only the

morphology of the beach but also about sediment transport mechanisms.

Just as was found in the pilot study in 1989 on Texel, wind-driven
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transport is characterised by an inverse relation between changes in

radiation and elevation [Gre89].

On both test sites on Ameland deposition of heavy minerals results

from water driven transport, resulting in a positive correlation between

radiation and elevation. The general theory that heavy mineral placers

are solely lag deposits, see p.e. [Eit95, Fri95, Woo75], does not agree

with this observation.

The change in correlation between the largest eigenmodes, or mean

beach pro�les, of radiation and elevation that is observed in the second

half of 1992 suggests that the sand that is deposited at the test site has

di�erent radiometric characteristics than the original sand.



Chapter 5

General discussion and

conclusions

5.1 Introduction

The aim of this work was to provide answers to the questions:

1. How do accumulations of heavy minerals develop?,

2. What can be learned from the study of heavy minerals about sediment

transport in general? and

3. What role may radiometric methods play in such studies?

With this purpose in mind three items concerning sediment transport under

wave conditions, focussing on di�erent time and spatial scales, were investi-

gated as described in Chapters 2, 3 and 4. In all three experiments radiometric

methods were used to obtain additional information about the processes. In

the next section the main results of the three experiments will be summarised

after which in sections 5.2.1 to 5.2.3 the implications of these results are dis-

cussed by answering the three questions listed above. It is shown that the

study of heavy minerals or selective transport gives valuable additional in-

sights into sediment transport in general. In the last section of this chapter

an outlook on the future of this kind of research will be given.

5.2 General results

In both laboratory experiments radiometric techniques were used to provide

(extra) information on sediment characteristics. In the wave ume only sam-
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ple analyses with the HPGe detector in the laboratory were done, whereas in

the wave tunnel in situmeasurements with the BGO detector were performed.

It turns out that there is a strong correlation between activity concentrations,

density and grain size of the sand (see Chapters 2 and 3). Therefore, radiome-

try is a fast method to obtain information on relevant sediment characteristics.

Chapter 2 describes a pilot experiment, carried out in the wave ume at

Delft, University of Technology in 1992. In these experiments it was investi-

gated whether it was possible, at all, to generate selective transport of heavy

minerals under moderate wave conditions, (ripple regime) using beach sand

which was naturally enriched with heavy minerals. The somewhat surprising

result is the fact that it is impossible to avoid selective transport, meaning

that selective transport was the rule rather then the exception. Moreover

it was observed that heavy and light mineral particles were transported in

a di�erent way; light particles went into suspension and followed the water

motion whereas heavy grains were `creeping' over the bottom in the direction

of the largest peak velocity. Surprisingly the net distance travelled increased

with increasing density and thus activity concentration.

This di�erent behaviour could be explained by considering the motion in

the vertical direction; small heavy grains are less `sensitive' to the hydraulic

lift forces while the larger light minerals are lifted relatively easyly. The reason

for this is the smaller diameter and thus smaller surface of the heavy grains

in combination with a relatively large mass. Therefore the lift force is smaller

than on the light minerals while the downward directed force of gravity is

similar. Because of the low velocities and the short wave periods used in

these experiments, the di�erences in threshold velocity for movement played

an important role; heavy and light minerals were transported in opposite

directions.

In 1994 experiments were conducted in the Large Oscillating Wave Tunnel

at Delft Hydraulics, de Voorst (Chapter 3). These experiments were focused

on the transport rates of heavy and light mineral sand under sheet ow con-

ditions. Special sand was used which was naturally enhanced with � 40%

(mass) heavy minerals. During the experiments the activity level of the sand

was measured in situ with the detector system `MEDUSA'. Due to the combi-

nation of high velocities and long wave periods the inuence of di�erences in

critical velocity, or shear stress, was small in these experiments; both heavy

and light minerals were transported in the wave direction. However, small

heavy grains move considerably slower as a result of their small surface area

and high mass.

Comparison with similar experiments with `normal' sand containing no
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heavy minerals, by Al-Salem and Ribberink [Rib94, AlS93], revealed that the

transport rates for sand with a relatively high concentration of heavy min-

erals were lower than for sand without such a concentration. Moreover, this

di�erence increases with increasing velocity (see �gure 3.19). The MEDUSA

detector indicated that light sediment was removed from the bed, leaving an

upper layer enriched in slowly moving heavy minerals that inhibits the under-

lying sediment of being transported (armouring). Because this process goes

faster under more energetic conditions, the relative e�ect will be larger.

The beach measurements described in Chapter 4 focussed on the behaviour

of heavy minerals at a larger scale, both in time and space. By an empirical

eigenfunction analysis the correlation between changes in elevation and radi-

ation levels were investigated. Just as was found in an earlier study [Gre89]

the dry part of the beach was characterised by an inverse relation between

changes in radiation and elevation, indicating transport of light minerals by

wind action. In the ooded parts of the beach a positive relation was found

indicating deposition or accretion of more heavy sediment. Based on this it

was shown that deposition of sand with a higher than normal concentration

of heavy minerals in these part of the beach occurred frequently. Under more

energetic conditions relatively large amounts of radiogenic sediment were de-

posited at the beach, the so-called `radiation swash bar' (RSB).

5.2.1 Heavy mineral placers

How do heavy mineral placers or accumulations develop? In principle the an-

swer to this question is simple: if in a certain section of an arbitrary sediment

bed the heavy mineral concentration in the incoming sand is higher than in

the outgoing sand, an accumulation will develop. No concentrations will oc-

cur if the transport rate of all minerals is constant (but not necessarily the

same for each minerals) and the supply of all minerals is su�cient. Therefore

a necessary condition for the formation of a heavy mineral placer is an `obsta-

cle' that inhibits or delays the motion of heavy minerals but does not, or at

least to a lesser extent, inuences the motion of light mineral grains. Because

heavy minerals move mainly as bed load, ripples, dunes and bars form su�-

cient `obstacles': the extra downward directed force due to the sloping bottom

in combination with the e�ect on the uid motion, as for example eddies and

wave breaking, can cause the development of heavy mineral accumulations.

An example of the formation of heavy mineral accumulations due to `ob-

stacles' comes from the tunnel experiments described Chapter 3: During the

full sediment bed experiments in the wave tunnel, concentrations of heavy

minerals were found at the location of bed forms, either induced by the suc-
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tion system or otherwise (see �gure 3.11). Very high concentrations could

develop close to the erosion hole and during the thin layer experiments be-

cause in those situations there was no supply of sediment from the upstream

side of the tunnel. For the thin-layer experiments this also resulted in selec-

tion within the heavy mineral fraction, reected by the changes in the bismuth

to thorium ratio.

An example at a larger scale was found in a radiometric survey with

the MEDUSA-detector system for the coast of Frisian Islands Terschelling

and Ameland in 1995 [Mei96]. Near the coast the concentration of heavy

minerals will increase in the shoreward direction due to the sloping bottom

and the occurrence of bars. In �gure 5.1 this is illustrated by the measured

bismuth and thorium levels for the coast of the Terschelling and Ameland.

Accumulations near the coast on a smaller spatial scale can be seen in �gure

5.2, showing a line of a radiometric survey in 1993 for the coast of Terschelling

[Pen95] where the x and y positions are given in kilometers according to the

`Rijksdriehoek co�ordinaten' (RDC), the Dutch reference system. The �gure

shows a line cutting straight through an area with heavy minerals; the e�ect

of bars on heavy mineral concentration is clearly visible.

Terschelling

Ameland

0 10 km

Figure 5.1: Bismuth plus thorium concentration (Bq kg�1) in front of the

coast of Terschelling and Ameland, measured in 1995 with the MEDUSA-

detector system.

Circumstances may occur under which heavy minerals are deposited at

the beach because the backwash of waves is not strong enough for a seaward

directed transport. At the same time light minerals can be moved by the
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Figure 5.2: Count rate and depth of a line north of Terschelling, measured

during a radiometric survey with the ERG-detector system in the summer of

1993. [Pen95].

backwash and because they form the bulk material, the beach will erode

despite the deposition of heavy minerals. An example is the beach of Ameland

where during a storm in the winter of 1992 sand was removed from the beach

but an unusual amount of heavy minerals was deposited between RSP 17 -

19.

The frequent beach measurements at the Island of Ameland (Chapter 4)

showed that deposition of heavy minerals on the beach is not an exceptional

event. It is only the deposition of a large amount of heavy minerals that

occurs rarely because it takes time to develop a high concentrated heavy

mineral placer before the coast and it needs certain, very energetic, conditions

to bring those minerals onshore.
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5.2.2 Modelling of sediment transport

What can be learned about sediment transport from the study of the be-

haviour of heavy minerals under various conditions? In general knowledge

about sediment transport mechanisms is put into various models. In general

models mainly focus on estimating transport rates under given hydraulic con-

ditions where the outcome of all models depends on one or more empirical

calibration factors. This restricts their applications to situations comparable

to the conditions present when the calibration was performed. If in these

calibration procedures no heavy minerals were involved, one might expect

that these models will give wrong estimates of the transport rates for sand

enriched with heavy minerals (see Chapter 3).

As indicated in Chapter 1, (selective) transport is the result of a combina-

tion of several factors of which entrainment or drag and settling are thought

to be most important. In the models they are represented by the (critical)

Shields parameter � and the settling velocity ws (see Chapter 1). However,

the experimental results and the semi-quantitative model described in Chap-

ter 2 indicate that the transport mode, suspended or bed load, has a large

inuence as well; besides a higher critical shear stress and settling velocity,

small heavy grains move slower than light ones and respond di�erently to

changes in bottom topography because they stay close to the bottom and

move as bed load (Chapter 2 and 3). Moreover, these di�erences introduce

non-linear phenomena in the transport properties; transport in opposite di-

rections may occur.

In the wave-tunnel experiments with sediment containing roughly 30%

(volume) heavy minerals, transport rates were measured for highest velocity

(Urms = 0.9 m s�1) that were approximately 50% lower than as measured

for a sediment containing only light minerals (table 3.5). The quasi-steady

models of Bailard and Ribberink overrated the measured values by a factor

of 3-5 even after corrections for hiding (see table 3.7). Better agreement with

the measured values was obtained using the quasi-unsteady model of Dibajnia

and Watanabe, especially if the transport was calculated by considering the

heavy and light fraction separately. However, this approach did result in a

heavy mineral fraction within the moving sand which was much higher than

the measured values.

The thin layer experiments in the tunnel (test-series F1 and F2) showed

that heavy minerals grains move slower than light mineral grains. Therefore

it is likely that the presence of a considerable amount of heavy minerals in the

sediment causes lower transport rates. It might be that the high concentration

of heavy minerals in combination with the �ner grained light sediment, which
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is moved o�shore (according to Dibajnia &Watanabe), explains the measured

low transport rates.

For better estimations one should perform a two-step calculation:

- 1. to establish from the sediment characteristics (grain size and density

distributions) and hydraulic conditions the expected transport mode

per size fraction;

- 2. calculate the transport rates for each fraction separately.

Step one is a sensitivity analysis for which a model of the type developed in

Chapter 2 could be used as a starting point. Based on the results of this

sensitivity analysis an appropriate model can be chosen for each fraction.

Complications arise because the movement of separate fractions might in-

terfere. For sediment containing minerals with the same density, especially

at lower velocity regimes, hiding e�ects play a role whereas in case of inho-

mogeneous sediment at higher energetic conditions `armouring' e�ects may

become important.

Armouring The results of the thick layer experiments give evidence to the

hypothesis that only the upper sediment layer is involved in the transport

process, the `two-layer-approach' (see Chapter 3). This implies that if light

minerals are removed from this upper sediment layer the remaining sediment

with a high concentration of heavy minerals may act as a sort of `armouring

layer'; slow moving heavy mineral grains prohibit underlying light sediment

from getting into suspension (see Chapter 3). This behaviour has a subduing

e�ect on sediment transport and should be taken into account to give correct

predictions.

Hydraulic equivalence Hydraulic equivalence explains why mineral grains

with a high density will be found in the smaller size fractions of a sediment.

However, it does not mean that large light-mineral grains will be transported

in the same way as hydraulically equivalent small heavy grains; it is the com-

bination of a small diameter and a large density of heavy minerals that makes

the di�erence. This is illustrated in �gure 5.3 where trajectories are shown,

calculated by the model introduced in Chapter 2, of a grain with density �s =

4.4 kg L�1 and a diameter d = 135 �m and one that is hydraulically equiva-

lent with a density �s = 2.65 kg L�1 and a diameter d = 200 �m. Under the

same circumstances they behave di�erently because of the di�erent lift and

friction force. This implies that for transport calculations grain sizes should

not be determined by measuring their settling velocities.
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Figure 5.3: Trajectories, calculated with the semi-quantitative model as

introduced in Chapter 2, of two hydraulic equivalent grains with di�erent

combinations of density and diameter: A. �s = 2.65 kg L�1, d = 200 �m and

B. �s = 4.4 kg L�1, d = 135 �m.

Another illustration is the fact that at bars the coarsest light material

is generally found in the troughs between the bars whereas the small heavy

minerals are mainly concentrated at the crests [All84, Sli84]. According to the

principle of hydraulic equivalence one should expect accumulations of coarse

light grains at the crest of bars as well. That this does not occur can be

understood as follows [Sli84]: both coarse light grains and the small heavy

grains are moved to the crest of the bar. Subsequently, the coarser grains are

transported downward whereas the heavy minerals are `trapped' at the top

between the coarser grains due to hiding e�ects.

5.2.3 Radiometric measurements

What role may radiometric methods play in sediment transport studies? The

beach measurements on the Island of Ameland (Chapter 4) showed that at the

smaller of the two test sites, Bornrif, the average radiation levels were higher

than at the other test site, Oerd. Deposition of heavy minerals occurred fre-

quently close to the high-water line reected by the occurrence of radiation

swash bars (RSB). The fact that more heavy minerals and thus higher ra-

diation levels were found at Bornrif is due to the more energetic hydraulic
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conditions; the area was completely ooded with each high tide and su�ered

rapid erosion.

The lower radiation levels as observed at test site Oerd point to a di�erent,

less energetic, situation. In the summer period the site was lowered by removal

of light low activity sediment while in the winter period the site was raised

mainly by light, low activity sediment, as shown in �gure 4.9. Deposition of

relatively large amounts of heavy minerals occurred only in the winter of 1992-

1993 and was accompanied by a sudden increase of the beach elevation. This

is not surprising, because only during extreme high water is the normally dry

beach inundated. Apparently the backwash is not strong enough to transport

sediment seaward and consequently the site was raised.

The empirical eigenfunction analysis showed that two radiation ridges (R1

and R2 in �gure 4.6) were part of the mean eigenpro�le. This indicates that

Oerd is a stable and growing beach on which heavy minerals were covered by

light minerals before the heavy minerals were removed or migrated inwards.

The positive correlation between second order elevation and radiation eigen-

pro�le, shows that the accretion of the ooded part of the �eld was with sand

containing heavy minerals.

5.2.4 Seasonal behaviour

Do measurements as performed at the beach during a period of 3.5 years

have any predictive power? Is it possible to extrapolate from such a series

of measurements the future behaviour of beach? To address this question,

elevation and radiation were measured at test site `Oerd' in April 1996, 16

months after the last measurement in December 1994; the results are shown

in �gure 5.4-A 1.

By comparing with earlier measurements (see �gure 4.5) it is clear that the

beach had grown considerably in the seaward direction so that the high water

line did not reach the site any more. Since the last measurement in December

1994, the north-western part of the site was raised 20 - 30 cm. However, on

the average the �eld did not increase in height; between x = 400� 600 m the

dunes almost disappear and from y = 150 � 300 even a decrease of the site

may be observed. Although at the day of the recording small aeolian dunes

covered the site, in general the beach had attened.

1Instead of the usual western winds the weather has been dominated by eastern winds

from July 1995 until April 1996. This resulted in extreme temperatures in the summer and

winter periods. Due to this it was impossible to perform any measurement in the period

November 1995 - March 1996 because either the actual weather conditions did not allow for

any outdoors activities or the beach was covered with ice.
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Figure 5.4: A. Radiation (counts per 10 seconds) and elevation (cm) of test

site `Oerd' as recorded at 16-4-1996.

The two radiation ridges are still vaguely present in the radiation pattern.

It was suggested that the `rhythm' in the average radiation level as observed

during the �rst 70 weeks of the survey (see �gure 4.9-a), will be restored and

that during the winter period the average count rate will be somewhat lower

(� 450 cp10s) than in the summer (� 500 cp10s). This cannot be con�rmed

nor rejected since the average count rate was 480 � 20 counts per 10 second.

In �gure 5.5 the weightings resulting from an eigenfunction analysis with

the recording of April included, is shown. As discussed in Chapter 4, the addi-

tion of a single recording will not have a signi�cant e�ect on the eigenpro�les.

Therefore, �gure 5.5 may be compared to �gure C.2 in appendix C. One can

see that the new data points in week 240 are consistent with trends observed

during the 3.5 year survey. In spite of the (continues or stepwise) increase

in 3.5 years, the weighting on the mean elevation eigenpro�le (MEEP) has

decreased since the December 1994. This to represent the at beach.

To account for the obvious growth of the northern part of the site, the

weighting on the third-order eigenpro�le has considerably increased. This

indicates that the negative correlation between the mean and third-order el-

evation eigenpro�les is stronger than suggested by the correlation coe�cient

given in table 4.2.

Figure 5.5 suggests that both elevation and radiation follow a certain

regular/seasonal pattern. A quantitative prediction by �tting the trends and

subsequently extrapolate them in time seems to be possible but is beyond the

scope of the present work.
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Figure 5.5: Weightings on the �rst four eigenpro�les for elevation (squares)

and radiation (circles) where the recording of 16-4-1996 (week 240) is included.

5.2.5 Conclusions

All three experiments shed light on di�erent aspects of sediment transport.

The main conclusions may be summarised as follows:

� Radiometry provides a fast and on-line tool to give useful information on

sediment in the laboratory as well as in the �eld. The parallel recording

of elevation and radiation levels makes it possible to di�erentiate by the

type of sediment that is either deposited or removed. Because transport

rates depend on sediment composition this is an important additional

piece of information.

� Heavy mineral placers develop because small heavy grains are trans-

ported close to the bottom as bed load whereas lighter larger grains

move further away from the bottom. Therefore heavy minerals `react'

di�erently to bedforms and are trapped more easily. The fact that heavy

mineral accumulations often occur at eroding beaches reects the high

energy levels needed for deposition on the shoreface. It is the deposition

of large quantities of heavy minerals that is exceptional rather than the

deposition of heavy minerals in itself.
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� The low transport rates for heavy minerals can not be accounted for by

the tested quasi-steady models of Bailard and Ribberink. Corrections

for hiding did not explain the gap between measurements and model cal-

culations. The quasi-unsteady model of Dibajnia and Watanabe showed

better agreement with the measured transport rates by incorporating

non-linear mechanisms in the suspended load transport. Another ex-

planation is that the lower transport velocity of the small heavy grains

in combination with the possible e�ects of armouring should be taken

into account.

� Hydraulically equivalent grains are not necessarily transported in the

same way and it is important to realise that transport mode and non-

linear e�ects may have a large inuence on the transport rate.

5.3 Outlook

The results of the experiments discussed in this thesis have provided answers

but raised maybe even more questions on the subject of selective transport

requiring further research. Some of the main issues are:

� The wide range of densities and grain sizes in natural sediment compli-

cates the study of selective transport. Laboratory experiments should

be performed with just one type of heavy mineral instead of the com-

plete spectrum. Results could also be used for calibration purposes of

known models to extend their application range.

� Developing models that focus on the movement of single grains instead

of transport rates, increases the understanding of transport processes

and will help to improve the estimations of transport rates. The semi-

quantitative model as introduced in this thesis to calculate grain tra-

jectories, is a �rst-order attempt at such a description. It could be im-

proved by including the probability for pick-up, settling and going into

suspension of individual grains and decreasing the number of `ad-hoc'

parameters. However, already in its present form it may provide use-

ful information on the susceptibility of di�erent grain types to erosion

under di�erent wave conditions.

� Radiometry provides a method to perform a sensitivity analysis of sed-

iment transport on a larger scale, in coastal areas. If from radiometric

measurements the type of sediment present at the beach and in the

near-shore area is known this can, in combination with the local wave
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climate, be a predictor for the behaviour of coastal areas in the future.

This was illustrated by comparing recent measurements at the beach

(Oerd) with the results of the series of measurements that ended more

than a year earlier. Whether this is true on a larger scale should be

veri�ed by further research on more test-sites.

� The measuring technique used to perform the radiation measurements

at the beach, as described in Chapter 4 is in fact trailing the present day

developments. Because of the relatively low e�ciency of the NaI crystal

in the SCINTREX detector, it is only suited to do `total-counts' mea-

surements on the beach. However, with the MEDUSA-detector system,

having a considerably higher e�ciency, separate potassium, bismuth and

thorium concentrations can be measured. Moreover, larger areas can be

covered due to the shorter measuring time needed [Pat95, Pen95, Mei96].

Surveys as performed at the North Sea could be carried out on the

beach by towing the detector behind a vehicle, covering large areas in

a relatively short time, provided accurate elevations can be measured

simultaneously.

� The possible armouring e�ect of heavy mineral-rich sediment layer will

be studied in the Large Wave Channel in Hannover in the second half of

this year (SAFE project). A pro�le of normal light minerals will be cov-

ered with a layer of heavy minerals. This research will give information

on the possibilities for using armouring for coastal protection purposes.
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Samenvatting

De Nederlandse kust bestaat voor een groot gedeelte uit zand. Zij wordt

continu belaagd door water en wind en op een aantal plaatsen verliest het

land terrein op het water: de kust erodeert. Vanwege met name sociale en

economische belangen wil men de kust graag in de huidige vorm behouden.

Om het strand en de duinen, maar ook de havens en waterwegen op een

goede en e�ci�ente manier te beheren, is het belangrijk om te weten hoe zand

wordt getransporteerd door water en wind. Dat is het onderwerp van dit

proefschrift.

Er wordt en is veel onderzoek gedaan naar het hoe en waarom van zand-

transport. Het `bijzondere' van deze studie is dat het zandtransport wordt

bestudeerd door gebruik te maken van de natuurlijke radioactiviteit van zand.

Door deze radioactiviteit te meten op verschillende plaatsen en tijdstippen

kun je de beweging van het zand in kaart brengen. Het meten van straling is

eenvoudig in vergelijking tot de gangbare meetmethodes voor het bestuderen

van zandtransport en de metingen kunnen relatief snel worden uitgevoerd.

Zand `Zand' is een ruim begrip. Per de�nitie bestaat het uit mineraalkor-

rels met een afmeting tussen 0.063 en 2 millimeter. De korrels zijn ontstaan

als gevolg van de verwering van gesteenten door water en wind. De mineralen

kunnen worden onderverdeeld in zogenaamde lichte en zware mineralen, die

van elkaar gescheiden kunnen worden door een zware vloeistof, zoals bromo-

form: lichte mineralen blijven drijven, zware zakken naar de bodem. Deze

laatste groep mineralen heeft dus een hogere dichtheid. Ter vergelijking: een

liter licht zand weegt, gecorrigeerd voor de lucht tussen de korrels, zo'n 2,65

kilo, een liter van een zwaar mineraal mengsel zoals dat hier aan de kust wordt

gevonden, weegt 3,5 tot 5,0 kg.

Het zand aan de Nederlandse kust bestaat voor het merendeel uit de

lichte mineralen kwarts en veldspaat. Over het algemeen bestaat slechts 0,5

- 1% van het zand uit zware mineralen (o.a. granaat, zirkoon en epidoot).

Desondanks spelen zware mineralen in dit onderzoek een belangrijke rol. Ze
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hebben namelijk twee eigenschappen die ze aantrekkelijk maken voor de studie

naar zandtransport:

1. Ze hebben een duidelijk afwijkende kleur, waardoor ze gemakkelijk te

zien en te volgen zijn.

2. Ze zijn van nature zo'n 200 keer radioactiever dan lichte mineralen,

zodat je ze kunt `waarnemen' door de radioactiviteit te meten.

Radioactiviteit Als iets radioactief is, wil dat zeggen dat het straling uit-

zendt. In dit proefschrift wordt gebruik gemaakt van zogenaamde gamma-

straling. Deze gaat gemakkelijk door van alles heen en het is mogelijk on-

derscheid te maken tussen verschillende radionucliden (radioactieve sto�en).

Men kan in de natuur drie belangrijke radionucliden onderscheiden: uranium,

thorium en kalium. Zware mineralen worden gekenmerkt door een hoge con-

centratie uranium en thorium, terwijl de lichte mineralen met name kalium

bevatten. Zware mineralen onderling zijn van elkaar te onderscheiden door

de mate waarin uranium en thorium voorkomen. Dit betekent dat je de sa-

menstelling van zand kunt bepalen door de concentraties van radionucliden

te meten.

Korrelgrootte Naast het verschil in radioactiviteit en dichtheid, onder-

scheiden zware mineraalkorrels zich nog op een derde manier van lichte mine-

raalkorrels: ze zijn gemiddeld kleiner. Het is niet zo dat er geen grote zware

mineraalkorrels zijn, alleen zullen gemiddeld genomen de lichte mineraalkor-

rels in een zandmonster groter zijn. Dit komt omdat de grootte van de korrels

niet bepaald wordt door het materiaal waarvan ze gemaakt zijn, maar door de

manier waarop ze op het strand terecht zijn gekomen. Tijdens het transport

vanuit het gebergte waar de korrels zijn ontstaan naar het strand, worden de

korrels gesorteerd. Het gewicht en de afmeting van de korrel spelen hierbij

een grote rol. Omdat de dichtheid van zware mineralen hoger is, zal in water

een klein zwaar mineraalkorreltje ongeveer net zo snel bezinken als een gro-

tere, lichte mineraalkorrel en zullen beide op ongeveer dezelfde plaats terecht

komen.

Zandtransport Het begrijpen van zandbewegingen is moeilijker dan het

zo in eerste instantie lijkt. We hebben namelijk te maken met een complex

systeem waarin alles met elkaar samenhangt. Golven en stromen, aangedreven

door wind en getij bewegen het zand op de bodem en vormen het tot ribbels,

zandbanken en eilanden. De bodem op haar beurt be��nvloedt weer de golven
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en de stromen. Zulke processen spelen zich af in periodes die vari�eren van

seconden tot maanden, jaren of nog langer. Door de complexiteit is het na-

bootsen van deze processen in een laboratorium niet altijd mogelijk en zullen

er dus ook metingen moeten worden gedaan in het veld. Maar ook dat is

niet eenvoudig want wat, waar en hoe lang moet je meten om de juiste gege-

vens te krijgen? Een extra moeilijkheid daarbij is dat meetapparatuur moet

functioneren onder `onvriendelijke' omstandigheden: in golvend zout water,

gedurende stormen en/of in het zand.

Selectief transport Zware mineralen vormen, zoals gezegd, meestal maar

een klein gedeelte van het zand voor onze kust, slechts 0,5 �a 1 % van het

gewicht. Echter op sommige plaatsen worden hoge concentraties in grote

hoeveelheden gevonden. Op het Noordzeestrand van Ameland bijvoorbeeld,

is in de buurt van paal 18, na een storm in de winter van 1992, 25.000 ku-

bieke meter aan zware mineralen gevonden, waarbij de concentratie op enkele

plaatsen 80 % of meer bedroeg. Hoe kan dit?

In het algemeen wordt aangenomen dat zo'n hoge concentratie zware mi-

neralen ontstaat omdat ze moeilijker zijn te transporteren. Tijdens een storm

wordt licht zand weggeslagen van het strand maar blijven de zware mineralen

liggen. Aangezien zand voor het merendeel uit lichte mineralen bestaat vind

je zware mineralen daarom vooral op plekken die eroderen. Dit kan echter

in het geval van Ameland zeker niet de enige reden zijn; de totale hoeveel-

heid aan zware mineralen die er is gevonden, was namelijk vele malen groter

dan de hoeveelheid in het weggeslagen zand van het strand en de duinen.

Het is daarom waarschijnlijk dat er zware mineralen bijgekomen zijn vanuit

zee. De grote hoeveelheid die na de storm op het strand is aangetro�en doet

vermoeden dat een zeer grote hoeveelheid zware mineralen in een geconcen-

treerde vorm aanwezig is op de zeebodem. Omdat er normaal niet zulke grote

hoeveelheden op het strand worden gevonden zijn er blijkbaar speciale om-

standigheden nodig, zoals een storm, om ze op de kust te brengen. Zware

en lichte mineraalkorrels worden dus op verschillende manieren vervoerd: het

transport is selectief.

Om na te gaan of en onder welke omstandigheden dergelijke concentraties

op de zeebodem voorkomen, werd in 1992 een experiment uitgevoerd in de

golfgoot van het Laboratorium voor Vloeistofmechanica van de Technische

Universiteit Delft.

Metingen in een golfgoot In het Laboratorium voor Vloeistofmechanica

wordt onderzoek gedaan naar golven, stromingen en sedimenttransport met



178 Samenvatting

behulp van verschillende opstellingen. Dit experiment vond plaats in de zo-

genaamde kleine golfgoot bestaande uit een smalle glazen bak van ongeveer

15 meter lang. Een schematische afbeelding staat op bladzijde 41. Aan �e�en

uiteinde van de goot zit een heen en weer bewegende plaat die golven maakt.

De proeven waren tamelijk eenvoudig en gingen als volgt: aan het begin

van elke proef brachten we in het midden van de goot een dunne laag zand

aan van ongeveer 30 cm lang, met daarin veel zware mineralen. Daarna lieten

we de golfgenerator enige tijd lopen (vari�erende van 5 minuten tot een hele

nacht). Hoe het zand door de waterbeweging getransporteerd en verspreid

werd over de bodem kon je goed volgen door de glazen wanden van de goot.

Op het moment van dit experiment hadden we nog niet de beschikking over

een detector die de radioactiviteit van het zand in het water kon meten, maar

door de afwijkende kleur was het niet moeilijk om de zware mineralen te

volgen. Aan het einde van elke proef werd de verdeling van het zand over

de bodem van de goot gemeten en zijn op verschillende plaatsen monsters

genomen. Om het gehalte aan zware mineralen te bepalen is van alle monsters

de dichtheid, de concentratie van radionucliden en de korrelgrootte gemeten.

De uitkomst van dit experiment was verrassend: onder alle door ons ge-

kozen omstandigheden ontstonden er concentraties van zware mineralen! De

analyse van de zandmonsters liet bovendien zien dat in de richting van de golf

het zand voor een steeds groter gedeelte uit zware mineralen bestond. Het

meest verrassende was echter dat de lichte mineralen op de beginpositie bleven

of zelfs tegen de golfrichting in werden vervoerd! Om dit te kunnen verklaren

moeten we allereerst weten welke krachten de korrels in beweging brengen en

vervolgens hoe groot deze zijn. Daarom werd een sterk vereenvoudigd model

ontwikkeld.

Korrelbaan model In dit model wordt de beweging van een korrel bepaald

door drie krachten: een liftkracht, een wrijvingskracht en de zwaartekracht.

De zwaartekracht wordt bepaald door het gewicht van de korrel. De grootte

van de eerste twee krachten wordt bepaald door de snelheid van het water en

de afmetingen van de korrel.

De snelheid van het water speelt dus een grote rol. Onder golven maakt

het water op de bodem een heen en weer gaande beweging; onder de top van

de golf gaat het heen en onder het dal gaat het weer terug. Dit betekent

dat de snelheid van het water steeds verandert, denk bijvoorbeeld aan een

schommelbeweging. In ondiep water, zoals in de buurt van de kust, is de

top van de golf hoger dan het dal (de golf is asymmetrisch). De snelheid is

hierdoor groter onder de top dan onder het dal van de golf.
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Hoe verder je van de bodem komt hoe harder het water stroomt omdat

het minder `last' heeft van de wrijving van de bodem. Aan de onderkant van

een korrel stroomt het water dus minder snel dan aan de bovenkant. Het

gevolg hiervan is dat de druk die het water uitoefent aan de onderkant van

een korrel hoger is dan aan de bovenkant. Resultaat: de korrel stijgt. Hoe

groter het snelheidsverschil tussen onder en boven, des te groter de liftkracht

is (dit is o.a. het principe waardoor vliegtuigen vliegen.). Grote lichte korrels

worden dus gemakkelijker opgetild dan kleine zware. De wrijvingskracht is

afhankelijk van de snelheid en de grootte van de korrel.
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Op basis van bovenstaande kun je uitrekenen en voorspellen wat er met

een zandkorreltje gebeurt tijdens het voorbijgaan van een golf. De uitkomst

van zo'n modelberekening voor zowel een licht als een zwaar mineraalkorreltje

is te zien in de �guur. Het verschil is duidelijk: de kleine zware mineraalkorrel

blijft dicht bij de bodem en maakt kleine sprongetjes vooruit. Het wat grotere

lichte mineraalkorreltje daarentegen komt veel hoger en zinkt niet terug naar

de bodem. Het gevolg hiervan is dat de afgelegde afstand in teruggaande

richting groter is dan in heengaande richting. Netto wordt het korreltje dus

tegen de golfrichting in verplaatst.

Metingen in de golftunnel In een kleine golfgoot kun je niet echt grote

golven produceren. In de golftunnel van het Waterloopkundig Laboratorium

in de Noordoostpolder kan dat wel. Een golftunnel is een langwerpige glazen

bak die, in tegenstelling tot een goot, dicht is van boven. Door het water in

de tunnel heen en weer te bewegen kan de situatie dicht bij de zeebodem op

ware grootte worden nagebootst. Een schematische tekening van de tunnel is

te vinden op bladzijde 73. In de tunnel hebben we de proeven zoals hiervoor

beschreven herhaald, maar dan met langere golven en hogere snelheden, wat

beter overeenkomt met de situatie voor de Nederlandse kust.
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In tegenstelling tot het experiment in de golfgoot werden in de golftunnel

de lichte mineraalkorrels in de richting van de golf vervoerd, terwijl de kleine

zware mineraalkorrels veel minder ver of zelfs helemaal niet werden vervoerd.

Er was dit keer geen transport tegen de golfrichting in. Dit is precies wat

het model voorspelde, zoals te zien is in de �guur op bladzijde 93. Ondanks

deze goede resultaten moeten we echter niet vergeten dat een model altijd een

vereenvoudigde weergave van de werkelijkheid is. Maar juist door de eenvoud

geeft het inzicht in mogelijk belangrijke e�ecten.

Hoeveel zand? De experimenten tot dusver hadden tot doel te bestuderen

hoe zand wordt getransporteerd door golven. In de golftunnel hebben we een

tweede experiment gedaan met als doel te onderzoeken hoeveel zand er wordt

getransporteerd door golven. Hiervoor hebben we over de volledige lengte van

de tunnel een dikke laag zand met veel zware mineralen erin aangebracht. Aan

het einde van iedere proef werd gemeten hoeveel zand er was verdwenen uit de

tunnel en terecht was gekomen in de zogenaamde zandvangen die aan beide

uiteinden zaten. Om informatie te krijgen over het zware mineralengehalte

van het zand in de tunnel werd gemeten hoe de radioactiviteit in de loop van

een proef veranderde. Daarnaast werden er zandmonsters genomen, waarvan

weer de dichtheid, de korrelgrootte en de radionuclide concentraties zijn be-

paald. De uitkomsten van dit experiment konden worden vergeleken met de

resultaten van eenzelfde, al eerder uitgevoerd experiment waarbij `gewoon'

zand, zonder zware mineralen, is gebruikt. Het bleek dat onder stormachtige

omstandigheden bij het experiment met `zwaar' zand, de hoeveelheid zand die

werd getransporteerd ongeveer twee keer zo laag was als bij het experiment

met `gewoon' zand! Verrassend genoeg was het netto transport onder rustiger

omstandigheden ongeveer gelijk. Door gebruik te maken van de gegevens van

de radioactiviteitsmetingen en de analyse van de zandmonsters, konden we

uitrekenen dat er voornamelijk lichte mineralen werden getransporteerd.

Modelberekeningen Bij de analyse van de meetgegevens hebben we ge-

bruik gemaakt van een aantal bestaande modellen waarmee je kunt uitrekenen

hoeveel zand er wordt getransporteerd onder golven. Het doel was enerzijds

te bekijken of we begrijpen wat we meten, maar, omdat dit de eerste keer

is dat dergelijke metingen zijn uitgevoerd met zand verrijkt met zware mi-

neralen, was het ook een test voor de betrouwbaarheid van de modellen in

deze situatie. Van de drie modellen gaf slechts �e�en, ontwikkeld in 1992 door

Dibajnia en Watanabe, een uitkomst die redelijk overeenkwam met de geme-

ten waarden onder alle omstandigheden. De twee andere modellen gaven veel
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te hoge uitkomsten. Het model van Dibajnia en Watanabe houdt als enige

rekening met het feit dat zand ook in de tegengestelde richting kan worden

getransporteerd. Daardoor wordt de netto hoeveelheid zand die in de voor-

waartse richting gaat, lager. Toch geeft ook dit model uitkomsten die niet

helemaal overeenkomen met onze waarnemingen. Het berekende zware mi-

neralengehalte in het getransporteerde zand ligt namelijk veel hoger dan de

gemeten waarde.

Afdekking door zware mineralen Een mogelijke verklaring voor zowel

het lage netto transport als het lage gehalte aan zware mineralen in het ge-

transporteerde zand zou kunnen zijn dat in de loop van een proef de zware

mineralen het zand als het ware gaan afdekken. Hierdoor kan het onderlig-

gende lichte zand niet meer in beweging komen en wordt het transport lager.

Dit verklaart tevens waarom bij lage snelheden het transport in beide experi-

menten gelijk is: doordat de hoeveelheid zand die wordt getransporteerd veel

lager is, zal er langer voldoende licht zand beschikbaar zijn. Als afdekking

met zware mineralen inderdaad de reden is voor het lage transport dan heeft

dit mogelijk interessante toepassingen in het kader van kustbeheer.

Metingen op het strand We weten nu dat zware en lichte mineralen op

verschillende manieren worden getransporteerd door water. Wat is het e�ect

hiervan op onze stranden? Om dit te onderzoeken hebben we op het strand

van Ameland drie en een half jaar lang, regelmatig en op vaste plaatsen, zowel

de radioactiviteit als de hoogte van het zand gemeten. Door beide gegevens

te combineren kun je zien of er licht of zwaar zand van het strand verdwijnt

of bijkomt. Er zijn vier mogelijkheden:

1. het strand wordt hoger en de straling neemt toe: er zijn vooral zware

mineralen bijgekomen.

2. het strand wordt hoger en de straling neemt af: er zijn vooral lichte

mineralen bijgekomen.

3. het strand wordt lager en de straling neemt toe: er zijn vooral lichte

mineralen verdwenen.

4. het strand wordt lager en de straling neemt af: er zijn vooral zware

mineralen verdwenen.

Uit de metingen blijkt dat er regelmatig zware mineralen op het strand wor-

den afgezet in kleine hoeveelheden zonder dat het strand lager wordt (optie
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1). Dit is dus in tegenspraak met de meer algemene opvatting dat je alleen

maar veel zware mineralen zult vinden op plaatsen die eroderen. Echt grote

hoeveelheden komen slechts na een storm op het strand terecht.

Conclusies De laboratoriumproeven hebben aangetoond dat het mogelijk

is dat zware mineralen worden geconcentreerd op de zeebodem voor de kust.

Deze conclusie wordt bevestigd door metingen op zee die zijn uitgevoerd voor

Ameland en Terschelling in 1993-1995 door de groep `Toegepaste kernfysica'

van het KVI in samenwerking met Rijkswaterstaat. De resultaten laten zien

dat er voor de kust van beide eilanden hogere concentraties zware mineralen

zijn te vinden dan elders het geval is.

Van de metingen op het strand weten we dat zware mineralen slechts

onder de juiste omstandigheden, een storm, in grote hoeveelheden op het

strand terecht komen. Dit hoeft echter niet noodzakelijkerwijs samen te gaan

met erosie. Het is natuurlijk wel zo dat als zware mineralen worden afgezet

terwijl lichte worden weggeslagen het e�ect extra sterk is.

Als eindconclusie kunnen we stellen dat de natuurlijke activiteit in zand-

korrels ons in staat stelt om op relatief eenvoudige wijze een waardevolle

bijdrage te leveren aan de studie naar zandtransport.
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