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FOREWORD

From 16 - 18 August 1964 a meeting was held at the Head
quarters of the IAEA to discuss the present status of the appli
cations of radioactive tracers in studying "bed load movement in 
rivers * The participants in the meeting also spent three days 
in Yugoslavia to see the methods used in this country under an 
Agency research contract. 9 scientists from 5 countries parti
cipated in the meeting as well as several members of the Agency' 
secretariat.

This report summarises the work of the meeting and gives 
the recommendations concerning the future work in the field of 
radioisotope applications in bed load movement and transport.
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•1. INTRODUCTION
1.1. The Problem

The determination of sediment transport rates in rivers and 
canals is a problem of major importance in hydraulic engineering.
The prediction of these rates are necessary for the successful design 
and operation of many hydraulic structures.

The sediment transported by rivers and canals consists mainly 
of two components; suspended material and bed material load. The 
sediment transport rate in a cross section of a river depends on the 
availability of these materials in the watershed and in the channel 
upstream and on the capability of the flow to transport the sedi
ment. This report deals only with the bed-load movement and transport 
in rivers and canals.

Radioactive tracers have been used during recent years, 
with varying degrees of success, to study the movement and transport 
of solid material in rivers and along coasts. Although the meeting 
was devoted entirely to transport of bed material in rivers, many 
of the discussions were also applicable to coastal research.

In early work tracer methods were used to solve problems con
cerning the direction and the existence of movement of the particles 
of sediment. A useful example of this type of study is the river Thames 
experiment which was carried out in 1955~57« It soon became evident 
that in many cases it would be possible to apply radioactive tracing 
methods to obtain quantitative measurements of bed-load transport ir. 
rivers and in canals.
1.2. Comparison of Radioactive Tracer Methods with other Methods 

Methods to determine the bed-load transport in rivers have
been in use long before radioactive tracers became available in large 
quantities. These methods ares

(i) Application of formulae such as those of Meyer-Peters or
Einstein

(ii) Measurement of sediment deposition
(iii) Sand traps
(iv) Phonic method for pebbles
(v) Other tracers.
The bed-load transport rate depends on the flow rates and channel 

characteristics. It is possible therefore to calculate it using formu
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lae which contain these parameters. In general, the measurement of the 
hed-load transport is made to check these formulae and should he consi
dered as complementary to them.

The measurement of the bed-load transport by conventional tech
niques, i.e. traps etc., are rather difficult and the efficiencies of 
these instruments are low, especially for gravel size material. In 
addition to that, their use requires considerable skill.

Such methods have been used In France and Britain without be
coming particularly popular. The operations of putting the trap in 
place are rather complicated and it is difficult to know if all bed
load material is collected. They are also used in the Netherlands, 
but they were extensively used especially in Hungary and Yugoslavia.

The Yugoslav participants presented their experience with such 
traps. Results were sometimes reliable, but often they were not, due 
to improper placing of the mouth of the trap relative to the dunes and 
ripples on the bottom of the river.

In experiments made in the Velika Morava river, radioactive 
tracer methods were compared with the use of sand traps. At discharge 
rates of 0.5 g/sec/m the methods gave identical results. That is the 
tracer method corresponded to the maximum value obtained in any one 
determination with the trap. On the Danube river both methods are being 
studied.
1.3. Radioisotopes versus other Tracers

As well as in other applications, radioactive tracers compete 
with several other substances used as tracers to study the dynamics 
of natural phenomena, In the case of bed-load studies, fluorescent 
tracers, magnetic materials and dyed sand might be considered. It 
should be stated that radioactive tracers have certain inconveniences.* 
they are not handled easily, they create certain health problems and 
the activity decays with time which in turn might lead to detection 
and measuring problems.

But in comparison with other tracers radioactive isotopes have 
many advantages. They are not very expensive, the measuring equipment 
is commercially available, and it is quite clear that any project which 
is worthy of study will not he hampered for coot reasons. The use of 
moderate half-life nuclides has also certain advantages, because an 
area can he the subject of new studies after a while when there are no



disturbances from embedded tracer from the previous experiment, 
Badioisotopes have also the advantage of identifying different size 
groups of bed material by using radioisotopes emitting radiation of 
different energies.

The most important advantage is, however, the possibility of 
having continuous results and to work without sampling. When for 
quantitative reasons sampling is required it is easier to find out 
where to sample.

For flume studies fluorescent tracers or coloured material 
are easier to handle, because their presence can be detected by 
direct visual observation. An interesting approach was recently 
reported from Pakistan, where black sand was used as a tracer in 
light coloured sand of the same density and grain size. In the 
Netherlands groups are working with radioactive and other tracers 
in parallel.
2. PRESENT WOBK IN TEE COUNTRIES REPRESENTED AT THE MEETING
2.1. Great Britain

A group at the Hydraulics Research Station at Wallingford ha 
performed experiments in laboratory flumes and in small rivers to 
study possible use of radioactive tracer methods for quantitative 
estimates of bed-material transport. In principle, three methods 
have been developed, namely the space-integration-method, the time— 
integration-method and the dilution method. The laboratory experi
ments of tbese three methods have been extensively described in pub
lications from the station [_ 2,3,4 /- A summary of the results ob
tained up to early 1963 was given at the Agency's Symposium on Radio 
isotopes in Hydrology in Tokyo / 5_7»

(a) In the space-integration a known quantity of tracer is 
instantaneously injected at a point or in a line across the waterway 
The distribution of the labelled material is then studied downstream 
after a given time. The distance between the injection section and 
the centroid of the tracer cloud divided by the time of travel will 
then give the average velocity of the labelled'material, which, in 
turn, when multiplied by the depth of the moving layer will give the 
bed-load transport rate.

(b) In the time—integration method the tracer is also in
stantaneously injected at a point or in a line across the stream and
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the discharge is estimated from the area under the tracer concen
tration versus time curve, but because the concentration varies 
across the section it is more usual to measure the mean concentra
tion (weight per unit area) of tracer at the section. In this case 
the discharge velocity is derived and hence the discharge when the 
depth of the movement is known.

(c) Time Dilution Methods
A continuous injection of a known amount of tracer is made 

and at a point downstream where the tracer is well mixed with the 
bedmaterial samples are taken at certain intervals. When the samples 
show constant concentration of the tracer, equilibrium is reached and 
the dilution gives a direct measure of the bed-material transport rate.

However, the lengths of channels where the experiments were 
performed were not sufficient to give the tracer the opportunity of 
dispersion so that the results of the time and space distribution of 
the tracer could not be compared with theoretical calculations.
Neither did the flume experiments give any indication on how the 
mixing length and the depth of penetration can be estimated under 
field conditions.

A report was presented on field work performed during 1963-64 

on the river Idle / c /. Although the conditions were far from ideal, 
interesting results were obtained. They indicated the very important 
point, that with radioactive tracers the time-integration method would 
be most useful for bed-load transport measurements at high rates, 
where the time required, for the passage of the tracer pulse is likely 
to be small in comparison with the rate of change of flow conditions. 
The space-integrating method would be more useful at low discharge 
rates or when widely varying flow conditions could be anticipated.
2.2. Fran ce

In France bed-load movements are undertaken in co-operation 
between a group of the Commissariat a 1'Dnergie at Saclay and the 
Laboratoire National d 'Tiydraulique at Chatou- This co-operation has 
resulted in a number of field studies in various rivers in France 
and in Africa. The results of these studies have been extensively 
published [_ 7S8,9_ . In the summer of 19^3 a team went out on an 
IAEA technical assistance assignment to Cambodia\ the report of this 
mission is now released [ 10_/. Methods have been developed both for
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studying pebbles, sand and very fine inactions of sedimeM raster--.!.
For the time being, laboratory research is proceeding on seve

ral lines In Chatou, radioactive and fluorescent tracers are being 
used to study the validity of the quantitative methods suggested by 
the English group * In Saclay particular emphasis is placed on methods 
that will directly-give the depth of penetration of the labelled 
material} two methods were described during the meeting.

Further, labelling of fine fractions and flocculated material 
is the subject of fundamental studies and finally, the health prob
lems in the use of labelled material are being investigated with the 
aim of drafting regulations for this purpose.
2 .3 . Yugoslavia

In Yugoslavia a group at the Institute for Development of- 
Water Resources "Jaroslav Cerni" works together with scientists of 
the Federal Nuclear Energy Commission on similar problems. research 
started on the Yelika Morava river in 1 9 6?“ The ultimate goal of 
the work is to measure carefully the bed—load transport 01 the Danube, 
in order to evaluate the problems that may arise from the construc
tion. of a dam across the Danube at Djerdap (the Iron ^atc). In this 
connection the Agency has placed a research contract with this group, 
the first annual report of which was presented at the meeting 7 -1_7°
2.4. Hungary

In Hungary extensive work is going on concerning coastal erosion 
problems, and in this context some work was related to narrow navi
gation channels etc, / 12,13_7* A good deal of development work is 
also related to the development of suitable tracers and appropriate 
detecting systems.
2.5. Other Countries

In other countries, not represented at the meeting, work of 
the same or similar nature is being carried out. The coastal or 
harbour studies are most well known, e.g, in Japan j_ 14_/, wether 
lands j_ 15_7, Germany / l6,17_/> Australia [_ 18,19_/ and the United 
States of America /~20,21J . Similar work is also reported from 
India 7~22 1. In rivers and irrigation canals work of a preliminary 
character is known, for example, India and Pakistan.
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3. PRACTICAL ASPECTS OP BTD-LOAD TRACING
3.1. Choice of the Tracer

Then selecting' a tracer substance for studying bed-load move
ment one has to consider both the choice of the material and of 
nuclide for labelling. To a certain extent, the choice of material 
will influence the selection of the tracer nuclide, but normally it 
is possible to find those with suitable half-lives and radiation 
energy for any experiment.

In the choice of material there are two possibilities; either 
to use the natural material to be studied or to prepare a model sub
stance. Labelling is made by methods which provide a surface label
ling or a homogeneous (volume) labelling. For particles such as 
pebbles or coarse gravel it is also possible to tag by inserting a 
radioactive source into a hole which is afterwards sealed. The ad
vantages and disadvantages of the various methods are summarized be- 
1 ow.

Surface labelling of a natural material will ensure that the 
tracer will behave identically to the material to be studied. It is 
possible to label great quantities of materials (several kilograms, 
if necessary) and the labelling is in this case somewhat proportional

pto r .. This is a disadvantage of the method, especially if the 
material is not uniform in size and in shape. The labelling must he 
tested to check that abrasion docs not remove the tracer to any con
siderable extent.

Homogeneous volume labelling of an artificial material 
offers the advantage of a very rich choice of nuclides which can he 
included in glass. Density and size can be made to order, but labora
tory tests are necessary to see whether the behaviour of the artificial 
material is similar to that of the natural material. Labelling is pro- 
portional to r which is highly desirable, especially When the size 
distribution of the tracer is large. The loss of activity due to ab
rasion is negligible. The limited number of grains which for cost 
reasons can he labelled might he a disadvantage for certain applica
tions, for example when particle statistics is important.

Surface labelling of an artificial material has been sug
gested hut does not seem to offer any advantages over the afore
mentioned methods, unless one wants a surface labelling and the
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natural material in question is not easily labelled.
Inserting a source seems to be a useful method for tagging a 

limi-bed amount of material of a reasonable size. It i's possible to 
label either by identical source strength to permit simple counting 
of number of particles and depth of penetration or to tag with varying 
source strength to identify the rate of movement of various sizes.
The tagging with various nuclides of gravel of various dimensions and 
identification of-each size group is also possible but calls for ad
vanced detection techniques.

In the choice of the nuclide, one is normally limited to 
gamma emitters of a half-life of the same order as the duration of the 
experiment. For certain applications, o.g. when sampling is included, 
beta emitters may also be considered. Bremsstrahlung from beta emit
ters may also bo useful.

Table I shows the radiation characteristics of some r.uclides
suggested for or used in labelling bed material.
3.2. Preparation of the tracer

51For. surface labelling " Or is the most- frequently used nuclide.
Several independent studies of its suitability were made at an early
stage, e.g. by a group in Sweden /~23_/. This tracer was used for
coastal research in Sweden ( 24_/, but the labelling methods have been
developed in great detail by the Danish Isotope Centre (_ 25_/• An
apparatus was presented at the meeting, in which 1 .5 kg of material

51was treated with Cr solution producing 25 - 30 ouries per batch.
All preparations are made in this container and it is also used as 
the injection apparatus. Hence, contamination and other health 
hazards -are considerably reduced.

It-was reported that the material, labelled with the above 
technique was tested for abrasion in a ball mill with salt water for 
a week. The activity of the water afterwards corresponded to less 
than 0.01 % loss of activity. It was pointed out1 in the discussions 
that certain- sediment particles seemed to absorb much more chromium 
than the ordinary sandy material which might lead to erroneous re
sults. The particles in question were always organic or parts of 
shells. This could be avoided if the sand is pre-treated with strong 
nitric acid.
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SINatural material surface labelled with J Cr is also used in 
Yugoslavia [_ J 1_ and in Germany / 16_ . The Yugoslavian group uses 
the method developed in Denmark, but labels relatively larger quanti
ties of material (up to 50 kg). This is because a high number of 
active grains is desirable in their method of detection which is a 
combination of space integration and core sampling.

Procedures for surface labelling of the natural material have 
been described in the literature (~^C3a - “^ La 26_7, 1~'">Ag
and l 28_/). However, at present, the ease of chromium labelling 
and the favourable radiation characteristics of this nuclide, the most 
important being the absence of beta radiation, has concentrated the 
interest or. surface labelling by chromium. The only disadvantage, • 
namely the low percentage of gamma photons emitted per decay leading 
to gamma emission, and accordingly the low specific activity of gamma 
radiation is noi very serious, because in tracing bed material the 
high specific activity in individual grains is not desirable.

Surface labelling of material other than the main component 
under study was reported in one case only, where f Sc was absorbed 
on grains of a material with high ion exchange capacity. This 
happened to be a natural mineral [_ 29J . Labelling with gold has 
been successful in many industrial investigations and can be applied
to bed-load labelling too, provided the rate of movement is so high

198that the short half-life of y Au is not a disadvantage. One pro
cedure of labelling used both for sand, and for flocculated material 
is pre-treatment with tin chloride [ 24_/, another is plating with
silver which is later exchanged for gold / 30_/. Surface labelling

192of sand grains with Ir has also been reported.
For homogeneous (volume) labelling a specially prepared glass, 

containing mainly components which do not form long-lived radio
active species, is irradiated. In this glass 0.1$ or more of an 
element which gives a long-lived isotope is incorporated. Among those 
elements which can readily bo incorporated into glass, ^ Rb and ^°Sc 
were first used j l,31_/« Later, the French in particular, have worked 
with Cr, ““Ta and wIr £ 8_7« In the Cambodian experiment 1 Tm-| gp
was also tried together with ' Ta /lO_/. In coastal experiments Japa
nese groups have used ^  Zn and 6°Co labelled glass / “ 14 J % the 'half- 
life of both these nuclides, however, is normally considered as un
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necessarily long for tracer experiments of this type.
Glasses containing certain rare earths, such as lutetium, 

terbium or samarium have been used in other tracer experiments and it 
is possible to include these nuclides in the list of bed-load tracers.

The preparation of a glass material normally needs active co
operation with a specialised glass laboratory. The glass has to be 
prepared with the necessary characteristics of density and composition 
and has then to be crushed and sieved before irradiation, normally, 
25~100 g of material can be put into standard irradiation cans.

The decision concerning the selection of the labelling methods 
for a particular problem is mainly up to the designer of the experiment. 
For example, in experiments involving core sampling, it is desirable' to 
have a high number of tracer particles, hence surface-labelled material 
would be more economical.

The size distribution of the bed material might influence the 
choice of labelling method. If the distribution is large, surface 
labelling will give smaller grains a high proportion of activity which 
will lead to erroneous results. This can sometimes be overcome by ad
justing the size grading of the tracer so that there is a' smaller pro
portion in the finer size fractions. Although ideally the grains should 
be volume labelled it may be expedient in some cases to concentrate on 
a rather limited size interval and where necessary perform successive 
tracer experiments or several at a time at a sufficient distance to 
avoid interference.

'To improve the location of the tracer orr river beds it is best
in general to have a nuclide with a low energy of gamma radiation.
For practical purposes, the half thickness of the gamma radiation should

51 192be a few centimeters of water or bed material. ' Cr and ' Ir seem 
then to be a good choice. However, the use of very intense radiation 
might be advantageous in cases where a very deep burying of the material 
can be predicted. On the other hand, it might be interesting to mea
sure only a very thin surface layer directly, so that the use of a low 
energy gamma emitter, such as ~ ̂ Tm or ~“I'/Sm, could be considered.

A.S to the specific activity, it is highly dependent on the
method of defection, the energy of gamma radiation, etc. when using

198 51scintillation detectors and weak gamma emitters such as Au, Cr or
192- /Ir, it is desirable to have 0.01 - 0.1 ;ac per particle (assuming



-10-

_e.
0»2 urn diameter, a particle weighs approximately 10 - g). The U.K. group

198 192starts with 0.1 ̂ ic of Au, the French group with 0.05yuc of 7 Ir and
the Danish group with 0.2 h c of '^Cr, per grain, whilst the Yugoslavs
prefer to start lower than that -with *Cr. The difference is partly

1 98due to the average number of gamma photons per decay (l.O for ' Au,
2.6 for '^Ir, and 0.08 for ^ C r  see Table l).

The fine-sized material, which consists of silt, clays and
organic debris and which to a great extent moves as suspended load,
has b.een surface labelled according to the various methods already
discussed. Here, the nature of the material renders homogeneous

1Q8 51labelling difficult. Most frequently 'Au was used, Cr has also 
been applied.. Glues tagged by incorporation of any nuclide have been 
suggested but so far not tested on a full scale.

in a report presented on the movement of silt in southern 
France it was briefly reported that gold labelling gave a marking

« 2 15proportional not to r~ which was expected but to rJ approximately.
The labelling procedure was studied systematically to reveal the 
reason for this. Several participants of the meeting reported the 
same effect, which might be due to the variation in composition of 
the various fractions of the silt. However, when labelling cement 
for tracer experiments by the Danish method (tin impregnation fol
lowed by gold reduction j 25_7), similar discrepancies were re
ported. According to investigations, this is due to variations in 
the absorption of tin and not of gold.

For coarser materials tagging by insertion of a small source 
is preferred to surface labelling. Here it was generally agreed 
that in view of the limited amount of material to be labelled for 
each experiment, it is preferable to use a nuclide emitting hard 
gamma rays, such as J‘̂ 2Ta or 3“r°Ba - 5‘‘+\a. This facilitates the 
location of the labelled particles. The specific activity used 
ranges from 50 yic to 1 me per particle. The labelling may be made 
with a fixed or a varying amount of tracer in each stone. The 
Fr.ench expressed their view that if several fractions of gravel are 
to be studied at the same time, it is better to inject the labelled 
gravels at various spots and study the transport pattern for each 
fraction separately.

The Hungarian approach of using several nuclides with dif-
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ferent gamma energies for different siae fractions of coarse mate
rial was also discussed* Aether sufficient selectivity could be 
assured because of the Compton—scattering in water and the subse
quent change of energy spectrum was subject to diversity of opinion. 
In any case the detection equipment must be complicated and in
clude units which normally are net used in the field.
3 .3 . Method of Injection

The release of radioactivity on a river bed is either made 
in one well-defined point or along a narrow band across the river. 
The choice depends on the method of detection and the approach 
adopted.

For point injection several methods have been suggested 
and have proved satisfactory. Three types are described in a 
Japanese review article 14J  and two others "were tested m
Cambodia / 10_/,

Injections made along a cross section of a river, either 
by a number of small point injections or by continuous injection was 
reported by the British, Danish and Yugoslavian groups. During the 
field trip in Yugoslavia one device was shown to the participants 
where the tagged sand was poured dour, through a tube to the bottom, 
while the boat to which the tube was fixed moved across the river. 
The British group made a number of small point injections in the 
river Idle so that a band was formed across the; river bed. How
ever, this river was rather shallow and no particular engineering 
designs were necessary. On a river of considerable sise, this 
method would be less easy.

The Danish group reported on the use of a container both 
for preparation of labelled material and for depositing a narrow 
band of sand across the river bed. The efficiency of the container 
and the pouring time was determined in a swimming pool. If the time 
required for complete release is known., it is then possible to ad
just the speed of the boat to have any length of immersed hand of 
material.

During the subsequent discussion a number of practical 
points were raised. One of which was that it is appropriate in 
most cases to scan the bottom immediately after the release of the 
tracer so that the initial distribution of the labelled material is
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known. It was also pointed out that in field experiments it was 
possible only to label the surface of the moving layer. However, 
flume results showed that this method gave similar results to those 
where the whole mobile layer, was homogeneously labelled, provided 
sufficient.time was allowed for mixing to have occurred throughout 
the layer.

It was mentioned that certain studies had been made con
cerning the transverse and longitudinal dispersion of particles in 
the case of a point injection- 'Whilst, as expected, the smaller 
particles were found at the front of the labelled cloud because they 
move further before they sink to the bottom, the transverse spread 
was .greater for the heavier than for the finer particles.
3 .4 . Method of Detection

Originally GM-tuhes were generally- used for field de
tection of radioactivity, because they were assumed to be more ro
bust than scintillation detectors. However, the attitude has changed 
and nowadays all field work is performed with scintillation detectors. 
The Danish group reported that one scintillation detector has been 
dragged over the sea bottom for a distance corresponding to five 
times across the Atlantic Ocean without any trouble.

The discussions here refer almost entirely to the space inte
gration method, because this has been most extensively used. With the 
time, integration method measurements should be made by using fixed 
detectors which makes the measuring problems much simpler. How these 
measurements can be performed will be commented upon in the subse
quent section devoted to the interpretation of results.

In Yugoslavia, detection is normally made with a probe 
which, is sunk to lay on the bottom of the river and counts are taken 
for about 30 secs, The boat is fixed with a rope to a cableway in
stalled at the measurement section. Hence a very precise determination 
of position is made. This procedure also gives very good sensitivity 
and simplifies the statistical treatment of the data.

In most other countries this method of detection was con
sidered too tedious and hence moving detectors and ratemeter re
cordings were used instead. The detector usually is placed on some 
sort of sledge that is towed along the bottom. The Drench group let 
the cable out in the front of the boat which navigates up the river.
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The detector itself is light but it is connected to a lead "fish" 
which does not touch the bottom- In this way constant geometry 
is obtained and an Echo counter continually indicates the position 
of the sledge relative to the bottom.

In large rivers where dunes higher than one meter are 
found, detection should be made going downstream.

The Danish group applies a similar method while the 
Hungarians use a sledge with five detectors which moves at a con
stant distance from the bed. The detectors operate with various
thresh-holds and this should permit the identification of the nuc
lide with which the material is labelled.

The use of a moving boat necessitates a fast recording of 
the position of the activity on the bottom. There are several 
possibilities; if the river banks are accessible it is possible 
to work with a teoaolite system which gives the position of the 
boat every lp or 30 seconds. The readings of the instrument and
the position of the boat can then be plotted on a map of the studied
area. In this way isoaetivity curves are constructed, from which 
the centroid of the tracer cloud can be calculated. The movement 
of the centroid then gives the linear velocity. It is believed that 
with teodolites one can reach a precision on the determination of 
position within - 1 m.

More advanced systems have been used by the Danish Isotope 
Centre in its work along the Danish coasts, both in sand tracing and 
in work related to the study of pollution related to indiistrial and 
city sewage. In places covered by the DFiCCA navigation system it is 
possible to hire a receiver which gives the position within 5 - 6 meters 
every thirty seconds. This may be too great an error in river studies 
but usually it is satisfactory in the problems mentioned above. The 
cost of hiring the receiver is $ 150,- per month. The big advantage 
is that the detector signal and the recorder reading of activity can 
be fed directly to a computer which develops the iso-activity curves.

It is also possible to use other automatic systems or a 
radar station which can present distance and angle every 30 seconds.
This information can also bo treated by a computer. The need of man
power for operating any of those systems is much less than with 
transits and other manual systems.
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However, where the DECCA system is not available or. does not 
give the necessary precision in the determination of position , or 
where the banks of the river are not accessible, the determination must 
be made from the boat. A system of benchmark points on the shore has 
to be established and angles recorded using standard sextants. French 
experience shows that it is possible to go on taking readings twice 
a minute for a very long time if the personnel is well trained.
4° PLANNING OF EXPERIMENTS AND INTERPRETATION OF THE RESULTS
4*1* Space Integration Method

One problem with the space integration method is that the 
isoactivity curves obtained do not give a complete picture of the 
three-dimensional distribution of the tracer. It is necessary to 
make an estimate of the depth of penetration of. the particles. For 
this purpose certain methods have been suggested and tried. Their 
relative merits are discussed below.

In many cases the transport rate of the bed load is obtained 
by multiplying the linear velocity by the section of the moving layer 
perpendicular to the flow direction. Corrections are made, for in 
situ porosity of the bed material and also its specific weight.

The determination of the depth of the moving layer is not 
easy. A first indication of its order is the height of the ripples 
formed on the river bed. The existence of the dunes is an indication 
that substantial bed load transport takes place. They occur mainly 
under flood conditions, when the dunes are active. They may remain 
there also during low water stages. There are three different iypes 
of dunes with respect to their movement. Below a certain flow velo
city they move in the direction of the current and their presence can 
be easily detected from the turbulence pattern on the surface of the 
stream. When the velocity increases further, dunes start to get 
eroded on the leeward side, and they may end up as stationary. At 
still higher velocities the dunes start travelling upstream although 
the material is going downstream. The description of the shape and 
the determination of the height of the dunes arc rather difficult.
They are not symmetrical nor is the pattern very regular. It is even 
more complicated in that frequently there are several systems .of dunes 
and ripples which overlap each other. From a tracer experiment in 
the Oubangi river, the French toam re] orted the existence of four
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systems of ripples and dunes with amplitude from 1.5 m, down to a 
few cm.. Some of these systems, as mentioned above, may he stationary 
at the hydraulic conditions prevailing during the experiments, while 
others move. The comijlications arising from changes of the flow rate 
of the river must all the time be considered, because firstly the 
bed—1oad transport is a function of the flow rate, and secondly some 
radioactive material may get buried in dunes which are no longer 
moving and hence give a false impression of a too low linear velocity 
of the moving layer.

The next approach is to determine the depth of penetration 
by taking core samples. It may also be the case that when complete 
mixing with the moving layer is attained, there will be a rather 
sudden decrease in the curve of activity versus depth. In this case 
the half—value point could be used as the depth of penetration.

If carefully applied, core sampling methods could contri
bute to obtain quantitative results. However, it should be borne 
in mind that it is laborious method and might not he preferable in 
some cases. Nevertheless, in methodological research, core—sampling 
technique will be useful for a 1 ong time to come as it is the only 
direct method to estimate the bed—load transport rates. Strictly the 
average depth to which the tracer lias penetrated must be obtained 
trom an analysis of a largo number of cores. When fewer cores are 
available it may be .justifiable to extrapolate the activity of the 
upper layers.

In many cases where core-sampling has been applied it was' 
obvious '.hat tne determination of the thickness of the moving layers 
may he made by simple visual observation. The non-moving material 
has often a different colour to that of the moving material. This 
might be due to biological activity and abrasion processes.

The radioisotope method offers, however, in itself certain 
possibilities that have not yet been fully appreciated. A detector 
submerged on the river bed is more sensitive to the radiation from 
particles on the surface than for those emitted from buried particles. 
This is due, of course, to the combined effect of distance and shiel
ding of the overlying particles.

It has been suggested several times that the depth of pene
tration could be studied by using two tracers simultaneously, one of



which having a very soft radiation and the other much harder- In 
this case one could get on the one hand a measiirement. of the concen
tration at the surface and on the other hand an average over a cer
tain depth. The proportion of count rates in two channels would per
mit conclusions as to the depth of penetration- However, this method 
does not work easily in practice- One disadvantage is that the de
tector has. to be heavily collimated to measure only the radiation 
from particles directly under it. This could be overcome hut would 
necessitate high specific activities or long counting times. A more 
serious obstacle is the change of spectral distribution of gamma
radiation which interferes with the determination of the weaker gamma

170emitter- Finally fm, the nuclide suggested as the weak component 
of the mixture, emits hard beta radiation which gives rise to ener
getic Bremsstrahlung. dor has any success so far been reported of the 
use of mixed sources.

It might still be possible to overcome this by using one 
nuclide with two moderately separated components in its gamma spectrum, 
such as ^ S c  and '"̂ Co, and measuring in narrow channels only. The 
attenuation of the two gamma peaks would differ enough to give infor
mation for a depth analysis- However, the evaluation is not easy.

One way, suggested at the meeting and also recently published
/ 33_7s is method of using a limited number of grains. If the
source strength of the labelled grain is known, it is possible to de
termine its embedment by measuring its intensity. It is, of course, 
a prerequisite condition when working with a single detector only, 
that the measurement is made immediately above the grain in question.

This limitation can bo overcome by the use of three detec
tors mounted on the same sledge. This type of mounting is frequently 
used by the French team because it provides the opportunity of letting 
closely Situated detectors work on various count ranges. The risk 
of saturation, when highly intense radiation fields are passed is 
overcome without switching the range with subsequent loss of infor
mation. If, however, the throe detectors work on the same range and 
the number of grains is limited, one can in fact use the information, 
from each of the three detectors to determine both the position of the 
active grain relative to the detectors and also its depth. Calibration 
curves have been developed for this purpose. The possibilities and
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the practical applications of the method are now being tested in 
France.

Another approach was also suggested from France which con
sists of using a detector with a linear response to depth /~34J -  
This method has promising applications too$ however, it is not an 
easy problem to construct such a detector. Work in this direction 
was reported to be in progress.

One approach which might give useful results is to use a 
nuclide, a considerable part of its radiation is absorbed in the 
moving layer. Wien integrating the activity measured over the area, 
the results will depend on which proportion of the radiation is ab
sorbed in the layer. With good calibration and exact knowledge of the 
injected amount, it would ho possible to reach sufficient precision 
in the determination of the moving layer. This approach is now being 
considered in Yugoslavia.

A serious problem in the determination of the actual tracer 
distribution is the fact that the iso—activity curves, drawn from 
radiation intensity measurements, do not go down to a tracer concen
tration of zero. The curves obtained experimentally show an asymmetric 
distribution of the tracer with a long tail downstream. This fact 
influences the determination of the centroid of the tracer cloud.
Using experimental material obtained in the Cambodian experiment, the 
French group showed highly varying results depending on whether this 
tail was included or not, and whatever method is used for extrapolation 
to zero. In comparison with the centroid obtained for the activity 
line of double background used as zero lino, linear extrapolation re
vealed that some 10^ of the activity would be in the tail. This
moved the centroid 10̂ 6 downstream. With an exponential extrapolation 

— P(e ) down to lfo of the background 275* of the activity was found in 
the tail and the centroid moved 15% downstream. Finally with the 
assumption of a distribution function of the form e 5<j/o of the
activity was found in the tail and the displacement of the centroid 
was 25^- It is not possible to tell which type of extrapolation re
presents the actual distribution of the tracer, but analysis of the 
curves of the longitudinal dispersion of liquids indicate that the 
exponential function is the most reasonable approach in extrapolation.

The question was raised concerning the use of the combined
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information of the spatial distribution and the depth penetration to 
determine the actual position of the centroid- It was pointed out 
that it is at present not possible to have an analytical method to 
determine the center of gravity of a three dimensional tracer cloud, 
nor is it clear that the multiplication of the average linear rate 
with the average thickness (corrections being made for the density and 
the porosity) is a valid approximation for the bed load transport 
rate. Theoretical consideration thereof is in progress. In this con
text it is important tc make reference to the theoretical work being 
done in Britain / 3,5_/ and in Yugoslavia / 11,37_/.

The theoretical objections to the possibility of determining 
a true center of- gravity of the three dimensional cloud from a point 
injection could be overcome by a band injection across a river. In 
this case the center of gravity is determined for each unit length 
and then integrated over the vidth of the river. The variation in 
transport rate will then automatically take care of the calculation.

Although the space-integration method is widely used and 
gives results which ..re supposed to be of reasonable reliability it 
was found by the participants that more research has to he done, par
ticularly concerning the precise determination of the center of 
gravity of the tracer cloud.
4.2. Time-Integration Piet hod

The time-integration method makes use of the passage of the 
tracer activity at a given section of the river by using one or more 
fixed detectors. It corresponds to what is frequently called the 
"total count method" 35_/• The time-integration method could be per
formed using standard scintillation detectors buried in the river or 
submerged a short distance above the bed. Long time constants would 
have to he used, as in all work with the total count method, and in 
the approach, of integrating a spatial distribution to determine the 
depth of penetration, the detectors must be calibrated and the in
jected amount of tracer precisely known. Both these requirements 
are, however, quite feasible.

There .is a certain variation of the "total-count technique" 
that can possibly be applied also in bed-load studies. It is not 
necessary to measure the concentration of the whole cloud, if any 
branch flow is representative for the main flow. Renee, by instal-
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labion of a small device that continuously removes a very small portion 
of the bed-load Transport, it is possible to construct the passage 
curve, provided the suspended material near the bottom contains partic
les of all the sizes that are in movement, as will be the case for ex
ample for flow over a sandy bed, it is a more ingenious method to col
lect continuously, or over regular intervals, samples of this suspended 
1 oad o

'■ this connection, tne Question was raised whether it would 
not be possible to install a flume somewhere in the river and obtain 
all bed-load transport as suspended material. Knowing the flow rate 
of the water and measuring the concentration of solid material, either 
oy sampling or by a density gauge, one would have a good measure of 
determining the flow rate. This case is being investigated, but it 
is probably of limited applicability to large rivers.

For these applications the use of unconventional detectors 
might be considered, .̂s such detectors semi-conductors or thermo— 
luminescent glasses were suggested. Both have the advantage of 
having small dimensions and moderate price. Therefore, it is possible 
1/0 bury a great number of such detectors in the river bed. Both types 
of detectors could be used to measure the integrated exposure which is 
the factor of interest. Technique has not advanced so far yet that 
it is possible to state it as a method ready for application, but it 
offers interesting possibilities, particularly for measurements in 
remote areas. For the time being thermo-luminescence detectors show 
a!,'° certain aging effects so that when the exposure is measured it is 
necessary to know the time between exposure and measurement and make 
corrections for the decay of the luminescence as well as the radio
active decay. With better detectors and the use of very long-lived 
tracers this could be avoided. Still, it is desirable to use a nuclide 
with a very penetrating radiation so that no absorption losses in sand 
have to be considered, or to use a low energy p me beta emitter and put 
the detectors at positions downstream where it is possible to assume a 
homogeneous distribution of activity over the whole moving layer.
4.3. Tirne-Dilution Method

In laboratories the time—dilution method with continuous in— 
ectior. of a radioactive or a fluorescent tracer has proved to be 

a precise tool for the determination of the sand transport rate.
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Under field conditions, however, the method has certain shortcomings, 
due to the large quantities o? material which have to be used to 
achieve steady-state- conditions.. This, together with the problem of 
providing a device for a constant rate of injection of labelled material 
under field conditions, has resulted in the technique not being popu
lar, It was, however, felt that it would be useful to try it in combi
nation with sa-rapl ing to avoid calibration problems, in this case, a 
rather soft beta—emitter or gamma emitter could be applled, and hence 
the handling of 1 arg<-. piant; ties of radioact ive material would be 
feasible. Be cent app'lic 31 ions of this method have been made with 
success in Holland.
5, HEALTH CUT BIDERATIO’13

The application of radioactive tracers under field conditions 
always implies certain steps to ensure that no human beings are ex
posed to harmful radiation level 0, directly or indirectly. In most of 
the countries, which were represented at the mooting, the present 
status of this problem was found to be satisfactory. Although there 
are no particular rules concerning this subject there are general re
commendations, basic rules and codes of practices for the handling 
of radioisotopes.

However, in France, where permission has to be granted for. 
each experiment, not only by one central, body, but several local 
authorities, it was felt that there is a need for particular rules 
in this field. To meet this, regulations l'or the use of radio
active tracers in sand and silt studies had been drafted, the contents 
of which were presented to the meeting j 36_/»
6. FUTURE FORK AND RELATED ACTIVITIES OF THE AG'.NC'f
6.1. Future York of the Groups Represented at the fleeting

The Wallingford group will concentrate upon studies of the 
formation of dunes and ripples. Further flume studies will be made 
even under non-permanent flow conditions. The results of flume 
and field experiments will be revised and compared with established

* A manual on "Safe Handling of Radioisotopes in Hydrology" 
is being prepared by the I.A.F.A.
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formulae, and with theoretical models of transport of solid material 
in rivers.

In France, laboratory work at present performed with the use 
of non-radioactive tracers will continue, also using radioactive 
tracers. The applications of tracer methods in hydraulic models will 
be further investigated at the laboratory of Chatou. it Saclay, 
laboratory studies will continue concerning the determination of pene
tration depth? also labelling of silty material and health problems 
will bo investigated.

In Denmark, work will continue regarding improvement of de
tection methods and automatic processing of data.

In Yugoslavia, the work in the Danube to solve practical 
problems arising from the Iron Gate project will be studied with 
tracer methods. It is also hoped to make further contributions to 
the theory of bed—material transport and compare the Danube data with 
the theoretical predictions.

In Hungary, work on large—size bed material will continue 
and smaller material will also be studied at a later date.

It was finally pointed out that Eurisotopo is co-ordinating 
certain research projects on sand tracing, especially in coastal 
studies. The results of this work may have considerable importance 
for river studies also.
6.2. Becommendations to the Agency

It was sx;ggested that the Agency should in the future, within 
its research contract programme, continue to sponsor methods for bed- 
load transport studies. Among the points which could be supported 
are 3

Use of tracers to measure sediment transport in irrigation
canals.

Theoretical considerations and practical experiments on 
tracer movement in very long flumes and canals.

Basic'research on surface labelling and standardisation of 
abrasion tests for such material.

Development of methods for labelling and tracing very fine 
material.

Use of detectors, such as thermo-luminescent glasses, in
bed-load studies.
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The participants offered to put all their collected experience 
at the Agency's disposal in solving practical problems in its regular 
technical assistance programme,
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TA3LE I
NUCLIDES SUGGESTED FOR 05 USED Iff BED-LOAD STUDIES

Element Nuclide Half-life Radiation Gamma
energy

MeV

Numb er of 
quanta per 
decay

Appli
cation**

Gold ^ A u 2.7 d /'vr 0.41 - 0.68 1.0 S

Barium 140Ba 12.6 d (b, sr 0.16 - 2.53* 3-4* S,I

Phosphor 32P 14-2 d (i - - S

Rubidium « « » 18.7 d f-' |7 1.08 o.oS II

Chromium ^ C r 28 d f 0.32 0.08 S

Zirconium 95 zr 65 d 0 , T 0.24 ~ 0.76* 2.0* S, H

Cobalt 58co 71 d 0> 7'i 0.31 - 1.62 1.3 S,I

Iridium !92Ir 74 d A f’fICf 0 0.20 - 0.61 2.5 E,S

Scandium <*8. 84 d IX g 0.89 - 1.12 2.0 S,.H

Tantalum l82Ta 115 d P, r<•' f *' 0.10 - 1.29 2.6 H, I

Tin 113 Sn 1-1-9 d ,0.26 - 0.39 1.1 I

Thulium 170Tm 127 d ; ■ . i 0.08 0.1 K

Zinc 6S,„'  Zn 245 d r r  r
m i 0.51 - 1.12 0.5 I,H

Silver 110m,Ag 253 d , 6 ,  f  • 0.12 - 1 .5 2 3-2 S

Cobalt 60 „ Co 5*3 y A , ? 1.17 " 1.33 ■ 2.0 II

* Including radiation from daughter nuclides.
**H = Homogeneous labelling, S = surface labelling, I = insertion labelling.
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