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INTRODUCTION

A Consultants' Group Meeting on "Radioisotopes in Sediment Studies"
was convened from 13 to 17 December 1982. The aim of the meeting was
to discuss development in the use of radioisotopes in studying sediment
movement and sedimentation rates in lakes, rivers and estuaries. Special
consideration was given to the establishment of guidelines for implementa-
tion of technical cooperation projects in developing countries.

The present publication brings together the working papers, conclu-
sions and recommendations. The manuscripts of this Technical Document
received no editorial treatment by the Agency.



APPLICATIONS OF ENVIRONMENTAL CAESIUM-137 FOR THE
DETERMINATION OF SEDIMENTATION RATES IN RESERVOIRS AND
LAKES AND RELATED CATCHMENT STUDIES
IN DEVELOPING COUNTRIES

B.L. CAMPBELL
Lucas Heights Research Laboratories,
Australian Atomic Energy Commission Research Establishment,
Sutherland, NSW, Australia

"With the progress of civilisation, man has developed many skills;
but rarely has he learned to preserve his main source of food -
the soil. Paradoxically, man's most brilliant achievements have
usually led to the destruction of the natural resources on which
his civilization is based. " Vernon Gill Garter in Topsail and
Civilization, G.V. Carter and T. Dale, University of Oklahoma Press.

ABSTRACT

Environmental 137Cs adsorbed on fine sediments has many uses as a tracer in
erosion and sedimentation studies. The determination of sedimentation rates
in lakes and reservoirs using 137Cs as a geochronological marker is described
in detail. From a survey of literature sources it is shown that 137Cs levels
in soils and sediments can be a powerful tool for the identification and
quantification of soil erosion processes in catchment. It is suggested that

Cs studies can be profitably applied by developing countries whose limited
soil resources are at high risk.

INTRODUCTION

Damsi reservoirs and lakes are important in the conservation of a very basic
national resource- water. Their construction is costly and sometimes, quite
incorrectly perceived, as having an indefinite life-span. The difference between
the calculated engineering design life and real or postulated rates of sediment-
ation has caused alarm and embarrassment, particularly in developing countries
where international monetary aid may sometimes have been invested in the
structures at risk.

Loss of storage capacity is important, but the significance extends beyond,
for changes that can occur in the distribution patterns of the deposited sediments
can have a profound effect, for example, on the likelihood of an intake of
sediment into power station turbines. Again, the consequences extend beyond the
immediately obvious economic factors, such as costly maintenance or replacement
of components, to the more costly effects on the rate of development achieved by
such countries.

Recent examples of some of these effects can be found in Burma, India,
Indonesia, Kenya, Nigeria, Pakistan, and the Sudan (see, for example, Abernethy,
1980; Wiebe S Drennan, 1973).



The question then is how, with the transfer of applied science and technology
to developing countries, can these effects be measured and their causes
understood. The two aspects must be related. There is an obvious need for
isotope sedimentologists to work with ecologists, soil conservationists, anthro-
pologists and sociologists to bring about the changes required to provide a
reasonable program of protection for the environment.

In broad terms, solution of the problem requires a full study of the
catchment

(i) to measure erosion effects within it and identify the sediment
sources, including those related to particular land usage;

(ii) to identify areas of sediment storage;
(iii) to measure temporal changes in sediment storage;
(iv) to measure transport of eroded materials or sediment,

(a) overland (including aeolian processes), and
(b) by fluvial processes;

(v) to determine sedimentation rates in reservoirs and lakes;
(vi) to measure changes in sediment distributions in reservoirs

and lakes;
(vii) to acquire data from which to generate soil loss prediction

equations.
In recent years, there has been a number of studies on the use of 137Cs as

an environmental tracer for erosion and sedimentation processes. In this paper,
it is shown how this information can be applied beneficially to the solutions
set out in (i) to (vii) above.

PART 1 DETERMINATION OF SEDIMENTATION RATES IN
RESERVOIRS AND LAKES

1.1 Environmental 137Cs as a Tracer
137Cs (E 0.662 MeV, t, 30.1 years) is a major component in the fallout from

atmospheric tests of nuclear weapons; since 1954 it has been globally detectable.
This isotope is strongly adsorbed on fine particles, particularly clay min-
erals, silts and humic materials (Lomenick and Tamura, 1965; Rogowski and Tamura,
1965; Ritchie and McHenry, 1975; Baltakemens and Gregory, 1977). Indeed, in
some arid watersheds in the USA, 90 per cent of the variation in the 137Cs content
of surface soils per unit area was predicted in terms of intensity of fallout,
percentages of clay and silt, and cation exchange capacity (McHenry and Ritchie,
1977b). It follows that all surface soils with an adsorptive capacity will have
a 137Cs content and therefore be able to act as self-tracers.

Raindrop impact energy and shear from flowing run-off detach and transport
soil particles. Selective energy processes remove and selectively redistribute
the finer and lighter particles such as clays, silts and humic materials. In a
catchment, accumulation of a sediment layer by a reservoir is a measure of its
trap efficiency (Moore et al., 1960). A comparison of the 187Cs content of



catchment soils with that of the associated reservoir sediments shows a pro-
nounced build-up of the latter. For a wide range of physiographic regions in
Texas, Ritchie and McHenry (1978) found that the 137Cs concentration factors in
reservoir sediments ranged from 3 to 19. Similar effects have been reported in
the sediment of lakes (Ravera, 1961) representing both allochthonous (drainage
basin) and autochthonous (lake only) sources (see also Stiller, 1979).
1.2 Temporal Variations in 137Cs Fallout as a Basis for an Absolute

Geochronology of Sediment
The principal sources of information on 137Cs levels in fallout are the

various reports of measurements from a global network of US and OK monitoring
stations (Cambray, 1980; US Health and Safety Laboratory, 1977). Supplementary
sources include reports on individual national measurements (Bonnyman et al.,
1972; Baltakmens and Gregory, 1977). The pattern of annual deposition at three
Australian stations, compiled from some of these sources, is shown in Figure 1;
it has the following principal features :

(i) first appearance of significant amounts of 137Cs in 1955/56?
(ii) maximum fallout in 1963/64;
(iii) marked decrease in rate of deposition from 1959 until 1962,

which appears as a minor maximum; and
(iv) perturbations due to Chinese and French atmospheric nuclear

tests continuing until the late 1970s.
These factors are similar to those given for other global stations (Ravera and
Premazzi, 1971; Pennington et al., 1973; Ashley and Moritz, 1979).

It is known that uptake of fallout by soils and sediments is rapid (Eyman
and Kevern, 1975), and it follows that surface soil minerals have been labelled
continuously at levels which depend on the prevailing concentration of 137Cs in
the total fallout. It must be remembered, however, that after the peak in fall-
out the integrated source function of 137Cs does not follow the pattern of atmos-
pheric fallout which has decreased dramatically (Stiller, 1979). Processes re-
sulting from the overlaying of an original 1954 interface with sediment material
lead to the formation of a 137Cs concentration profile that relates to the annual
variations in atmospheric fallout. The preservation of these structured con-
centration changes provides at least two time markers (dates of first appearance
and maximum fallout) that are the basis of an absolute geochronology of these
sediments.

Caesium-137 concentration profiles for two Australian reservoirs are shown
in Figures 2a and 2b. There is a remarkable similarity between these profiles
and the 137Cs concentration in Australian rainfall. The sedimentation rates can
be calculated from the depths of the two principal time horizons (1955 and 1964).
For example, if the sedimentation rates for these time horizons are 7 and 28 mm
per year at Burrinjuck Dam and 6 and 16 mm per year at Wyangala Dam, these provide
estimates of the average rate of accumulation over that time span. The least
accurate of these two measurements is based on the determination of the horizon
for first appearance of 137Cs; inaccuracy is due to



(i) the analytical uncertainties in measuring 137Cs near the
detection limit, and

(ii) the decay of radioactivity (the small amounts initially
present in 1954 are no longer detectable in 1982).

A concentration profile showing a pronounced tailing off to least detectable
levels of 137Cs would suggest either some loss of 137Cs from sediments with sub-
sequent diffusion or mixing by bottom fauna. Recent measurements by Ritchie et
al. (1973), Pennington et al. (1973), and Robbins and Edgington (1975), confirm
that 137Cs in sediments of lakes and reservoirs has a low diffusional mobility.
Diffusion is not expected to alter the position of the peak activity (Krishnaswami
et al., 1971), although some redistribution by physical mixing or biological
processes has been suggested by the analysis of cores from Lake Michigan (Robbins
and Edgington, 1975)..

In the absence of suitable fallout data, an extrapolation can be made from
one station to another, using the procedures described by either Chamberlain
(1970) or Robbins and Edgington (1975).

The choice of time horizon for the first appearance of 137Cs in the northern
hemisphere is given by Robbins et al. (1978) as 1952 ± 2, and is assigned to the
deepest interval with a measurable 137Cs activity, uncertainties about the
position of that horizon are taken to be the half width of this interval.
1.3 Accuracy of 1S7Cs Dating Techniques

The 137Cs method is compared with the 210Pb and Ambrosia (ragweed) pollen
grain techniques of Robbins et al. (1978); Table 1 is taken from their data.

Table 1. Comparison of Mass Sedimentation Rates (g/cm2/year) by
Various Methods

Nominal
Site
1
2
3
4
5

210Pb

0.05710.01
0.07810.01
0.44010.03
0.08310.005
0.09610.02

137Cs*

0.06010.01
0.07210.02
50.3510.04
0.08010.01
>0. 07410. 02

Ambrosia (Ragweed)
pollen
0.06310.01
0.02710.003
0.27 t̂ 1

' 0.073ow;;-03
Within the experimental uncertainties, the sedimentation rates for the three

methods are in good agreement. In the case of site 5, measurable ls7Cs was found
over only a limited depth, and one important interval of sediment was not analysed
for 137Cs content; perhaps on this basis alone it should have been rejected from
the comparison.

At low sedimentation rates, when the 137Cs is located close to the surface,
this technique is very sensitive to mixing or disturbance effects, including
those brought about by the coring technique. Principal literature sources for
this technique are given in Appendix 1.
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1.4 Measurement of Sediment Redistribution in Reservoirs and Lakes
The transport and spatial distribution of sediments entering an impoundment

are functions of the balance between the flow velocities, gravitational forces
and the secondary forces of -flow turbulence. In the case of reservoirs, draw-
down procedures can be a very powerful initiator of sediment flows and re-
distribution. Three generalised zones of sedimentation are given for reservoirs
(Wiebe and Drennan, 1973; for sedimentary process in lakes, see Sly, 1978) :

(i) The upper zone in which complex deltas form as a result of flows
entering the reservoir retaining their identity for some distance
into the reservoir pool. The deltas grow outward by the formation
of foreset (longitudinal flow) beds and upward through topset beds,

(ii) The intermediate zone in which the residual river velocity, waves
and wave-induced currents transport and deposit most of the river's
wash load, and some of the fine sediments eroded from the banks
of the reservoir/ to form bottom set beds of fine clays, silts
and colloids,

(iii) The lower zone containing sediments eroded from the reservoir
banks and transported by waves and wave-induced currents.

The relevance of these sediment classifications can be seen in the work
of Simpson et al. (1976) in the Hudson River estuary, New York. They were able
to classify three main types of distribution of 137Cs in estuary sediment
cores :

i(a) Relatively low activities (19 mBg g ) generally confined to the
upper 5-10 cm of sediment and associated with subtidal banks.

(b) Higher activities than in (a) of about 90 mBq g"1 in the top 10 cm
decreasing rapidly to about 7 mBq g"1 in the 10-15 cm layer and
sometimes distributed down to 40 cm with an activity of about 1 mBq g~ .
This type of profile was interpreted as being indicative of a
high sedimentation rate in a shallow protected environment.

(c) Profiles with variable but high activities of about 70 mBq g"1
down to 40 cm and, in one case, down to 250 cm. Caesium-137
activity below 40 cm was stated by Simpson et al. (1976) to be
a clear indicator of rapid sediment accumulation. It is
speculated that temporal changes in 137Cs profiles along a
transect at each of the three zones could be interpreted as
changes due to redistribution or accretion in exactly the same
way that McHenry and Bubenzer (1982) interpreted changes in
field distribution of 137Cs (see section 2.3).

Substantial differences in the sedimentation patterns in Lake Kinneret
(Tiberias) were measured by Stiller (1979, Fig. 2). At five sites, the 1964
peak is prominent in the sediment layer from 3 to 5 cm. The 1954 interface at

The becquerel (Bq) is the SI unit (events per second) that replaces the pre-
vious unit of curie. 37 milibecquerels (mBq) equals 1 picocurie (pCi).
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all sites varies from 10 to 15 cm from the surface layer Two other sites
(BandD, Fig. 2 and Table II, show evidence of loss of surface sediment). Prom
these data, sedimentation rates were calculated. An interesting feature of
this work was the presentation of a method for correcting the total sedimentation
rate for authigenic CaCOs production, thus identifying the allochthonous or
catchment produced sediment.

Perhaps the best example of the potential of the 137Cs technique for this
type of application is the Lake Michigan work of Plato and co-workers (Plato and
Goldman, 1972; Plato, 1974; Plato and Jacobson, 1976). From more than 500
analyses of 137Cs concentrations at stations on Lake Michigan they were able
to draw contours showing that the majority of sediment (137Cs) had been deposited,
primarily in the southern quarter of the lake. The effects of wave action, and
turbulence resulted in little or no accumulation of 137Cs (sediment) within about
8 km of the shore.

This ability to interpret the structured concentration of 137Cs in sediment
is a very powerful aid in studying environmental influences.
1.5 Relationship between Trap Efficiency of a Reservoir and 137Cs Loss

from a Catchment
In their study of three small northern Mississippi catchments, Ritchie et

al. (1974) presented the following data :

Data
137Cs loss from catchment (%)
137Cs gain in reservoir
Measured sediment deposition
(t/ha/year)
Trap efficiency (C/I)
reservoir capacity (C)

annual inflow (I)

Catchment
Forest
57

15.7

0.24

Grass
38

13.6

0.20

Grass - Crop
25

9.7

0.12

This table suggests that there is a relationship between the loss of 137Cs from
the catchment and the trap efficiency, particularly for the clay fraction. Such
a relationship would provide another useful indicator for quantifying the impact
of land uses on soil erosion and reservoir lifetime.
1.6 Practicalities of the 137Cs Method

1.6.1 Coring techniques
There are few details in the literature of the methods and rationale used

by individual workers to obtain their samples. In taking a core sample there
are three main difficulties :

(i) to avoid disturbing the very soft sediments in the upper 20 cm
or so of the sedimentary sequence, yet be able to cope with a
varying degree of compaction of the sediments with increasing
depth (age). (The upper 20 cm region would include much of
the 137Cs data of interest.);
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(ii) to overcome suction effects during removal of the core tube
from the sediment bed, or from the outer casing of the coring
device; and

(iii) to avoid compression or other disturbances of the core during
penetration of the core tube into the sediment bed or extrusion
of the core section which will give rise to serious errors in
an accurate determination of the sediment-water interface or
the true length of the core.

A Mackereth corer (Mackereth, 1958; Mackereth, 1969} or an adaptation of its
design features, would provide a good working answer to these problems.
However, it requires careful handling, since its fast return to the surface
can be hazardous.

The core tubes range up to l m in length, and generally have a diameter of
5 on. The restricted diameter means that numerous cores have to be taken at
each site to accumulate sufficient material for gamma spectrometry. Ritchie and
McHenry (1978) collected eight cores per site and composited them by 10 cm
increments. Where it is available, clear plastic rubing, such as polycarbonate,
is to be preferred as the integrity of the core can be appraised at the surface
and the coring repeated if necessary (Brown, 1956).

Cores should be kept at or near in situ temperature to prevent expansion
due to gas formation. Some organisations have available a cooled room for this
purpose. Strong and Cordes (1965) have described a cloth sleeve filled with dry
ice as a means of freezing cores. They reported that stratigraphie disturbance
due to ice crystal formation did not appear to be a problem. If this or a
similar cooling procedure is unavailable in the field, the cores have to be
sectioned as soon as possible.

An alternative to hydraulic extrusion is to section the core tube carefully
along the midline to enable one half to be removed entirely. Obviously a well
consolidated sediment is necessary for this technique.

Additional references to coring devices and techniques are given in
Appendix 2.

1.6.2 Gamma spectrometry
The analysis of 137Cs by gamma spectrometry, using Ge(Li) or hyperpure Ge

detectors, is a relatively simple matter. The 137Cs peak has an energy of
662 kev and the only interference is from a peak at 666 kev due to 211tBi. This
interference can be corrected by measuring the adjacent 609.3 keV peak, which
is also due to 21<*Bi, and applying a proportional correction to the sum of the
602 and 606 peaks (McCallan et al., 1980). The net peak area is proportional to
the concentration of 137Cs. The US National Bureau of Standards, Research
Material 45b, homogeneous river sediment for radioactivity measurements, is
available as a primary standard. When multi-element analysis is required,
:L37Cs, Th, U and K standards can be prepared, using trisodium phosphate
(12 H20) as the matrix (McHenry et al., 1973).
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1.6.3 Expression of results
Ritchie and McHenry (1975) pointed out that caution is necessary in inter-

preting the distribution of 137Cs in sediment profiles. Because 137Cs is
preferentially adsorbed by fine textured material, the textural distribution of
the material in the sediment profile should be known so that a layer with high
clay content will not be interpreted as a layer of 137Cs deposition. Expressing
the 137Cs concentration in terms of clay content eliminates textural variations
due to that source. The clay silt content can be determined by the hydrometer
method of Smith and Atkinson (1975).

PART 2 RELATED CATCHMENT STUDIES
2.1 Depth Distributions of 137Cs in Soils

The movement of 137Cs through a soil profile depends on a number of factors
inherent to the particular soil type and its chemical and physical properties.
The results of a number of investigators (Beck, 1966; McHenry et al., 1973;
Ritchie et al., 1970; Ritchie et al., 1972; Baltatanens and Gregory, 1977;
Garland, 1979; Campbell et al., 1982) show that in undisturbed soils, 137Cs
is usually distributed exponentially as a function of depth within the top 10 cm
of soil. On some soils, the profile may extend to 15-30 cm (Brown et al., 1981a;
Baltakmens and Gregory, 1977). The type and quality of protection afforded to
soil by different plant and vegetation covers affect the retention and distribution
of 137Cs. For example, up to 96 per cent of the total ls7Cs was found in the
organic matter layer and upper 3.8 cm of mineral soil at sites in The Great
Smoky Mountains, USA (Ritchie et al., 1970).

On the basis of an extensive comparison of 137Cs levels in various broadly
based geomorphic units in a catchment, Campbell et al. (1982) described a model
for the 137Cs distribution. Qualitatively the main features are as follows :

(i) Sites suffering little or no erosion have high concentrations
of 137Cs in the upper surface layers (see Figures 3a and 4).
These are the sites most likely to represent the 'total' input
of 137Cs into the basin, less the loss due to radioactive
decay. The trap efficienty for 137Cs is greatest in forested
or wooded sites; the concentrations are therefore used in
quantitative calculations to indicate the base level of 137Cs
input to the drainage basin (see also Ritchie et al., 1974;
McCallan et al., 1980; Brown et al., 1981a).

(ii) Sites on uncultivated hilltops and slopes that have undergone
some erosion exhibit a truncated 137Cs profile with depth.
When the upper surface layers are removed by a succession of
erosion events, a new soil profile develops owing to a
superposition of the prevailing fallout on the residual soil
13Concentrations. These profile changes have opened up the
possibility of identifying sediment sources due to either
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sheet or gully erosion. Sediments derived from gully
erosion will have a lower 137Cs concentration than those
from sheet erosion (Ritchie et al., 1972a).

(iii) Sites under cultivation have a relatively even distribution of
137Cs within the cultivated layer (see Figures 3b and 4). The
total amount of 137Cs is generally lower than that in uncultivated
soils (Loughran et al., 1982; McHenry et al., 1973; McHenry et
al., 1978; Ritchie and McHenry, 1973; Ritchie and McHenry, 1977).
Différences in total 137Cs in the cultivated soil profile indicate
losses of soil materials containing 137Cs (silt + clay) (see
Figure 4), and may be further correlated with an index of soil
credibility (G.L. Elliott et al., report in preparation),

(iv) In sites undergoing active sedimentation, 137Cs levels may
vary markedly. Figure 3C shows a peak in depth concentration
that was correlated with a ground surface exposed to maximum
fallout in 1964, and to which has been added eroded material
from other sites then undergoing erosion (see also Ritchie
et al., 1975).

2.2 Estimating Soil Loss from 137Cs Data
Early studies (Menzel, 1960; Rogowski and Tamura, 1965; Ritchie et al.,

1971) of the environmental mobility of some fallout radioisotopes showed that
for some species (90Sr and 137Cs) which are firmly adsorbed by soil colloids and
minerals there is a relationship between radionuclide loss and soil loss. For
137Cs, an empirical relationship of the form Y « A (x/b)n, where Y is 137Cs
loss, x is the soil loss, and b, A and n, are respectively a constant,
coefficient and exponent, gave a good fit to the data (Rogowski and Tamura,
1970). A very real advance was made when Ritchie et al. (1974), showed that
there was a relationship between sheet erosion losses calculated by the
universal soil loss equation (USLK) developed by Wischmeier and Smith (1962,
1965) and loss of fallout 137Cs from soils under a variety of land uses. The
loss of 137Cs from the soils was calculated by subtracting the measured 137Cs
from that established for input sites (see Part 2, section 2.1). Combining
their data with those of other authors, Ritchie and co-workers showed a best
fit for all the data with a logarithmic equation :

Y - 1.6 X°-68

where Y is radionuclide loss expressed as a percentage of radionuclide input,
and X is the soil erosion in tonnes per hectare.

Data for Australian soils (Loughran and Campbell, unpublished results) has
further strengthened this relationship with a direct comparison of measured soil
loss and 137Cs content of soils under differing land uses (see Figure 4).
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2.3 Soil Storage Areas
One of the limitations of the USLE, which has been clearly pointed out

(Wischmeier,1976), is that it predicts only the soil loss from sheet and rill
erosion. The USLE also says nothing about any changes in the distribution of
soil within a field, or storage in alluvial fans or in flood plains. As McHenry
and Ritchie (1977) have said "An experienced soil scientist could identify areas
of erosion and deposition, but he would have no basis for estimating rates.".
Measurement of 137Cs profiles and temporal changes in them can be used to
identify and estimate rates of erosion and deposition (McHenry et al., 1978;
McHenry and Ritchie, 1977; McHenry and Bubenzer, 1982). The method is based on

(i) measurement of the average 137Cs concentration in an undisturbed
and uneroded soil profile under a forest cover. (This establishes
a base level for determining the redistribution of 137Cs in other
soil profiles); and

(ii) measurement of soil profiles along a transect in a cultivated
section to establish the depth of mixing of 137Cs in the soil
by the cultivation practices in use.

If the depth of accumulated 137Cs in the profile is greater than the
depth of tillage, then soil must have been deposited. If the amount of 137Cs
found to the depth of tillage is less than that originally deposited, then loss
of soil by erosion is indicated. If these profiles were again measured along
the same transect after an interval of time, this would quantify the rate of
erosion or deposition.

Using this procedure McHenry and Bubenzer (1982) showed that the amounts of
material being relocated within a field were 50 to 100 times greater than that
being removed from the field.

The accuracy of this procedure depends on the base level of the 137Cs
content of the accepted input area and frequency of sampling along the transect
to determine the soil profile. In view of the availability of this technique,
it is surprising to read in the literature that there is no feasible way of
directly measuring sediment erosion from cultivated land due to rain and wind.

Brown et al. (1981b) have formulated two other methods of estimating
erosion rates (volumentric and gravimetric) and used them to study deposition in
an alluvial fan and the erosion rate in a catchment in the Willamette Valley,
Oregon. The 137Cs activity was determined at a number of landscape positions.

To apply the volumetric method :
(i) the deepest sediment accumulation in the depositional area is

determined and from this is subtracted a thickness equal to
the plough depth;

(ii) the horizontal area of the footslope zone is determined;
(iii) using (i) and (ii), a simple geometric calculation, allowing for

thinning towards the edges, gives an estimate of the volume of
post-1954 sediment in the footslope and fan;
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(iv) the volume of sediment in (iii) is converted to weight from the
weighted average bulk density of surface soil throughout the
depth of occurrence of 137Cs;

(v) the time over which these sediments have accumulated is measured
from the generally accepted first appearance of significant
quantities of 137Cs in 1954; and

(vi) using the watershed sediment delivery ratio, the volumetric
estimates of annual soil loss on the watershed are derived.

The gravimetric method utilises differences in 137Cs concentration between
depositional and upland sites. The apparent depletion of 137Cs in the uplands
is used together with the average 137Cs activity per unit weight of surface
soil in the uplands to obtain an estimate of the soil loss. Details of the
calculations and the underlying assumptions about both methods are given in
Brown et al. (1982b). Although the estimates obtained by these methods were
stated by the authors to be imprecise, they could form a basis for soil con-
servationists to estimate a range of soil losses in the absence of other
correlated factors necessary to apply the USLE.

PART 3 CONCLUSIONS
The determination of modern sedimentation rates in lakes and reservoirs,

using 137Cs as a geochronological indicator, has been described. It is
suggested that the real importance of this method is that it provides an
indication of erosion problems within the catchment. It is further suggested,
and shown from a survey of literature sources, that a study of environmental
137Cs levels in soils and sediments can be a powerful tool for the identification
and quantification of soil erosion processes in catchments. On this basis it
can be profitably applied by developing countries whose limited soil resources
are at high risk.
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APPENDIX 1

Principal literature sources for details on the determination of sedimentation in
lakes and reservoirs from 137Cs data.

Author Study Area

Ashley and Moritz, 1979.
Barnes et al., 1979.
Campbell and Ross, 1980.

Delaune et al., 1978.
Edgington and Bobbins, 1977.
Fariner, 1978.

Livingstone and Cambray, 1978.
McHenry et al., 1973.

Pennington et al., 1976
Plato, 1972; Plato S Goldman, 1972;
Plato, 1974; Plato & Jacobson, 1976,
Ravera, 1961.
Ravera and Premazzi, 1971.

Ritchie et al., 1972.

Ritchie et al., 1973.
Ritchie et al., 1974.

Ritchie and McHenry, 1975.
Robbins and Edgington, 1973, 1975.
Robbins et al., 1978
Stiller, 1977.
Wise, 1980

Pitt Lake, British Columbia.
Washington State.
Stephens Creek Reservoir, Broken
Hill, New South Wales.
Louisiana salt marshes and lake.
Lake Michigan.
Lake Ontario; Niagara, Mississauga
and Rochester basins.
Rosthene Mere.
Creighton, Arizona; Mule Creek B,
Iowa; Sardis, Mississippi;
Ashland, Missouri; Tviet Pond,
Montana; Tortugas Arrayo I, New
Mexico.
Blelham Tarn.
Lake Michigan.

Lake Maggiore.
Lake Comabbio, Lake Varese, Lake
Monate, Lake Maggiore, Lake Orta.
Sardis, Mississippi; Tortugas Arayo,
New Mexico; Bernalillo, New Mexico,
Freye Creek, Arizona; Creighton,
Arizona.
U.S.
Powerline, Smith, and Murphy water-
sheds, Mississippi.
Iowa; Mississippi.
Lake Michigan.
Lake Ontario, Lake Erie.
Lake Kinneret (Tiberias).
Review.

28



APPENDIX 2

Sources of Coring Devices and Techniques

Reference Datum

Kemp, 1971.

Benthos Inc., North Falmouth,
Mass., USA.

Gushing and Wright, 1965;
Strong and Cordes, 1976.

Wright et al., 1964.

Milisic, 1981;
Shapiro, 1958; Swain, 1973.

Valeport Developments,
Dartmouth, U.K.

Modification of 'Benthos' core
for multiple sampling.
7.3 cm dia. corer.

Livingstone sampler modification.

Coring devices for lake
sediments.
Frozen core devices.

Vibratory sand corer up to
12.7 cm dia. capability.
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THE 210Pb TECHNIQUE FOR DATING SEDIMENTS,
AND SOME APPLICATIONS

J.D. EAKINS
Environmental & Medical Sciences Division,
Atomic Energy Research Establishment,
Harwell, Didcot, United Kingdom

ABSTRACT

The use of Pb for dating sediment in time scale 100 - 150 years
is described. Various methods of determination of 210pj, concentration
are reviewed and the problem of the initial 210pfc concentration using
two models for interpretation of data is discussed.

INTRODUCTION

In tracing the history of man's effect on the environment it is
evident that in many places the period of greatest impact lies within the
last 150 years. Lake and estuarine sediments provide a basis for
reconstructing many aspects of this impact, for estimating rates of change
and for establishing a baseline in environmental monitoring programmes.
In such studies the establishment of accurate chronologies of sedimentation
is of vital importance not only for dating events but for determining
sediment accumulation rates.

14The technique of C dating can provide a reliable time scale of events
up to about 1850 AD. However the effect of subsequent anthropogenic changes
in the environment, such as ehe release of ' C-free' carbon dioxide to the

14atmosphere by combustion of fossil fuels, and the injection of C into the
atmosphere during nuclear weapon tests, has invalidated the method for more
recent times. Fortunately in the last 10 years the Fb technique has
emerged as a most promising method for dating sediments spanning the last
100-150 years.

91OFb is a naturally occurring radionuclide in the U decay series,
part of which is shown in Fig. 1. It has a physical half-life of 22.26
years and decays to Bi by beta emission (E 0.018 MeV) . It is presentmax 226in the atmosphere as a result of the following series of events. Ra
in the earth's crust decays to the rare gas Rn, which diffuses into the
atmosphere at an average rate of 42 atoms min cm of land surface
222Rn has a half-life of 3.8 days and decays via a series of short-lived
daughters to Pb.
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There are other possible sources of atmospheric Pb, including the
production of Pb during the testing of nuclear weapons. This has been

(2) (3)suggested by Peirson et al. and also byJaworowski , but studies by
Beasley(4) in the Pacific suggested that it was unlikely that Unites States

21CLtests had contributed significantly to the Pb content of the atmosphere.
210It is also possible that concentrations of

enhanced in the vicinity of coal burning power stations
210

Pb in the atmosphere are
(5)

Pb is removed from the atmosphere by precipitation and a range of
residence times have been reported between 9.6 days and a few weeks '.

(8)Recent measurements in the UK gave a mean concentration in rain of
2.3 pCi 1 . Table 1 gives measurements of the rate of deposition of

Pb at a number of sites. These are fairly consistent, but less Pb
is deposited on oceanic islands and other locations where maritime air
masses predominate.

Table !
Rate of fallout of 210.Pb

Site

Illinois USA^
Arkansas USA ()])
Eastern United States
Ottawa, Canada ( 2^
Harwell UK(7)
Milford Haven UIT '( i -}\Saarland, W. Germany v li'
Moscow, USSR( 13)

2lOPb
(pCi cm~2 y-')

0.25
0.25
0.40
0.35
0.17
0.23
0.28
0.27

210.Pb enters a lake or reservoir either directly as rain or indirectly
210in run-off from the catchment. A secondary source of Pb in the water

222column is from the decay of Rn in solution, which may or may not be
226 210maintained by Ra. Pb is deposited at the mud/water interface by

sedimentation and exchange processes and becomes incorporated into the
sediment column. Fig. 2 shows diagrammatically the various routes of entry
of Pb to a freshwater body and the ways it may leave it. Ra is also
present in the sediment as part of the erosive input of particulate material
from the catchment.
referred to as supported Pb, which is normally assumed to be in

226 210equilibrium with the Ra. Pb in excess of the supported activity is
termed the unsupported Pb, and is considered to be derived predominately
from atmospheric input.

Pb formed within the sediment by decay of Ra is
210,,
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210„ . .Pb is also present in marine sediments, where it is deposited by
similar mechanisms to those occurring in freshwater. However, in the marine
environment, the production of Pb in the water column may be more
significant because of the relatively high concentration of Ra in sea-
water04'15).

210Providing the input of Pb to a water body and its residence time
within it are reasonably constant and there is no significant migration of

Pb within the sediment, the concentration of unsupported Pb will
decrease as a function of depth because of radioactive decay. This provide

210the basis for Pb dating and it is possible, by applying the law of
radioactive decay to the decreasing concentration of Pb with depth, to
calculate the age of the sediment at any horizon. In order to do this,
certain assumptions must be made and the validity of the chronology will
depend on how ace
to the sediment.

2 10depend on how accurately these assumptions describe the delivery of Pb

210This paper describes some of the practical aspects of Pb dating
of sediments, discusses the alternative methods of interpreting profiles
of Pb in sediment cores, and indicates some uses of the technique which
may be of particular application to projects in developing countries.

SAMPLING
210The half-life of Pb generally limits its use for dating purposes

to not more than 150 years. As sediment accumulation rates are commonly
less than 1 cm y~ , it is therefore not normally necessary to take sediment
cores to depths greater than 100 cm. The object of sediment coring is to
obtain a column of material (a) with the minimum of compaction (b) with
minimum disturbance particularly of the semi-fluid surface mud and (c)
with the minimum of smearing as the core tube is driven into the sediment.
To this end, sediment cores have been taken with a variety of coring
devices ranging from a section of plastic drain pipe pushed into the mud

:ic
(20)

by a diver through box and gravity corers ' to sophisticated
remotely-operated pneumatic corers such as that described by Mackereth

Once the core tube has been driven into the sediment, the core has
to be brought to the surface. Core tubes with a diameter of a few cm
retain the sediment unaided when raised from the bottom. However when
using larger diameter corers a mechanism is sometimes used to close the

(21 )bottom of the core tube, to prevent the sediment from falling out

Smearing .of the surface of the sediment core is proportionally less
significant the larger the diameter of the core and its effect can
virtually be eliminated if the outer area of the core is removed after

(22)sectioning . Sectioning is carried out in a variety of ways, all
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designed to preserve the integrity of the structure of the core. Some
workers ' prefer to freeze the core prior to sectioning. Others '
use devices such as that described by Mackereth which push the sediment
out of the core tube hydraulically. With such devices sediment can be
extruded and slices less than 1 cm thick taken with ease. At this stage
the bulk density can be determined if required, and the sediment is then
dried at around 100 C and weighed prior to analysis.

AKALYTICAL TECHNIQUES

Pb dating depends on the accurate determination of the level of
2 10unsupported Pb in a series of sediment samples. In order to do this

the total Pb content of each sample is determined initially. The
210 226supported Pb is then measured by analysis for its precursor Ra and

the unsupported Pb derived by subtraction of this value from the total
Pb. Ideally, all sections of a sediment core should be analysed for
Pb and Ra until a depth is reached at which the total Pb is

2 10indistinguishable from the supported Pb. However, for economic
2 IQreasons this is not normally done and it is usual to determine Pb in

about 10 sections between the surface and the region where the unsupported
210 9 ?fiPb is no longer detectable. .If the Ra content is relatively constant,
then it is generally sufficient to analyse sections at the top, middle and

2 10bottom of the region of interest to establish the supported Pb. If the
22fi 2 10Ra is variable however, then all sections analysed for Pb must also
be analysed for Ra.

2 inThe determination of Pb
The direct measurement of Pb in sediment by detection of its 47 KeV

( 9 f, ̂  *photon emission has been reported by Gaggeler et al. and Bergerioux
et al. . This method has the advantage of being non-destructive and
the sediment is therefore available for other measurements. However the

21047 KeV emission from Pb is only present in 4 per cent of its disinte-
grations and the method is relatively insensitive. The limit of detection
is about 2 pCi g for a sample of about 100 g, which seriously limits
its application to many cores where the concentration of Pb, even
in the surface sediments, may be less than 5 pCi g~ . In some core
sections, the weight of sediment available for analysis is only a few
grams and this will further increase the limit of detection. However the

210method may well have application in determining the total Pb in a core
where no profiling is required. In this case the whole core could be
homogenised before a sufficiently large sample was taken for measurement.

Because of the low energy of its beta emission Pb is often
210determined by means of its Bi daughter. This has a half-life of 5 days

and emits a beta particle with E 1.16 MeV. A technique used by manyC28 29 30) max««Qworkers ' ' for determining Pb in sediment is as follows. A
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' 10sample of dried sediment is leached with hydrochloric acid and * Pb,
plus added lead carrier, is removed from the resultant solution by anion
exchange. The lead is then precipitated, either as sulphate or chromate,
and a suitable source prepared for beta counting. The chemical recovery
is determined gravimetrically and the source left for about 5 weeks before

210 210counting to allow the Bi to equilibrate with its parent Pb.

An alternative procedure is to determine the Po grand-daughter
of 2IOPb. This has a half-life of 138 days and decays to stable 206Pb,
emitting an alpha particle of 5.3 MeV. As deposition rates are generally
less than 1 cm y , the Po will be in equilibrium with Pb in all but
the surface layer. A number of workers have adopted this approach,
including Robbins and Edgington , Krishnaswami et_ al. and

( 1 6 } 2ORBenninger et al. . The basic radiochemical procedure is to add Po
as a yield tracer, wet oxidise or leach the sediment sample with strong
mineral acids, filter off residual solids and convert the solution to
one of dilute hydrochloric acid. Polonium nuclides are then spontaneously
deposited on silver discs prior to counting by alpha spectrometry.
Eakins and Morrison employed a different procedure, in which Po
is dry distilled from the sediment as the volatile tetrachloride prior
to deposition on silver, a technique which has also been employed by
El-Daoushy . There are a number of advantages in determining Pb2 IQvia Po. Alpha counting is inherently more sensitive than beta counting
and the - Po can be identified unequivocally. There need be no delay
between preparation of the source and counting and the separation of
oPo from sediments is relatively simple.

Another technique for determining Pb has been described by
Jensen et al. , in which Pb is extracted from a sample of ashed
sediment with nitric acid and electrodeposited on platinum. After allowing
for ingrowth, Po is detected by alpha track counting using a plastic
detector. This method is very sensitive but lacks the specificity of
alpha spectrometry.

The determination of Ra
There are a number of approaches to the determination of Ra in

sediments. If the concentration is fairly high and the sample is large,
Ra can be determined directly by gamma counting its decay products

222Radiochemical methods fall into two groups, those using the Rn
226emanation technique to detect Ra daughters and those resulting in a

solid source which is alpha counted.

In the Rn emanation technique ' a solution of Ra is
first obtained from the sediment either by acid leaching or fusion and
subsequent dissolution. The solution is stored in a closed system to

222allow ingrowth of Rn, which is then flushed out with an inert gas into
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a scintillation cell. The cell is stored for a few hours before being
coupled to a photomultiplier tube and counted.

Procedures producing a solid source for alpha counting also depend
?2fi 9 9ftinitially on obtaining a solution of Ra from the sediment. Ra is

then separated from impurities by a variety of methods before a source is
(37) 223prepared for alpha counting. Koide and Bruland used Ra as a yield

tracer, coprecipitating the radium with lead nitrate. The lead was then
removed by anion exchange and the radium further purified by cation
exchange. The purified radium was electrodeposited from a 2-propanol
electrolyte onto a platinum disc prior to alpha spectrometry. Pennington
e£ al. coprecipitated Ra with lead sulphate and subsequently with
barium sulphate in the presence of ethylene diamine tetra-acetic acid.
The barium sulphate was purified by reprecipitation and its alpha activity

? 96determined after storing to allow ingrowth of the Ra daughter activities.

The chemical recovery was determined using Ba as a gamma yield tracer.
/oo) 29_ftJoshi and Durham. coprecipitated Ra with lead and barium carriers

22fifrom strong nitric acid and then separated the barium and Ra from lead
29_fiby ion exchange. The Ra was subsequently coprecipitated with barium

chromate which was stored prior to alpha counting.

2 10THE INTERPRETATION OF Pb PROFILES IN SEDIMENTS
210The interpretation of a Pb sediment profile and its conversion

into one of age versus depth depends on assumptions concerning the supply
210of Pb to the sediment column and its behaviour within it. It is

generally assumed that the supply of atmospheric Pb to the water surface
and the catchment is constant on a time scale of 100-200 years. The flux(39)may vary on time scales of the order of a year but, as sediment
sections taken for analysis normally span several years of accumulation,
these short-term variations will be smoothed out. It is also assumed that

210there is no migration or diffusion of Pb within the sediment column
via the pore water. There is indirect evidence that migration is
minimal from the fact that in some profiles there are sharp peaks and
inflexions which would be smoothed if migration was significant. Similarly,
it i
226,
it is assumed in determining the supported Pb that both it and the

Ra which is actually measured are in equilibrium. This has been
•y \f\

confirmed by the author from the determination of Pb and Ra in the
lower sections of over a hundred cores where the unsupported Pb is no
longer detectable. However, Imboden and Stiller have discussed the

222 210influence of Rn diffusion on the Pb distribution in sediments and
222have produced a mathematical model to describe the distribution of Rn
210within a core. They believe that in cores having a low unsupported Pb

content, the assumption that Ra and Pb are in secular equilibrium
should be treated with caution. There may well be a small disequilibrium
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210 2 7fibetween supported Pb and Ra near the sediment/water interface but,
if the unsupported Pb is in considerable excess, the effect on dating
will be negligible.

The constant initial concentration (cic) model
210The Pb dating technique was first applied to lake sediments by

Krishnaswamy et al. and to marine sediments by Koide e£ al.

These and many other workers found that a semilogarithmic plot of the
total Pb concentration per gram of sediment against depth showed a
roughly monotonie decline until a region of unchanging concentration was
reached. A typical profile of this type, obtained from Loweswater in
the English Lake District, is shown as the upper curve in Fig. 3. The

210region of unchanging concentration is the supported Pb maintained by
O O £ *? 1 ORa within the sediment. Subtraction of the supported Pb component
from the profile results in the lower curve, which is a plot of the
unsupported Pb against depth. The unsupported Pb decreases
exponentially and the slope of the line represents a mean sedimentation
rate. By a comparison of the concentration at any depth with that at the
surface, the age of the sediment at that depth can be calculated from the
equation for radioactive decay, which in this case can be expressed as:-

Cd - Co e~Xt (D

where Cd - concentration of 2iopb at depth d
Co « concentration of Pb at the surface
X «= decay constant for 2IOPb (0.031)
t « age of sediment at depth d.

This model assumes that, over the time scale being studied, the concen-
tration of Pb in sediment at the mud/water interface has been constant.
Because of this, it is often referred to as the constant initial concen-
tration or cic model. It has been validated for marine sediments by the
analysis of varved cores from the Santa Barbara Basin

210In some profiles, a semilogarithmic plot of the unsupported Pb
concentration against depth is predominately linear, but the slope
decreases near the surface. This is often simply the result of reduced
compaction of near-surface sediments and the non-linearity is avoided by2 JQplotting the Pb concentration against the cumulative dry mass of

(41 42 43)sediment. This technique has been adopted by many workers ' ' and
has largely superseded the earlier procedure. Methods for assessing the
effects of compaction on the calculation of sediment accumulation rates in

(44)the near-surface sediments of a core have been discussed by Wise • and
(25)by Robbins and Edgington
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Non-linearity in a Pb profile near the surface of a core will also
occur if the surface sediments arc disturbed. The most common cause of
sediment mixing is bioturbation, which normally affects only the top few
cm of a core. The redistribution of surface sediments by deposit-feeding
organisms has been investigated by Robbins et_ al. -who found that2 IQbeneath the zone of mixing, the unsupported Pb profile in a core of
constant sediment accumulation rate was linear. Sediment mixing in
marine and fresh water sediments has also been studied by Olsen et al.

(39) ~~ ~"~and Krishnaswami et al. . Bioturbation is normally less in freshwater
sediments than those of marine origin, partly because of the small size
of the freshwater benthos. Skei , in a study of sediments in the
Norwegian fjords, found that anoxic sediments were in general suitable for

Pb dating but that oxic sediments were often too disturbed by bioturbation.

A further source of non-linearity in a Pb profile is a change in
the accumulation rate. During the last 50-100 years, the sediment accumu-
lation rate in many water bodies has increased, often due to eutrophication.

210The Pb profiles of sediment core's from these waters show a decreasing
slope as the surface is approached and an example is shown in Fig. 4.
One of two assumptions is implicit in the use of the cic model to interpret
such a profile:-

(1) There is a large excess of Pb in solution in the overlying
water and increased sedimentation merely entrains more of the

210excess. If the sediment has a limited capacity for Pb
this will result in its concentration remaining constant
despite a change in accumulation rate.

(2) The main source of Pb in sediment is material uniformly
2 jolabelled with Pb on the catchment and more of this is being

transferred to the lake because of environmental change.

(24)Pennington et al. used the cic model to interpret non-linear
Pb profiles of a series of cores from Blelham Tarn. The Pb

chronology was consistent with both Cs and paleomagnetic dating and
gave similar ages for visible stratigraphie changes in sediments of

210different cores. However the use of the cic model to interpret Pb
profiles where the sediment accumulation rate is changing does not
always yield a chronology consistent with independent time scales and an
alternative interpretation has been sought.

The constant rate of supply (crs) model
In equation (1) Co «• F/R where F is the flux of unsupported Pb

to the sediment/water interface and R is the sediment accumulation rate.
A change in the accumulation rate implies a change in either Co or F (or
possibly both). The cic model assumes that Co is constant but an alternative
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approach is to consider that F, the flux of unsupported Pb to the
sediment, is constant. This is termed the constant rate of supply or crs

(47)model. It was first outlined by Goldberg and has since been developed
by Appleby and Oldfield^ and also by Robbins . The constant flux

2 10assumption implies a constant residual of unsupported Pb within the
sediment column and the age t of sediments of depth d may be calculated
from the radioactive decay law expressed as

Ad - Ao e~Xt
210where Ad is the unsupported Pb in the core below depth d and Ao is the

210entire unsupported Pb below the mud/water interface. The varying
sediment accumulation rate r can be calculated from

(Ref. 48)La

where Cd is the unsupported Pb concentration.

Oldfield £t_ al. have used this model to reassess Pb data
for several lakes, and have obtained chronologies more consistent with
independent dating methods than those obtained using the cic model.
Âppleby et al. have validated the method in freshwater sediments by

— (52)dating varved cores from Finland and Batterbee et al. have reassessed
the Pb chronology of Lake Vaxjô'sjô'n on the basis of a crs model. The
general effect of applying the crs model is to assign greater ages to
sediments at lower depths in a core, whereas there is often reasonable
agreement between the chronologies for near-surface sediments. It should
be noted that both the cic and crs models will give the same chronology
if a semilogarithmic plot of unsupported Pb against the cumulative
dry mass of sediment is linear.

Selection of a model
Although the crs model has led to a reassessment of many Pb

sediment profiles, it does not have universal application and it is not
always clear which model should be used. Oldfield and Appleby have
found empirically that, if the mean flux of unsupported Pb to the
sediment falls within the range expected from measured atmospheric fluxes
(0.2-1.0 pCi cm y ) the crs model will give the more valid chronology
but, where fluxes are much less than the atmospheric range, results have
been poor. This has also been observed by the present author and in such
cases the cic model may yield the more reliable chronology. Oldfield
and Appleby recommend analysis of more than one sediment core wherever
possible, to indicate whether sediment resuspension and focusing are

210occurring. This will lead to reduced unsupported Pb at sites where
sediment erosion has taken place and enhanced deposits where focusing has
occurred. In such cases, although the crs model will not be valid for a
single core, it may be valid for the lake bed as a whole
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(54)Madsen and S«Srensen recommend the use of a combination of crs
and cic models in constructing a chronology. The crs model is used for the
near—surface sediments where the accumulation rate may be changing and the
cic model for the deeper sediments where it is constant. The results they
obtained using this method were in good agreement with other chronologies
and there was greater precision associated with the ages of the deeper
sediments compared with the use of the crs model alone.

If an horizon in a sediment core can be dated independently, for
example by Cs, pollen or magnetic measurements, or by an input from a
known historical event such as ash from a forest fire or a volcano, then
the model which gives the best fit to the independent chronology should
be used.

Some limitations and uncertainties
In some circumstances it is impossible to date a sediment core by
2 10the Pb technique, whichever model is used. A very high supported

Pb content can completely mask the unsupported Pb derived from tbe
atmosphere. This has been observed by the author in sediment from a lake
in a granitic drainage basin which has a high uranium content.
Occasionally a sediment will have so little unsupported Pb that it is
difficult to distinguish it from a 'normal' supported Pb content.

210The reason for a very low unsupported Pb content in sediment from a
water body where there is no obvious sediment loss is not known, but it
may be significant that it has only been observed in lakes with small

ce se
(55)

210catchment areas. This suggests that unsupported Pb in a lake sediment
may be derived predominately from the catchment. Eakins et al.
believe that this is the case in Brotherswater, which is however unusual
in that it has a large catchment compared with the lake area and the mean
residence time of water in the lake is only 7 days. Perhaps the biggest
uncertainty in Pb dating is the extent to which the catchment contributes
to the unsupported Pb in sediment and this is an area which warrants
further study.

210A further area of uncertainty lies in the distribution of Pb
within the various components of sediment. According to Lewis Pb
in soils is sequestered by organic material and is concentrated in the
organic layers and Mackereth considers that 90 per cent of the
organic matter in a sediment will have come from the catchment. Cooper

(34)et_ al_. in a study of the speciation of radionuclides in sediments and
soils found that over 30 per cent of the Pb activity was bound to organic
matter. Eakins et_ _al. found concentrations of Pb in decaying
vegetation as high as 10 pCi g~ on the Brotherswater catchment, similar
to its concentration in suspended material in the lake and in surface2 josediments. There is therefore mounting evidence that Pb is associated
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wich organic material in sediments, but further work is required to confirm
this.

SOME APPLICATIONS OF THE 2l°Pb DATING TECHNIQUE TO PROJECTS IN DEVELOPING
COUNTRIES

210The primary information obtained by Fb dating is a chronology of
the sediment deposit, but this information may be related to other
characteristics of the core to provide information relative to specific
problems.

The chronology of a core may be used to determine the sediment
accumulation rate. In a freshwater body this will give information on two
subjects, namely the erosion rate from the catchment and the lifetime of
the water body before it silts up and becomes a bog. The erosion rate is
an important factor if there has been a change in land use such as
deafforestation or ploughing up of permanent pasture. In conjunction with

(58)magnetic measurements it may also be possible to identify the source
of the erosive input. The second factor is of vital importance if the
water body is a reservoir. For example, in the Philippines, the Ambuklao
reservoir, which it was hoped would recover its costs in 60 years is now

(59)expected to silt up in 32 years because of deafforestation . Increased
siltation will also occur in slow moving rivers from changes in land use
and Pb dating should indicate this under suitable conditions.

Measurements of sediment accumulation rates in water bodies can also
give early warning of eutrophication from cultural inpact, such as an
increase in population or in the use of artificial fertilisers on the
land. A rapid increase in the productivity of Windermere was observed by
Pennington and related to the increase in population when the railway
came to Windermere Town in 1847.

The impact on the environment of new industries may be recorded in
sediments from nearby lakes. The rate of increase in the level of
pollutants can be determined by Pb dating in conjunction with analysis
of the sediment composition, and the date of initial appearance of the
pollutant can often identify its source. Skei has studied the fluxes
of pollutants to Norwegian fjord sediments using Fb dating and believes

— 2—1the calculation of pollutant flux (mg my ) is a better measure of
pollutant loading than the actual concentration in sediments. He was also
able to demonstrate that Freir fjord became anoxic in 1870 at the time
of establishment of a nearby pulp mill which discharged waste into the
fjord. Thus the effect of historical events on the environment can be
studied by changes in the sedimentary record. With this knowledge the
impact on the environment of current events of a similar nature can be
predicted.
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Sediments laid down 100-150 years ago provide the baseline of natural
fluxes of elements against which the anthropogenic fluxes can be compared '
They also record changes in the nuclear environment and are sensitive
monitors of discharges from nuclear installations. In conjunction with
2 10Pb dating a chronology of discharges from an installation may be
established.

Dredging and dumping operations in coastal waters often result in the
silting up with aged sediments of sites remote from these operations.
A Pb profile can readily identify areas where the surface sediment is
low in Pb and therefore aged

SUMMARY

Over the past ten years, Pb dating has developed into a major tool
for palaeolimnologists, historians, geographers and environmental
scientists. Many coring techniques are available, ranging from the simple
to the quite complex, but all have been shown to give good results. The
analytical methods for Pb and Ra are well established and of
sufficient variety that they can be carried out by a competent analyst in
any reasonably equipped laboratory.

2 10Two main approaches to the interpretation of Pb sediment profiles
are currently in use, the constant initial concentration (cic) model and
the constant rate of supply (crs) model. These often yield similar
chronologies for the more recent sediments, but there is sometimes
divergence in the time scales relating to deeper deposits. There are no
definitive criteria for choosing one model in preference to another. Each
sediment profile should be considered in relation to all available data,
to other chronologies and, wherever possible, to other sediment cores taken
from the same water body.

The applications of Pb dating are many and varied. A sediment core
records a detailed history of the environment in its vicinity and the

Pb dating technique provides a chronology covering a time scale of
100-150 years, uniquely suited to the period of man's greatest impact.

REFERENCES

1. ISRAEL, H. Radioactivity in the atmosphere. In: Compendium of
Meteorology (Edited by MALONE, T.F.) American Meteorological
Society, Boston (1961).

2. PEIRSON, D.H., CAMBRAY, R.S. and SPICER, G.S. Tellus, 18, 428
(1966).

3. JAWOROWSKI, Z.S., Nature, 212, 88b (1966).

42



4. BEASLEY, T.M. Nature, 224, 573 (1969).
5. CAMBRAY, R.S. AERE, Harwell, personal communication (1982).
6. FRANCIS, C.V., CHESTER, G. and HASKIN, L.A. A. Envir. Sei.

Technol. 4, 586 (1970).
7. BURTON, W.M. and STEWART, N.G. Nature, 186, 584 (I960).
8. LALLY, A.E. AERE, Harwell, unpublished work (1981).
9. KING, P. and LOCKART, L.B. Nucleonics, 14, 78 (1956).
10. GAVANI, M.B., BECK, J.N. and KURODA, P.K. J. Geophys. Res. 79

(1974).
11. NOZAKI, Y., DeMASTER, D.H., LEWIS, D.M. and TUREKIAN, K.K.

J. Geophys. Res. 83, 4047 (1978).
12. GLÖBEL, B., MUTH, H. and OBERHAUSEN, E. Strahlentherapie, 131,

218 (1966).
13. BARANOV, V.J. and VILENSKII, V.D. Soviet Atomic Energy, 18,

645 (1965).
14. BOWEN, H.J.H. Environmental Chemistry of the Elements. London,

Academic Press (1979).
15. KOIDE, M., SOUTAR, A. and GOLDBERG, E.D. Earth Planet. Sei. Lett.,

14, 442 (1972).
16. BENNINGER, L.K., ALLER, R.C., COCHRAN, J.K. and TUREKIAN, K.K.

Earth Planet. Sei. Lett., 43, 241 (1979).
17. KRISHNASWAMI, S., BENNINGER, L.K., ALLER, R.C. and VON DAMM, K.L.

Earth Planet. Sei. Lett., 47, 307 (1980).
18. EDGINGTON, D.N. and ROBBINS, J.A. Environ. Sei. Technol., 10,

266 (1976).
19. SKEI, J. and PAUS, P.E. Geochim. Cosmochim. Acta, 43, 239 (1979).
20. MACKERETH, ?.J.H. Limnol. Oceanog., 14, 145 (1969).
21. BURKE, J.C. Limnol. Oceanog., 13, 714 (1968).
22. SCHELL, W.R. university of Washington, College of Fisheries

Report No. RLO-2225-T14-6 (1974).
23. MACKENZIE, A.B., BAXTER, M.S., McKINLEY, I.G., SWAN, D.S.

and JACK, W. J. Radioanal. Chem., 48 (1979).
24. PENNINGTON, W., CAMBRAY, R.S., EAKINS, J.D. and HARKNESS, D.D.

Freshwat. Biol., 6, 317 (1976).
25. ROBBINS, J.A. and EDGINGTON, D.N. Geochim. Cosmochim. Acta,

39, 285 (1975).
26. GAGGELER, H., VON GUNTEN, H.R. and NYFFELER, U. Earth Planet.

Sei. Lett., 33, 119 (1976).
27. BERGERIOUX, C., RAPIN, F. and HAERDI, W. Radiochem. Radioanal.

Lett., 45, 241 (1980).
28. KRISHNASWAMY, S., LAL, D., MARTIN, J.K. and MEYBECK, M.

Earth Planet. Sei. Lett., 11, 407 (1971).

43



29. PETIT, D. Earth Planet. Sei. Lett., 23, 407 (1974).
30. KOIDE, M., BRULAND, K.W. and GOLDBERG, E.D. Geochim. Cosmochim.

Acta, 37, 1 1 7 1 (1973).
31. EAKINS, J.D. and MORRISON, R.T. Int. J. Appl. Radiation

Isotopes, 29, 531-6 (1978).
32. EL-DAOUSHY, M.F.A.F., Doctorial dissertation at Uppsala University

(1978) ISBN 91-554-0772-2.
33. JENSEN, J.K., ENGE, W., ERLENKEUSER, H. and WILLKOM, H.

Nucl. Instrum. Meth. 147, 97 (1977).
34. COOPER, M.B., STANNEY, K.A. and WILLIAMS, G.A. Australian

Radiation Laboratory Report ARL/TR039 (1981).
35. LUCAS, H.F. Rev. Sei. Instr., 28, 680 (1957).
36. SEDLACEK, J., SEBESTA, F. and BENES, P. J. Radioanal. Chem., 59,

45 (1980).

37. KOIDE, M. and BRULAND, K.W. Anal. Chim. Acta, 75, l (1975).
38. JOSHI, S.R. and DURHAM, R.W. Chem. Geol., 18, 381 (1978).
39. KRISHNASWAMY, S. and LAL, D. Radionuclide Limnochronology.

In: Lakes, Chemistry, Geology and Physics (Ed. LERMAN, A.)
Springer Verlag N.Y. (1978).

40. IMBODEN, D.M. and STILLER, M. J. Geophys. Res., 87, 557 (1982).
41. ROBBINS, J.A., KREZOSKI, J.R. and MOSLEY, S.C. Earth Planet.

Sei. Lett., 36, 325 (1977).
42. BARNES, R.S., BIRCH, P.B. and SPYRIDAKIS. D.E. Changes in the

Sedimentation histories of lakes using ^lOpb as a tracer of
sinking particulate matter. International Symposium on Isotope
Hydrology. Neuherberg/Muenchen, Germany, F.R. 19-23 June 1978.
AED-Conf.-78-239-023.

43. FARMER, J.G. Can. J. Earth Sei., 15, 431 (1978).
44. WISE, S. University of London, King's College Report No.

ULKC-OP-7 (1977).
45. OLSEN, C.R., SIMPSON, H.J., PENG, T.H., BOPP, R.F. and TRIER, R.M.

J. Geophys. Res., 86, 11020 (1981).
46. SKEI, J. Fluxes of pollutants to Norwegian fjord sediments based

on 210pb. Symposium on 'Marine Chemistry into the Eighties',
Sydney, Vancouver Island (1979).

47. GOLDBERG, E.D. Geochronology with Pb In: "Radioactive Dating1.
International Atomic Energy Agency, Vienna (1963).

48. APPLEBY, P.G. and OLDFIELD, F. Catena, 5, J (1978).
49. ROBBINS, J.A., EDGINGTON, D.N. and KEMP, A.L.W. Quat. Res. 10,

256 (1978).
50. OLDFIELD, F., APPLEBY, P.G. and BATTARBEE, R.W. Nature, 271,

339 (1978).
51. APPLEBY, P.G., OLDFIELD, F., THOMPSON, R. and HUTTUNEN, P.

Nature, 280, 53 (1979).

44



52. BATTARBEE, R.W., DIGERFELDT, G., APPLEBY, P. and OLDFIELD, F.
Arch. Hydrobiol. 89, 440 (1980).

53. OLDFIELD, F. and APPLEBY, P.G. Empirical testing of 21°Pb dating
models for lake sediments. In: Studies in Palaeolimnology and
Palaeoecology (Ed. BIRKS, H.J.B.) Leicester University Press
(in press).

54. MADSEN, P.P. and S0RENSEN, J. J. Radioanal. Chem. 54, 39 (1979).
55. EAKINS, J.D., CAMBRAY, R.S., CHAMBERS, K.C. and LALLY, A.E.

United Kingdom Atomic Energy Authority Report AERE-R 10375 (1981).
56. LEWIS, D.M. Geochim. Cosmochim. Acta, 41, 1557 (1977).
57. MACKERETH, F.J.H. Phil. Trans. R. Soc. B 250, 165 (1966).
58. WALLING, D.E., PEART, M.R., OLDFIELD, F. and THOMPSON, R.

Nature, 281, 110 (1979).
59. CAUFIELD, C. New Scientist, 96, 1329, 240 (1982).
60. PENNINGTON, W., Freshwat. Biol. 3, 363 (1973).
61. ASTON, S.R., BRUTY, D., CHESTER, R. and PADGHAM, R.C.

Nature, 241, 450 (1973).

FIG.1. MAJOR DECAY PRODUCTS OF RADIUM-226
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RADIOACTIVE TRACERS IN DYNAMIC SEDIMENTOLOGY

A. CAILLOT
CE A, Centre d'études nucléaires de Saclay,
Gif-sur-Yvette, France

This subject has been described and published as CEA-N-2261 Report
F. Tola: "Use of radioactive tracers in dynamic sedimentology".

The Report is available from the Centre d'Etudes Nucléaires de Saclay,
Service de Documentation, 911 91 Gif-sur-Yvette, Cedex, France.

Summary

This report devoted to the "Use of radioactive tracers in dynamic
sedimentology" is divided into two parts: - a first part dealing with
methodology - a second part dealing with driftage and the transport
of fine sediments in suspension. In the first part, developments in
the use of radioactive tracers in sedimentology are recalled together
with the corresponding fields of application and the identities of the
main users. The state-of-the-art in France is also discussed. The main
characteristics of the method are then described and compared with those
of more classical methods. The results that can be obtained with tracer
methods are then outlined. The criteria employed to establish the granulo-
metry characteristics of the tracer, the particular radioisotope to be
used, and the masses and activities involved, are treated in the Methodology
chapter. A list is then given of the main isotopes available in France
and their characteristics. The various different labelling techniques
employed are studied together with their respective advantages and dis-
advantages. The special case of pelitic sediments is mentioned. The
use of reduced model isotope generators, double labelling and applications
to studies of the mud plug in the Gironde Estuary are also discussed. The
methods and materials used for injecting and detecting tracers are described,
emphasis being given to the economic factors associated with the use of
radioactive tracers in sedimentology. The second part of the report con-
tains two chapters: - studies of transport by driftage: presentation and
analysis of results and the application of the Count Rate Balance method
to obtain quantitative information on transport - studies of in-suspension
transport of fine sediments in the sea: the procedures adopted from the
moment when the tracer is introduced up to the time when the results are
analysed and interpreted, enables the trajectories and mean velocities
of the transported sediments to be determined together with their degree
of dilution and their settling speeds and rates; it is also possible to
investigate the evolution and horizontal dispersion of the sediments in
this way. Results from recent experiments are presented in both parts
of the report. À list of references is given at the end of the report
which will enable the reader to delve more deeply into the subjects
mentioned.
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ABSTRACT

Solid transport in torrential streams in many areas of Mediterranean
and other semiarid environments usually occurs during flash floods of short
duration with suspended sediment concentrations higher than 100 g 1~ . Under
rhese conditions it is very difficult to gauge sediment transport, except by
using nuclear gauges. These are the most suitable means available for such
situations because they can be used over a wide range of sediment concentrations
and because they are able to resist bed load transport consisting of boulder-
size material. This paper presents the main characteristics of nuclear
turbiometric gauges with artificial gamma sources, and the calibration
and operation of such gauges are discussed. Two types of completely
automatic gamma transmission gauges installed at fixed points in drainage
basins in Italy are described.

Finally some possibilities of practical applications to different
hydrodynamic situations and a new electronic equipment, projected by
Laben of Milano, will also be discussed.

INTRODUCTION

A knowledge of sediment transport in natural streams provides the
possibility of evaluating erosion phenomena and also gives basic
information necessary for the planning of numerous engineering works
such as the building of artificial reservoirs, bridges and viaducts,
and the regulation of water courses, etc. It is therefore a factor
of major importance in studies of soil conservation. Calculation of
bed load transport, especially in water courses characterized by
torrential regimes, still presents a number of problems which have
not been fully resolved, and the methodologies used to date have
produced only semi-quantitative data. On the other hand, the problems
connected with the measurement of suspended sediment transport,
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particularly in cases of low sediment concentration, would appear to
be more easily resolved. In these situations, gauges based on optical
or ultrasonic systems may be successfully used, or alternatively
automatic samplers can be installed, which make it possible to study
the detailed variations of sediment concentration. However, it is
much more difficult to measure the high sediment concentrations which
frequently occur during floods in water courses characterized by
torrential regimes.

In many areas of the Mediterranean, sediments are highly
susceptible to erosion and floods, which often are very severe
during the autumn-spring period, may produce suspended sediment
concentrations sometimes in excess of 100 g l . Collection of
hydrological data,therefore, is difficult, and may be especially
problematical when be load includes boulder-size material which
makes it almost impossible to mantain gauges permanently in the stream.

In these situations, gauges based on nuclear techniques can be
successfully used. The nuclear method is generally preferable to optical
and ultrasonic methods in cases where suspended sediment concentrations

are higher than 5-10 g l and in the opinion of the author, it remains
the only valid method when dealing with concentrations of hundreds of
grams per litre. Moreover, if one uses a gamma radioactive source, such

137 241as Cs and Am, it is possible to manufacture gauges protected by
a strong steel structure which are capable of withstanding flood events,
even when large-size sediment is being transported.

An important feature of the nuclear method is the fact that the
measurements are based on the density of material and, therefore, are
in practice independent of the colour and diameter of the suspended
particles and, to a certain extent, are also independent of the chemical
composition of the particles.

These gauges can be installed permanently in watercourses guaranteeing
good stability in mechanical structure and efficiency. Moreover, the
possibility of working fully automatically finds good application
especially for irregular regimes and in conditions of brief flooding.
Moreover, for large basins periodical controls on the lateral and
vertical variability of sediment concentration should be done.

There is a lot of interest in these instruments from many developing
Countries where intense soil erosion often leads to the shortening
of the useful life of artificial reservoirs. A regional UNDP programme
is now devoted in Algeria, Tunisia and Maroc to this serious problem.
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The studies started in Algeria in 1980 concern the region of oued
Isser for a surface area of 3600 km .

In this region ten small basins have to be equipped with gauges
for rain, evaporation, runoff and sediment concentration recordings.

NUCLEAR GAUGES

It is well known that the measurement of suspended sediment
concentration is based on the absorption or diffusion of X or 7
radiations by an artificial radioactive source, or alternatively
on the measurement of natural gamma radioactivity emitted by the
suspended sediment.

The use of gauges based on artificial radioisotopes offers many
possibility, and depending on the source-detector distance and on the

Xenergy of the radiations { X, soft f or hardy ), quantitative
measurements of suspended sediment concentration are feasible for a
volume of influence which varies from a few pitres to one hundred
litres. All other factors being equal, the accuracy of the measurements
of suspended sediment concentration are feasible for a volume of
influence which varies from a few litres to one hundred litres. All
other factors being equal, the accuracy of the measurements is
greater the lower the energy of the radiations emitted by the source.

109For example, gauges using Cd sources permit measurements for
volumes of influence with a diameter of 8-10 cm (Florkowski & Cameron,
1966; McHenry et al., 1967; Papadopulos & Ziegler, 1966), those

241with Am sources, for volumes of influence with a diameter of
20-40 cm (Courtois et al., 1970. Florkowski, 1970, Martin, 1970;
Ciet & Tazioli, 1976), while those using sources of higher radiation

137 60energy ( Cs, Co) can allow measurements for volumes of influence
with greater diameters (Florkowski, 1968; Ciet & Tazioli, 1976).

One of the greatest advantages of the nuclear method is that
measurements can be carried out without interruption and practically
without disturbance to the fluid, thus giving reliable data than can
normally be obtained by other sampling techniques.

The turbiometric gauges based on the measurement of the natural
radioactivity of sediments are much simpler than those equipped with
artificial radioactive sources, in that they only have a gamma-ray
detector and electronic counting and recording equipment (Martin, 1970;
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Courtois et al., 1970). The volume of influence for these gauges
is generally much greater than that for gauges based on artificial
radioactive sources.

The measurements carried out using nuclear methods can easily
be extended to concentration ranges between I and 200-300 g l

Principles of gamma-ray transmission gauges

It is well known that the*attenuation of gamma-rays from material placed
between an emitting source and a detector is due to the density or
concentration of the material itself. In practice, a comparison is made
Detween the number of impulses N , measured in a sediment-water mixture
which has a turbidity C, and a number of impulses N , measured in aw
reference medium which is generally composed of pure water.

Principles of gamma-ray scattering gauges

In the case of gamma-ray scattering gauges, the radioactive
source is separated from the detector by lead, and the radiations
recorded are only those diffused into the volume of influence of the
gauge. The principle is based on measurement of the scattered radiations
attenuated by turbid water. The counting rate also for these gauges is
related to the density or to the concentration of the suspended sediment
(Florkowski, 1970; Anguenot & Caiveau, 1980).

Principles of gauges based on natural radioactivity measurement

This principle is based on the relation between the counting rate
recorded in turbid water containing suspended clayey sediment, and the
turbidity of the water itself. By means of a calibration curve it is
possible to calculate the suspended sediment concentration from the
values of gamma radioactivity recorded (Courtois et al., 1970; Martin,
1970). This techniques is however limited to large water courses,
lakes or estuaries.

In cases of high suspended sediment concentration, the precision
and sensitivity of this method are comparable to those of nuclear gauges
based on artificial radioactive sources (Tazioli & Caillot, 1981).

Further information on principles of gamma-ray transmission and
scattering gauges are found in the bibliography cited above.
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PRATICAL APPLICATIONS

Nuclear gauges may be used either for periodic surveys or they can be
installed permanently in streams for continuous recording of highly variable
suspended sediment concentration in the presence of high water velocity and
high debris load.

They can also be applied to catchment studies and to preliminary
studies in the construction of artificial reservoirs. Transmission gauges
are generally used for low water stages and gamma back scattering gauges
may be used for high water stages and for measuring vertical profiles of
viscous muds to check the depth in navigable channels. The measurement
of natural radioactivity of suspended sediments is also possible in
estuaries, lakes and large rivers where the suspended material is constituted
by cohesive sediments (d <; 40 urn).

Examples of measurements in instrumented basins

Monitoring techniques using nuclear gauges have been employed since
1976 in two instrumented basins in southern Italy. These basins are
characterized be torrential regimes of surface runoff and by high suspended
sediment concentrations.

- 241 137Two Am gauges have been installed in one basin, whereas a Cs
gauge has been installed in the other one.

241 241Am gauges. The first gauge is equipped with a sources of Am
(100 mCi), and a gamma scintillation detector with a Nal (Tl) crystal
38 x 25 mm, contained inside a steel tube which is fixed to the stream
bed by means of steel pipes and concrete (Fig. 1). The distance between
source and detector is 32 cm. The geometry of the gauge is such that
measurements can be carried out in a portion of the stream cross-
section between 0.20 and 0.60 m from the bed, in a volume
which has a diameter of about 0.40 m.

241A second Am gauge, with, a different geometry, has been installed
to make measurements at a distance of 0.050-0.25 m from the stream bed.

241This gauge is equipped with a source of Am (100 mCi), and the detector
has been collimated with Pb in order to reduce the volume of influence.
The minimum water depths for correct functioning of the gauges are
respectively 0.25 and 0.6 m (Fig. 2).

All turbiometric data provided by the nuclear gauges derive from
counts carried out over a period of 5-15 min,, and thus represent a
mean concentration value relating to several m of turbid water.
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The counting and recording equipment is situated in & concrete
hut 50 m away from the gauges. The equipment is powered by semistationary
lead batteries whicn are recharged by a photovoltaic solar panel.

Fig. 1 Gauging station for water stage and suspended sediment concentration.
1 « water stage recorder, 2 « iron rod to divert trash, 3 • activatmg switch' 4 » box
containing the counting and printing unit (after Tazioli, 1980).

Fig 2 Volumes of influence of 2<1 Am gauges and minimum water depths for correct
measurements (after Tazioli 1981).

Since runoff is torrential and generally of short duration, it is
necessary that these gauges function fully automatically. This is achieved

«oy means of a switch which activates them when water depth exceeds
0.20 m and switches them off 40 min. after the water depth drops below
this level (Fig. 1).

137Cs gauge. This gauge is a rigid steel structure into which two
9 mm thick tubes have been fixed at a distance of 0.90 m from each other.
The tubes contain the detector and radioactive source. The gauge can be
installed permanently in the water course and allows measurements of
suspended sediment concentration in a volume of influence as large as
0.90 m by 0.30 m (Fig. 3).
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The structure is situated in a 16 m long and 2.10 deep concrete
flume where it has been in operation for over 5 years. The gauge makes
suspended sediment concentration measurements over the entire breadth
of the stream and in a cross section between 0.20 and 0.50 m from the
fixed bed (Fig. 4). It is considered that the velocity of water and
thus the suspended sediment concentration are uniformly distributed
in the measuring cross section ( Caloiero et al., 1979). The gauge
operates automatically, and the minimum water depth for correct functioning
is 0.50. The counting and recording equipment is identical to that

241described for the Am gauges.

Application of nuclear gauges to different hydrodynamic situations

Other types of automatic nuclear gauges have been plained for/
installation permanently in torrential watercourses in Algeria and
Mali in different hydrodynamic conditions. With the use of windows

241of plastic material it is possible to employ Am sources also with
the mechanic structur.es indicate in Fig. 5.

Figure 6 shows a type of equipment for saltuary surveys in natural
streams.

Giulio Sergio Tazioli

Fig. 3 Gauging station for suspended sediment concentration.
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(d)

(b)

(0

Fig. & Stream gauging flume and sediment concentration gauge, a.
nuclear gauge, b. plan, c. longitudinal cross-sectiorr of the Venturi
flume; d. upstream oscillating jump (after Frega et al. 1976/and
Coloiero et al. 1979).

Fig.5 Examples of practical application of nuclear gauges.
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241Fig.6 Portable Am gauge for suspended
sediment concentration (after Ciet &
Tazioli, 1976).

Fig.7. Sauging station for suspended sediment concentration (after Tazioli , 1 98O).

In the case of large water courses characterized by transport of
coarse sediment and by marked morphological variations in the stream

137bed, the use of Cs sources makes it possible to manufacture gauges
capable of operating under very difficult conditions, although
measurements will be less accurate than those obtainable with the
241Am gauges.

Figure 7 illustrates an example of gamma-ray retrodiffusion gauge
137with a Cs source which can be installed in large water courses.

Calibration

Correct functioning of a nuclear gauge depends on calibrations
undertaken both in the laboratory and in situ. In the first instance,
calibrations are carried out in tanks using sediment sampled from the
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water course selected for turbiometnc measurements. Turbidity levels
associated with concentrations varying ft-om 1 to 100 g l are created
in the tanks by means of pumps (Fig. 8), and suspended sediment
concentrations are controlled using the gravimetric method (Ciet & Ta-
zioli, 1976).

A calibration curve is constructed by relating the counting rate
N to the varying suspended sediment concentration values (Fig. 9).S
The validity of the curve is then verified in situ during floods events.
Ir situ checks are normally carried out at least once a month using
clear water and saline solutions which have a chemical composition
similar to that of the sediments.

Sensitivity and factors influencing measurements

Measurement sensitivity, considered as a ratio between the relative
variation of sediment concentration counts N and the variation of count

S -1 -3in clear water N ( at the concentration of l g. l , is 3.10 for the
137 W -3 241Cs gauge and 8.10 for the Am gauge.

Fig.8 - Calibration tank for nuclear transmission gauges.
1. Eletric pump; 2.steel pipes; 3.radioactive source;
4.plastic pipes for sampling suspended sediments; 5.gamma
scintillation detector ; 6.sealer; 7.printer (after Ciets Tazioli
1976).
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As regards the accuracy of the measurements, several factors
undoubtedly play an important role, and not all of them can be easily
defined. The effects of temperature, the chemical composition of the

%

sediments and electronic drift are the major factors influencing the
measurements.

Temperature obviously affects the measurements when the gauges
operate at temperatures other than those for which they have been
calibrated. Fluctuations in temperature cause variations in water
density, modifications in the mechanical structure of the gauges,
and changes in the response of the scintillation detectors. The
latter effect is particularly important if measurements are carried
out with a threshols higher than 10 keV (Courtois et al., 1970;Martin,
1970), or at temperatures higher than 35° C Fig. 13). Between 2 and 30° C

241 1the temperature effect for Am gauge is equal to 0.07 g. l~ of clay
sediment for changes of 1° C in water temperature (Ciet & lazioli,1976).

80 100 0
c<g

F<9. 9 Calibration curves obtained in the laboratory using silty clays (solid circles) and
quartzose-feldsp8th.c sands (triangles), and during flood events (squares) N /N - ratio between
observed count and clear water count (after Tazioll 1980).' **

102'

30

Fig. 10 Variation of counting vs. temperature with Z41 Am gauge in a thermostatically controlled
tank. N,/NIO*C * ratio between counting rate at temperature t and at 10eC. ( after Ci et 4
Tazioll, 1976).
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Laboratory research into the influence of the chemical composition
of sediments, based on quartzose-feldspathic sands and clays, has shown
distorsion equal to about 2 g l for concentrations of 10 g 1~ in the

241case of Am gauges, but almost zero distorsion under the same conditions
137for the Cs gauges (Ciet & Tazioli, 1976). It is therefore necessary

to check the chemical composition of sediments in the field by taking
samples during flood events, and siphon-bottles are used for this

241purpose when Am gauges are used.
Another important factor is the variation in water salinity when

working in estuaries (Courtois et al., 1970).
Laboratory research and some years of field work have indicated

that measurements are not affected by electronic drift provided equipment
is checked at 15-30 day intervals.

Taking into account all the effects mentioned above, it may
tentatively stated that measurements will be accurate to within l g l

241 -1 137for the Am gauge, and within 2 g l for the Cs gauge, in the
case of counts lasting for 10 mm.

IN SITU MEASUREMENTS

Some examples will now be given of the suspended sediment transport
measurements carried out using the permanently installed nuclear gauges
described above. Figures 11,12 and 13 show examples of high suspended
sediment concentrations recorded during 1978 and 1980 in two instrumented
basins in Italy characterized by torrential regimes of surface runoff.

One of the basins is underlain by Quaternary marly clays and has a
2surface of 63,5 km , the other one is underlain by crystalline Paleozoic

rock and by Quaternary sand and conglomerates and has a surface area of
24.7 km . Figure 12'represents an example of recordings made by two gauges

placed at different heights above the stream bed.
241Data collected using the Am gauges suggest that during major

flood events ihere are no appreciable vertical gradients of suspended
sediment (Fig. 12). This finding was also verified by taking samples
during some flood events with a depth of about 1m (Ciet & Tazioli, 1978),
and is explained by the nature of the sediment at this site which is

ti

predominantly clay or sandy-silt.
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The same basin displays a reasonable degree of correlation between
discharge (Q) and suspended sediment concentration (C), and between
total runoff volumes and total suspended sediment loads for some flood
events (Fig. 14).

I 1.0-100 10-z

0.5- !50 | &
a• I

o-i-o

Fig. 11. - Rainfall^histogram, water stage-(H) and suspended sediment concentration (C).
The. solid circles indicate data obtained by independent sampling (After Ciet & Tazioli,1978).

Fig. 12 - Rainfall histogram, water stage (H) and suspended sediment concentration (C)
registered by two Am gauges at different dephts. The dotted line (C) indicates data
obtained in a section 0.05-0.25 m from the river bed; the continues line (C) indicates
data obtained in a section between 0.020 and 0.60 m from the river bed. The solid circles
indicate data obtained by independent sampling (After Tazioli, 1981).
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Nuclear techniques for measuring sediment transport
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Fig. 13 Rainfall histogram, suspended sediment concentration (CI, water discharge
(Q) and suspended sediment discharge (Gsl. After Rosso & Tazioli (1979).
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Fig. 14 Relation between suspended sediment load and runoff volume for 15 flood
events, (after Tazioli, 1981).
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TECHNICAL DATA

Mechanic structures and,geometry of the automatic nuclear gauges
are indicated in figures 1,3,5,6 and 7.

241- Radioactive sources. oAm or Cs
-1

(100-200 mCi)
- Concentration range.................... 1 _ 300 g l
- Sensitivity............................8.10~3 for l g l"1 241Am

-33.10
- Accuracy................................ l g ~

for l g l
241

-1 137Cs
Am

137Cs

Figure 15 shows the bloc diagram of the electronic equipment
projected by LABEN of Milano (Italy). This equipment is available
with a box termically insulated, two lead batteries and one solar
panel.

The external dimension of the box are: 500 x 500 x 400 mm.

- Power.............................................12 V DC less than 10 W
- Battery life without recharging, more than 10 days
- Range of operating temperature.................... 5 - 50 °C
- Storage Temperature............................... 0 - 70 °C
- Humidity.......................................... 90%

Fig. is _ Boloc diagram of the electronic equipment proposed by LABEN
(Italy). C.Hermetic container; CUP. Control Unit Power and automatic
mechanism; DTR. Scintillation detector for gamma radiations; SC.Sealer;
TM.Timer; PR.Printer; B.Lead batteries; SP.Solar panel; SW.Conductimetric
switch.
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CUP: Control Unit Power. It powers the detecting, counting and printing
units (DTR - SC - TM - PR) and the conductimetric switch (SW) and provides

»

the beginning of countings.

OPERATIONS

The units operates where the switch is completely immersed in
water and switches the equipment off 40 min after the water level
drops below the fixed waterstage. In the absence of signals from the
switch, the equipment is not powered.

DTR: Scintillation detector for gamma radiations, with a Nal (Tl)
crystal of 38 x 25 mm, P.M. and premplifier and HT.

- External Power: 12 V DC.
- Temperature range: 0 - 55 °C;
- Water-proof alluminium casing: 54 mm in diameter and 390 mm in length;
- Electric wire: 50 - 150 m long.

SC: Sealer. It presents on the frontal panel a ratemeter with three
logarithmic scales that can be manually set to display a full scale

2 4 6reading of 10 , 10 or 10 counts per second. The sealer with a
property discriminator is a counter with 8 internal digits having
an auxiliary counter with two digits to count the printer cycles.

SPECIFICATIONS

Discriminator

- range of the minimum positive or negative input, from 20 m V to 300 rc V
- logic output: TTL (CMOS) l u sec
- maximum frequency: 200 KHz

Counter

- 8 internal digits
- input: TTL (CMOS)
- maximum frequency: 500 KHz

Remote controls

- Start - Stop - Reset - Print
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Auxiliary Counter

It takes into account the number of cycles of the sealer
- input: TTL (CMOS)
- maximum frequency: 500 KHz
- output for parallel printer
TM: Timer. It controls the sealer and printer units.

SPECIFICATIONS

- Counting time: ranging from 1 to 9999 seconds
- Time interval: ranging from 0 to 9999 seconds
- Printing, at the end of the measurement

Controls

- input: start - reset
- output: reset - start - stop - print
PR: Parallel Brinter, it prints with 8 decades on standard paper 25 m
long the information from the counter and with 2 decades, the number
of cycles.
- Printing speed: 3 lines per second;
- capacity: 5000 lines of prints
B: Two lead batteries in hermetical box: 12 V, 200 A/h
SP: Solar panel constituted by 35 solar cells fixed iniron loam for
field installation.

SW: Conductimetric switch, made from inoxidable steel cylindrical
electrodes insulated by PVC. It is connected by a coaxial electric
wire to the CUP unit and activates the equipment when completely
immersed in water.

-1 4 -1Range of conductivity for operation: from 100 uS. cm to 10 ûs. cm.
The printer Unit (PR) can be replaced by:

a. a system for remote transmission of data constituted by a FIFO
memory which can store 256 measurements of ten digits each
and an interface for the transmission in the standard SFK;

b. A system for storage data on a memory. An operator can read the
memory content from a reading circuit;

c. A recorder Xt.
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COST OF NUCLEAB GAUGES

The price of the gauges, including electronic equipment into
hermetic container, source, detector and mechanic structure, electric
wires for the detector and the conductimetric switch, 2 lead batteries
and a solar panel set on metallic structure, amounts to about 20,000
dollars.
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RECOMMENDATIONS

1. Applications of the Cs and Pb sediment dating techniques for
developing countries

In drawing up these recommendations consideration has been given to the
general feeling that radioactive dating of sediments should not be used merely
as a substitute for more conventional and possibly more economic techniques.
The recommended applications are those for which there is no readily available
or more economic way to obtain the required information. In these applications
it is implied, unless otherwise stated, that the ̂ 37cs and 210p̂  methods are
used in conjunction with each other as they are essentially complementary.

Applications in siltation studies
(1) The measurement of rate of loss of water storage capacity in reservoirs

where no previous sediment accumulation measurements have been made by
conventional means;

(2) The determination of the life-time of shallow water bodies where siltation
rates have not been previously determined;

(3) The detection of increasing sediment accumulation rates in water bodies
whilst there is still time to take remedial action;

(4) The detection in sheltered coastal waters of 'spoil' deposits which may
have been transported from distant dredging and dumping operations.

Applications in pollution studies
Radiometrie dating should be used in cases where pollution of a water body

is suspected in order a) to provide a chronology of the pollution and b) to
determine the historical baseline against which the level of pollution should
be compared.

Related catchment studies
In cases where sheet erosion or agricultural land use effects are suspected

but are not physically obvious, H7cs measurements should be made on the catch-
ment as well as in the lake sediment in order to provide a) confirmation and
b) a grading of areas in terms of their relative erosion status. With particular
reference to developing countries in the southern hemisphere and in the tropical
zones where the ̂ 7Cs fallout is significantly less than that of the northern
hemisphere, multiple coring is required and further information is needed on
the reproducibility of coring techniques in an aquatic environment.

2. Nuclear techniques in dynamic sedimentology

Dynamic sedimentology concerns sediment transport as bed load or suspended
load (pebbles, gravels, sand and mud) in rivers, estuaries and seas; and also
siltation and accumulation in dams, lakes and reservoirs, navigation channels,
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docks etc. Examples of typical problems are:
- erosion of beaches or shorelines
- economic optimization of dredging
- accumulation of sediment in dams
- formation of mud plug and viscous mud in tidal estuaries and navigation
channels.

In the systematic investigation of important sites such as ports, channels
and other civil and hydro engineering works conventional methods and bed load
transport formulae are not always able to compute solid transport. Estimates
from one equation to another may differ by a factor of 1 to 50 and sometimes more.
The tracer technique is used for verification of theoretical results and further-
more radioactive tracers can determine the final direction of the sediment
movement in the sea where there are tidal currents, waves, winds from various
directions and mixing of bottom mud and sand. Radioisotope tracer measurement
will yield qualitative and quantitative information on:

- sediment trajectories
- thickness of the moving bed, bedload discharge
- dispersion
- dilution
- average fall velocities
- sedimentation rate
- turbidity in suspension.
It is recommended that the conventional methods are checked by the use of

nuclear techniques in the field and in hydraulic laboratory.

3. Field applications of nuclear gauges for measuring suspended sediment
concentrations

The use of nuclear gauges is useful wherever suspended sediment concentra-
tion is higher than 1 g/1 and water courses are characterised by highly irregular
regimes and by flood of short duration. Moreover the nuclear method represents
the only valid method when dealing with concentrations of hundreds of grams per
litre.

When radioactive sources, such as Am and Cs, are used it is possible
to manufacture gauges protected by a strong steel structure which is capable
of withstanding flood events, even when large-sized sediment is being transported.
Two americium and caesium gauges have been successfully tested in fixed spots
for more than 6 years in small basins with maximum water discharges ranging
between 2 and 25 m^/sec. It would be advisable to use these gauges for measure-
ment also in large basins. They could be installed permanently in the streams
in fixed points and periodic controls on the lateral and vertical variability
of sediment concentration should be done by conventional methods.

Nuclear gauges may be used either for periodic surveys or they can be
installed permanently in streams for continuous recording of highly variable
suspended sediment concentration in the presence of high water velocity and
high debris load.

They can also be applied for catchment studies and for preliminary studies
in the construction of artificial reservoirs. Transmission gauges are generally
used for low water stages and gamma back scattering gauges may be used for high
water stages, lakes and for measuring vertical profiles of viscous rtuds to check the*
depth in navigable channels. The measurement of natural radioactivity of suspended
sediments, also possible in estuaries and large rivers where the suspended material
is constituted by cohesive sediments (d < 40 pm).
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The choice of the geometry and of the mechanical structure of the gauges
depends on the sediment concentration, water stages and sedimentological and
hydrodynamic conditions in which they have to work. It is therefore advisable
to design each gauge for the single specific physical condition.

For correct functioning of nuclear gauges it is necessary to have a
preliminary calibration in the laboratory with the sediment of the stream in
which the gauge has to be installed. The validity of the calibration curve
must then be verified in situ during flood events by sampling. A monthly check
of instrument reading in clear water and saline solution is recommended.

241When Am gauge is used in heterogenous basin, the mineralogical and chemical
composition of the sediment also has to be verified. Correction for the temperature
effect is necessary when changes in water and instrument temperature are higher
than 10°C. Conductivity should also be recorded when there are changes in water
salinity of more than 1-2 g/ltr.

SUMMARY OF THE DISCUSSION CONCERNING THE WAYS OF
IMPLEMENTATION OF TECHNICAL COOPERATION PROJECTS

1. "7Cs method for measurement of sedimentation rate and erosion.
This method is applied now in projects in South East Asia under RCA. Core
samples must be collected by experienced experts using commercially produced
equipment such as Minicorer. Samples can be measured in a local laboratory
equipped with a Germanium detector in a lead shield, multichannel analyser
and optionally a minicomputer. A big Nal(Tl) scintillation detector can
also be used in principle, but it requires a computerized analysis of
spectrum as the resolution is much worse and background much higher.
Alternative way is to mail samples to the IAEA laboratory for measurements.
Training of the local staff: sampling in the field and 1 month in the
laboratory.
The cost of equipment: minicorer about US$ 1000.-, Ge detector about US$20000.-,
MCA about US$5000.- and Pb-shield about US$ 500.-.

2. 210Pb/21°Po dating of sediments.
137Core drilling for this method of dating is similar to that for Cs, however

the length of the core should be larger and the diameter can be smaller as
the necessary size of individual samples is only 1 to 2 g. Measurement
of samples is done after chemical treatment in a laboratory equipped with
the alpha spectrometer (cost about $ 7000.-). Laboratory training for local
professional should last 1-2 months. Samples can be also sent for analysis
to the laboratory outside the country (e.g. Harwell or IAEA).

3. Radioisotope tracers in sediment transport.
Planning of the project requires one short (10 days) reconnaissance visit of
the expert to the study area for examination of local conditions and problems
to be solved. In general existence in the country involved of the hydraulic
laboratory and radiometric laboratory is essential for the project implemen-
tation. For experiment one or two suitable boats must -be available and a
positioning system for the boat must exist.
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Training of the local staff in the laboratories abroad should include two
professionals for a duration of about 3 months. Equipment for field injection
and radioactivity measurement valued about $ 35000.- should be purchased
beforehand or can be lent by the expert's institute. Radioisotope tracer
for one experiment costs about $ 1200.-. For execution of experiment (pre-
paration, injection, first scanning of the area) two experts are needed for a
duration of A to 6 weeks. Further measurements are usually done by the local
staff. After the last measurement a final visit of one expert for one to
two weeks is needed for assistance in interpretation of the results.
It is noted that institutes in three developing countries, Brazil, India,
Yugoslavia have trained staff and equipment to carry on this type of work.

A. Nuclear gauge for continuous measurement of suspended sediment.
No experience exists yet in using this type of instrument in developing
countries but first installations are foreseen for 1983. The Italian firm
Laben started production of field instruments (cost about $ 20,000.-).
The IAEA Isotope Hydrology Laboratory is also preparing a prototype of the
instrument (cost of about $ 6000.-). Before installation a short visit
(1 week) of expert is necessary for examination of river site, localization
of measuring station and instructing the local counterpart on the necessary
construction work. For installation of the instrument, training of local
staff in maintenance and in interpretation of measurement data the expert
should be present for about 1 to 2 months. A follow-up expert visit after
several months for inspection of the site and instrument and for checking
the obtained data is also necessary.
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