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Density gradation in cross-shore sediment transport
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Abstract

One of the fundamental properties of a coastline is its sediment composition. Coastal sediments are rarely composed of one

type of sediment. Due to these differences, the sediments are sorted on the beach and foreshore. The effect of density variations

of the sediment on coastal sediment transport has been studied in a wave flume experiment. Two sands with an equal grain size

distribution but with different densities (heavy minerals and quartz) have been used. Detailed measurements of profile evolution

and of sediment composition have been used to assess the sediment transport rates for each sediment fraction.

The experiments show that the presence of heavy minerals in the sediment results in reduced erosion on the beach face; the

breaker bar is smaller and its crest is more pronounced. The transport rates of different sediment fractions are not only determined

by the availability at the bed. In the inner surf zone close to the beach, armouring occurs; in the inner surf zone close to the breaker

bar, sediments are entrained more easily than expected. For effective armouring, the heavy mineral fraction in the bed should

exceed a certain level. This threshold concentration is reached first close to the beach and extends later in seaward direction.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Sedimentary coastlines have an attraction to many

human beings. For many of them it is a place to relax,

for others it is a way to earn a living, either on the dry

part or from the regions offshore. Consequently,

coastlines are often densely populated areas. These
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reasons make the presence and quality of a sandy

coastline a valuable asset.

Due to a continuous relative rise of sea level and

antropogenic structural interventions on the coastline

(e.g. the building of harbours), erosion occurs. This

leads to a change of the offshore profile, reduction in

beach volume and, in the worst case, retreat of the

protecting dune area. Therefore, authorities are often

involved in an active maintenance of these geological

systems. Because of the complex morphological

coastal system and inherent natural variations, stand-

ardised methods to bcureQ the problems are not
(2004) 1105–1115
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available. The European MAST-III project SAFE

(performance of Soft beach systems And nourishment

measures For European coasts), focussed on the

problems of coastal retreat (Hamm et al., 2002). This

project aimed at establishing new methodologies for

solving present problems and tried to gain improved

insight in the processes acting in the coastal zone for a

better understanding for future protection. The work

in this paper is part of the project SAFE and focuses

on the improved understanding of sedimentary pro-

cesses acting in the coastal zone.

One of the fundamental properties of a coastline is

its sediment composition. Coastal sediments are rarely

composed of one type of sediment. Grain sizes may

vary from pebbles to coarse and fine sand, silt and

clay; densities show variations from about 1.6 kg l�1

for certain carbonates to heavy minerals as dense as

cassiterite (7.4 kg l�1). Also, the shape of the grains

can vary, e.g. from almost pure spheres to flat pebbles

and flaky clays. Due to these differences, the hydro-

dynamic properties of the sediments will differ and

the sediments are sorted on the beach and foreshore,

leading to the observed grouping of materials.

Classification of sediments in their composition

has for a long time been one of the few possibilities of

deriving information on sediment transport processes

in modern day environments. In geology this is, apart

from observations on morphology, still the only way

to derive the hydrodynamic conditions of the depo-

sitional environment. From the 1950s to the 1970s, a

lot of work has been conducted on variations in

sediment composition (Cordes, 1966; Eisma, 1968;

Hand, 1967; Komar and Miller, 1974; Rao, 1957;

Stapor, 1973). However, these analyses were time-

consuming: samples have to be taken, and the precise

work on the counting of heavy-mineral types, sieving

of grain sizes, and measuring the rollability is a major

effort, whilst separating heavy-mineral fractions with
Fig. 1. Schematic setup of the experiment. The locations of wave-height m

lines) are indicated. The wave board moves within the area indicated by
the toxic bromoform is expensive and unhealthy. The

development of techniques to measure hydrodynamic

conditions directly (e.g. current meters, wave-height

measuring systems and equipment to measure sus-

pended-sediment concentrations more precisely)

caused a decreased interest in the elaborate analyses

of sediment composition. Also, the development of

numerical models resulted in a reduced interest in

tedious and laborious measurements. With the

increase of computer power and the better under-

standing of the modelling of sediment transport,

models on sediment transport and morphological

change started to incorporate variations in sediment

characteristics. However, due to the lack of high-

resolution data of sediment grading in time and space,

it is difficult to validate these models and the

importance of effects of sediment grading in the

sediment transport processes is poorly understood.

This paper describes the effects of cross-shore

density gradation on a coastal profile. To that end, the

sorting of two sediment types with different densities

has been studied in a wave-flume experiment.

Detailed measurements of profile evolution and of

sediment composition have been used to assess the

sediment transport rates for each sediment fraction.
2. Experiment

To study the effects of selective transport, experi-

ments were conducted in a wave flume (Scheldt

flume, WLjDelft Hydraulics).
Two series of experiments have been conducted.

Series A served as a reference study with uniform

sediment. This series has been carried out on an

initially plane beach, with a slope of 1 in 40,

consisting of quartz (dune sand) with a median grain

size of 129 Am (see Fig. 1). Series C aimed at
eters (WHM) and positions of measuring verticals (vertical dashed

the grey box at the left.



Table 1

Initial geometry, sediment composition (in mass percentages) and

total duration of the various experiments

Series Initial

geometry

Sediment

composition

Wave

duration

(h:min)

Objective

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

C plane, 1:40 60% quartz,

40% zircon

14:33 effects of density

gradation on

morphology
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measurements of selective transport processes and

profile evolution of density-graded sediments. The

series started again from a 1 in 40 sloping plane bed,

in which the upper 10 cm of the bed consisted of a

mixture of ~60% quartz and ~40% zircon by mass

(Table 1). The high concentration of the dense mineral

zircon is not often found in nature, the mixture of 40%

is chosen as an extreme to show the effect of the

heavy mineral fraction.

Random waves were generated by a wave board

equipped with an active wave-absorption system

(Klopman, 1995), such that at the same time waves

were generated and reflected waves were absorbed.

The waves have been generated according to a second-

order Stokes wave theory with the JONSWAP model.

The JONSWAP spectrum has been developed to model

growing storm waves with a limited fetch (Hasselmann

et al., 1973) similar to conditions that occur on the

North Sea. The incident wave conditions at deep water

(water depth h=0.7 m) were characterised by wave

height Hm0=0.17 m and the wave period Tp=2 s.

For the determination of the transport rates per

sediment fraction, the profile evolution and changes in

sediment composition have been measured. One of

the possibilities of determining sediment composition

in situ is via g-ray measurements. In the past, these

techniques have been applied regularly for studies of

radioactive tracers in the field and in laboratory

experiments (see, e.g. Pilon, 1963). With the develop-
Table 2

The median grain size (d50), 10 and 90 percentiles (d10 and d90), settling v

uncertainties) of 238U and 232Th for quartz and zircon

Sediment d10
(Am)

d50
(Am)

d90
(Am)

ws50

(mm s�1)

Quartz 93 129 187 12

Zircon 83 115 153 27
ment of improved hardware and analysis techniques,

the measurement of variations in low-activity, natu-

rally occurring radionuclides became possible (see,

e.g. de Meijer et al., 1994; Tánczos, 1996). These

naturally occurring radionuclides can be related to

heavy-mineral concentrations (de Meijer et al., 2002;

Tánczos, 1996) but also to concentrations of clay and

sand (Venema et al., 1999). In this paper, measure-

ments of natural g-radiation have been used to

determine heavy-mineral concentrations in the sedi-

ment (Koomans, 2000).

At selected time intervals (mostly the end of a day),

the profiles are measured by a bed profiling system

and with the MEDUSA system (de Meijer, 1998). The

measurements were conducted along two parallel

trajectories, each running 33 cm from one of the

side-walls of the flume.

2.1. Sediment

The experiments focussed on the effect of density

gradation in sediment transport. Therefore special

attention was paid to the selection of the sediment

types. In series A, quartz sediments have been used. In

the experiments of series C, zircons with a higher

density than quartz were added to the quartz sediment.

To avoid hiding effects (Reed et al., 1999), the grain

size of the zircons was similar to that of the quartz

minerals. The dense mineral zircon is a reddish-

coloured mineral and is considerably enhanced in

radionuclide concentrations of 232Th and 238U. The

large difference in radionuclide concentrations allows

the radiometric measurement of zircon concentrations

in the sediment with a high precision (de Meijer et al.,

2002).

The sediment properties of the quartz and zircon

used in series A and series C are summarised in Table

2 and Fig. 2. The grain-size distributions in Fig. 2

show that the d50 of zircon is 14 Am smaller than the

d50 of the quartz but the shape of the distribution is
elocity (ws50), density (q) and activity concentrations (with external

q
(103 kg m�3)

238U

(Bq kg�1)

232Th

(Bq kg�1)

2.43 (0.10) 5.6 (0.3) 4.82 (0.15)

4.4 (0.2) 12400 (400) 2300 (100)



Fig. 2. Relative and cumulative grain-size distributions for quartz and zircon.

R.L. Koomans, R.J. de Meijer / Coastal Engineering 51 (2004) 1105–11151108
similar. The densities of both sediments (Table 2)

were calculated after measuring the weight dry and

underwater several times and the uncertainty repre-

sents the standard deviation in these measurements.

The higher density of the zircon results in a settling

velocity that is about twice the settling velocity of

quartz. These settling velocities were measured in a

settling tube. Visual observations on the sediments

show that the shape and roundness are similar.

The MEDUSA system (Fig. 3) has been used to

measure g-radiation to derive the zircon concentration

of the sediment bed. For these experiments, the

MEDUSA system contains two casings (Fig. 3), one
Fig. 3. The MEDUSA setup in the flume. The tubes are placed on a
with the g-ray detector and another with electronics.

Both casings are placed on a PVC sledge to allow a

smooth motion and to prevent sediment to pile up in

front of the tubes (see Fig. 3).
3. Formulation of sediment transport

3.1. Volumetric sediment transport rates

Variations in bed height can be used to formulate a

volume balance to determine the time-averaged sedi-

ment flux or transport rate hqvi per unit width (W), in
sledge to prevent sediment piling up in front of the detectors.
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m3 m�1 h�1 in a cross-section in the flume on location

(x0):

hqvðx0Þi ¼
1

WDt

Z x0

offshore

� Dz xð Þdx; ð1Þ

with Dt the elapsed time (in hours) between the profile

measurements.

To determine the mass fraction of quartz and

zircon, the radiometric measurements of MEDUSA

are analysed. Sediment samples from the final profile

of the experiments have been used to validate the

results of the measurements with the MEDUSA

system (Koomans, 2000).

3.2. Mass transport rates

The concentration of zircon is used to calculate the

time-averagedmass transport rate per sediment fraction

of quartz or zircon hqqi and hqzi, respectively, per unit
width, in kgm�1 h�1 in a cross-section on location (x0).

To calculate this mass transport per fraction of

sediment, a mass-balance equation should be formu-

lated based on the variations in profile evolution and

the measured zircon concentrations of the bed.

Therefore, the concentration of zircon should be

known in a layer with a constant lower reference

level. By doing so, mainly the sediments that actively

participated in sediment transport are included. This

layer can be considered similar to the bactive layerQ
(see, e.g. Reed et al., 1999; de Meijer et al., 2002).
Fig. 4. Bed height measurements for different profiles of series A. The ho

dashed lines and the numbers point to a number of zones on the profile.
The mass change rate of zircon per unit width in

cross-flume direction and in x-direction (kg m�2 h�1)

can then be determined by:

DMz ¼
1

Dt
qz zþ dzð Þvz1 � zvz0	½ ð2Þ

with Dt the duration of the run (in hours), qz the bulk

density of zircon and vz1 and vz0 the volume fractions

of zircon before and after the run, respectively.

Similarly, the transported mass of quartz can be

calculated from:

DMq ¼
1

Dt
qq zþ dzð Þ 1� vz1Þ � z 1� vz0ð Þð 	:½ ð3Þ

The mass transport rates per unit width for the

zircon fraction (hqzi , in kg m�1 h�1) in a cross-

section on location (x0) follows then from:

hqzðx0Þi ¼
Z x0

offshore

� DMz xð Þdx: ð4Þ

4. Results

4.1. Series A: quartz sand

Series A studies the morphological evolution of a

barred beach system composed of uniform sediments:

quartz. The wave conditions are similar to storm

conditions. This experiment is the reference experi-
rizontal line indicates the water level in the experiment, the vertical



Fig. 5. Bed height measurements for different time intervals of series C. The horizontal line represents the time-averaged water level.
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ment for series C that involves sediments graded on

density.

Fig. 4 presents the evolution of bed height during

four successive runs of series A. These results clearly

show how a breaker bar (region 2) develops around

x=20–25 m, corresponding to the location where the

waves break. The crest of the breaker bar (the location

of maximum curvature) progrades seaward to x=24 m

for experiment A904. Landward of the breaker bar,

the bed is eroded. This erosion starts at x=~30 m in

experiment A207, but the location of maximum

erosion progrades in the direction of the shoreline to

x=36 m for experiment A904. The erosion in the inner

surf zone (region 4, between breaker bar and water

line) results in a steepening of the beach face at x=37

m. On the beach (xN38 m, region 5), a swash bar is

formed.
Fig. 6. Profile evolution for series A and
4.2. Series C: quartz–zircon mixture

The profile evolution at various time intervals for

series C (Fig. 5) shows the formation of a breaker bar

between x=20 m and x=25 m. Landward of the

breaker bar, the sediment bed is eroded. In a region

just below the water line (34bxb37 m), the profile

remains practically unchanged. Similar to the experi-

ments of series A, a swash bar is formed just above

the waterline.

Compared to the profile of the A-series (Fig. 6), the

breaker bar in series C is narrower and its crest

becomes more pronounced after a similar time

interval. These results show that the admixture of

zircons to quartz has an effect on the profile evolution:

a considerable reduction of erosion occurring mainly

in the area between the crest of the breaker bar and the
series C after approximately 14 h.



 

 

 

Fig. 7. Sediment transport rates of the quartz and zircon fraction in two time intervals of series C and sediment transport rates of similar time

intervals of the A-series.
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shore. The seaward side of the breaker-bar crest is

similar for both experiments. At the toe of the profile

(xb12 m), erosion in both series A is minimal. The

difference in the final profiles in Fig. 6 is the result of

a difference in the initial profile for both series.

In general, erosion is less for series C.

4.3. Mass transport rates per sediment fraction

Fig. 7 shows the sediment transport rates of the

quartz and zircon fraction of series C and the transport

rates of series A of similar time intervals.

If we compare the sediment transport rates of quartz

and the quartz fraction for C201–C302, the transport

rates are similar up to the crest of the breaker bar at

x=26 m. For C302–C404, the sediment transport rates

of quartz and the quartz fraction are similar for
Fig. 8. Distribution of the zircon concentration in the uppe
10bxb15 m, but the transport rate of the quartz fraction

is a factor of 2 larger for 15bxb20 m. In the region of

the breaker bar, 20bxb25 m, sediment transport rates

are similar. This indicates that mainly quartz sediments

are transported offshore of the breaker bar. Visual

observations and the measurements of the zircon

concentration (Fig. 8) show that the zircon fraction is

covered by these quartz sediments and, consequently,

not available for sediment transport.

At more onshore locations, sediment transport rates

of the quartz fraction are reduced with respect to

sediment transport rates of the uniform quartz. This

reduction is larger in the latter time interval. For the

first time interval, the sediment transport gradients

(the slope of the curve) are similar for 30bxb32 m. In

the second time interval, the transport gradient of the

quartz fraction is smaller than the transport gradient of
r 5 cm of the sediment for several runs of series C.
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the uniform quartz for 30bxb35 m, pointing to a

reduced erosion of quartz. For 26bxb30 m, the

transport gradient is larger for the quartz fraction,

indicating that the erosion of the fraction is larger in

this region. Sediment transport rates on the beach

(xN37 m) are similar for the uniform quartz and the

quartz fraction.

The sediment transport of the zircon fraction is

directed offshore for 25bxb31 m, similar to the

direction of the quartz fraction, and is slightly larger

for the last time interval. The maximum in the offshore-

directed sediment transport rates is located around

x=30 m and from there the transport rates decrease in

onshore direction and reverse in sign at x=31 m. The

subsequent maximum in onshore-directed sediment

transport rates is located around x=32 m for both time

intervals and the sediment transport rates decrease to

q=0 towards the shoreline at x=35 m. The sediment

transport rates of zircon in this region are opposite to

the sediment transport rates of the quartz fraction. The

two maxima in sediment transport rates of the zircon

fraction indicate that zircons are deposited at x=30 m

and x=32 m. At the swash bar at x=37 m, the sediment

transport rates of zircon point to an onshore transport of

zircon onto the swash bar.

In general, the sediment transport rates of the

quartz fraction only deviate from the sediment trans-

port rates of the uniform case of series A if a

significant fraction of zircon is transported. If quartz

and zircon both are eroded, erosion rates of the

fractions are equal.

4.4. Zircon distribution

The variations in the mass transport rates per

sediment fraction show that quartz and zircon behave

differently. Since the zircon and quartz used in these

experiments have a similar grain-size distribution, this

selectivity in sediment transport reflects purely the

effect of sediment density.

Since the erosion and accretion do not exceed 5

cm, the zircon concentrations are determined for the

upper 5 cm of the sediment (Fig. 8). The initial

concentration of zircon (C100) is not constant but

shows small-scale variations and increases in shore-

ward direction. These variations are the result of

selective processes during filling of the flume.

Already in the first time interval, this distribution
changes with distinct differences in the four morpho-

logical units of the coastal profile:

(1) The outer surf zone (xb18 m). Since the

sediment transport rates in this region are small,

sediments are not sorted and the zircon concen-

tration remains constant.

(2) The breaker bar (18bxb25–29 m). The sediment

transport rates of the two fractions show that

mainly quartz is deposited on the seaward side of

the breaker-bar crest located at x=25 m. Con-

sequently, the concentration of zircon will

decrease. At the landward side of the breaker-

bar crest, quartz sediments are removed and

zircons are deposited. Consequently, the con-

centration of zircons increases in this region. As

we can observe in Fig. 8, the area of increased

concentration of zircon moves offshore in time.

(3) The inner surf zone (25–29bxb37 m). In the

inner surf zone, a complex interaction occurs

between accretion and deposition of quartz and

zircon sediments, but the average distribution of

zircons is rather simple: the total zircon concen-

tration in this region increases with a maximum

around x=30 m. This zircon distribution points

to the often-mentioned mechanism wherein

quartz is removed from the inner surf zone,

leaving zircons as a lag deposit (Komar and

Wang, 1984; Stapor, 1973). The analysis of the

transport rates of the sediment fractions shows a

more sophisticated process: the simultaneous

removal of quartz and zircon from the region

around x=31 m, and the removal of quartz and

deposition of zircon for 32bxb35 m result in

similar zircon concentrations at the bed. This

shows clearly that by looking at sediment

composition only, transport rates for the sedi-

ment fractions cannot be derived accurately.

(4) The bdryQ beach (xN37 m). On the swash bar, the

concentration of zircons decreases with time.

This is the result of the fact that mainly quartz

sediments are deposited on the swash bar.

5. Assessment

Total sediment transport rates ( q) are often

described as the sum of transport rates for each
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individual sediment fraction ( q i) (van Rijn,

1998):

q ¼
X
i

qi; ð5Þ

In the modelling of graded sediment transport, it is

often assumed that the volumetric fraction in the bed

determines the transport rate of a sediment fraction

and that these transport rates are not affected by other

fractions. The sediment transport rate of a quartz

fraction in the mixture ( qm,q) is the product of the

sediment transport rate of uniform quartz ( qm,q* ) and

the volume fraction (that parameterises the probability

of pickup) in the bed (graph B in Fig. 9) (Reed et al.,

1999; van Rijn, 1998):

qm;q ¼ vqqm;q4 : ð6Þ

Since the sediment transport rate of uniform zircon

is in general smaller than the sediment transport rate

of uniform quartz for equal hydrodynamic conditions,

reducing the fraction of quartz will reduce the total net

sediment transport rate:

qm ¼ ð1� vqÞqm;z4 þ vqqm;q4 : ð7Þ

Due to the larger sediment transport rate of the

quartz fraction, this fraction is selectively removed

from the upper (active) layer of the sediment. This
Fig. 9. Schematic presentation of the bed availability model (see Eq.

(6)). In case of uniform quartz ( q) bed, the total sediment transport

rate is equal to the transport rate of the quartz fraction (A). If zircons

(z) are added to the sediment, the transport rate of the quartz fraction

is reduced due the reduction in the number of quartz grains per unit

volume in the bed (bed availability model, B). If the sediment

transport of the two fractions is not independent, the transport of the

quartz fraction will be modified by a factor a (C). In case of

armouring, a will be b1, in case of enabling, a will be N1.
results in the formation of a thin layer with a fraction

of zircon that is higher than in the original sediment.

The bed availability should therefore be determined

from the volume fractions in the active layer. The

thickness of the active layer is not well known.

Several investigators have measured thicknesses

ranging between two grain diameters (~0.5 mm) to

values of 0.3 cm (Reed et al., 1999 and references

therein). Experiments of selective transport of

heavy minerals by Tánczos (1996) showed that the

active layer thickness can be of the order of several

cm.

If the sediment transport of the two fractions is not

independent, the transport rates will be altered by a

factor a (graph C in Fig. 9):

qm;q ¼ avqqm;q4 : ð8Þ

In case of armouring, a will be b1. When the

transport rates are less reduced, a will be N1.

In the description of size-graded sediment, the

assumption of independent transport rates of the

fractions is not a priori valid due to hiding or

exposure when smaller grains fall within the pores

of the larger ones. Therefore, often a correction factor

(e.g. Egiazaroff, 1965) is applied and the transport of

the fraction is described by: qm,q=cavqqm,q* , with c as

a correction factor. If this correction factor is not

known properly, the effect of a cannot be estimated.

Since the sediments in the experiments on density

gradation have equal grain size, this effect is not of

importance in the present study.

The mass transport rates of quartz in series C are

compared to the transport rates for a uniform quartz bed

multiplied with the quartz fraction (according to the

bed-availability model) in Fig. 10A. These data have

been used to calculate a (Fig. 10B). The results show

that a varies along the profile and deviates from unity.

In region 1, the bed-availability model underestimates

onshore-directed sediment transport rates by a factor 1–

2. This region is small for the first time interval

(16bxb19 m) but has expanded in the second time

series.

On the breaker bar (middle of region 2), the

sediment transport rates are larger than expected

(aN1). The offshore limit of this region (x=21 m) is

constant for both time series, but the seaward edge of

this region moves offshore in time from x=29 m to



Fig. 10. (A) Sediment transport rates for the quartz fraction in series C compared with the sediment transport rates of series A multiplied with the

fraction of quartz in the upper 5 cm of the sediment bed, for the first 7 h (t1) and the subsequent 7 h (t2). (B) Values of a (Fig. 9) calculated from

the results in A.
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x=26 m. Not only the width of this region decreases in

time, but also the magnitude of the overestimation of

the sediment transport rate decreases in the two time

series; in t2, a is almost equal to unity. Accounting for

the btrendQ that is present in the two measurements, the

region of aN1 will disappear.

In the inner surf zone (region 3), offshore-directed

sediment transport rates for quartz are reduced (ab1).
For the first time interval, this occurs for region

29bxb34 m. In the second series, the region of

overestimation is broadened in offshore direction

(26bxb34 m).

The results show that in case of density gradation,

the transport rate of the sediment is not only

determined by the availability at the bed. If we

describe the sediment transport rates of the quartz

fraction with a numerical model based on the

assumption of Eq. (6), the breaker bar in series C

would be too wide and erosion in the inner surf zone

would be too large. The reduced erosion of quartz

near the beach in series C cannot be fully attributed to

the reduced availability of quartz in the sediment, but

other factors are also important. The changes in bed
composition result in the formation of an armour layer

composed of zircon. This layer covers the quartz

sediments and precludes quartz sediments from

entrainment (Kuhnle and Southard, 1990; Reed et

al., 1999). The increased effectiveness in armouring in

the second time interval points to a process wherein

the reduction of sediment transport only starts after a

minimum concentration of zircon in the armouring

layer. This observation is consistent with experimental

results on density gradation in unidirectional flow

(Kuhnle and Southard, 1990).
6. Conclusions

The Scheldt flume experiments show that the

presence of heavy minerals in the sediment results

in a beach face with reduced erosion; the breaker bar

is smaller and its crest is more pronounced. In the

experiments with a sediment mixture, the sediment

transport rates are smaller and the sediment transport

rates decrease faster in time than in the experiments

with uniform quartz sediment.
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The results of the experiments in the Scheldt flume

indicate that the transport of sediment fractions is not

only determined by the availability at the bed. In the

inner surf zone close to the beach, armouring occurs;

in the inner surf zone close to the breaker bar,

sediments are entrained more easily than expected.

In time, the extent of this latter region decreases and

the region with armouring expands. Offshore of the

breaker bar, the decreased availability does not affect

sediment transport rates. It seems that for effective

armouring, the zircon fraction in the bed should

exceed a certain level. This threshold concentration is

reached first close to the beach and extends later in

seaward direction.
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