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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.


