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Abstract

USE OF 137Cs AND OTHER FALLOUT RADIONUCLIDES IN SOIL-EROSION INVESTIGATIONS. PROGRESS,
PROBLEMS AND PROSPECTS

Accelerated erosion and soil degradation currently represent serious problems for the global environment. Against
this background there is a need to assemble reliable information on the rates of soil loss involved. Existing techniques for
documenting rates of soil loss possess many limitations and there is increasing interest in the potential for using fallout
radionuclides, particularly ls7Cs, to obtain such information. An example of the application of the l37Cs approach to a
cultivated field at Rufford Forest Farm, Nottinghamshire, UK, is presented to illustrate its value. The key advantages of
the approach are that it provides a means of assembling retrospective estimates of medium-term (ca. 40 years) rates of soil
loss and the spatial pattern of erosion and deposition involved, on the basis of a single site visit. There are, however,
currently a number of problems and uncertainties associated with the use of "7Cs in soil erosion investigations, and these
arc reviewed and needs for further research identified. Potential developments of the approach, including the use of other
fallout radionuclides such as unsupported 210Pb and 7Be are also considered.

1. THE CONTEXT

Although much of the recent concern for the global environment has focussed on problems

of global warming and climatic change, there is also growing evidence that accelerated erosion and

associated soil degradation represent a major problem for the sustainable development of agricultural

production in a world characterized by a rapidly expanding population. Recent assessments of the

global soil-erosion problem afford considerable cause for concern. For example:

• Brown [1] reports that each year the world is currently losing 23 x 109 tonnes of soil from

croplands in excess of new soil formation. This is equivalent to a depletion of the global soil

resource by 7% each decade.

• ISRIC [2] indicates that the soils of an area covering more than 8% of the land surface of the

globe (i.e. > 109 ha) have now been degraded by water erosion.

• Buringh [3] estimates that the global loss of agricultural land due to soil erosion is now of

the order of 3 x 10* ha per year.

• Pimental et al. [4] report that of the 11.6 x 106 ha of forest cleared annually, more than half

can be attributed to agricultural soil degradation and subsequent expansion of agriculture onto

new land.

• Brown and Young [5] estimate that current rates of soil loss from croplands result in an

annual loss to the global grain output of 9 x 106tonnes.

To date, much of the loss of soil and agricultural land identified above has been compensated

by clearing of new land for crop production and by use of fertiliser and improved crop strains to

increase yields on existing land, but the scope for maintaining such compensation measures will clearly
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decline in the future. In addition to on-site costs associated with reduced soil productivity and loss of

agricultural land, there is also increasing evidence that the off-site costs of soil erosion related, for

instance, to increased sediment transport in rivers, may be of equal, if not greater, importance.

Mahmood [6], for example, has reported that the world's reservoirs are currently losing storage at

a rate of about 50 km3 per year as a result of sedimentation. This is equivalent to a storage loss of

approximately 1% per year. Taking account of the central importance of reservoirs for domestic and

industrial water supply, for irrigation schemes, and for hydropower production, and thus for economic

progress in many developing countries, such losses of storage are of considerable concern. Annual

replacement costs are conservatively estimated at about US$6 x 109 per year and the new reservoir

sites needed to replace lost storage are increasingly difficult to find.

Against this background, there is an increasing need to assemble reliable information on rates

of soil erosion or soil loss in different areas of the world. Such information is, for example, needed

to assess the magnitude of the problem, to evaluate the key factors influencing rates of soil loss and

to investigate erosion-crop productivity relationships. This need is, however, not readily met by

existing methods of measuring soil erosion, such as erosion plots, which possess many important

limitations in terms of cost, representativeness and the reliability of the resulting data [7, 8]. These

methods are also generally unable to provide the detailed spatially distributed data required to verify

the new generation of distributed erosion and sediment yield models and to interface with current

developments in the application of GIS and geostatistics to this field. Recent work in exploring and

exploiting the possibilities for using fallout radionuclides, and more particularly 137Cs, to document

rates and patterns of soil redistribution can, however, be seen as overcoming many of the limitations

associated with existing techniques for monitoring soil erosion and as offering considerable potential

for meeting the needs outlined above.

2. THE USE OF 137Cs MEASUREMENTS

2.1. The basis

The potential for using 137Cs measurements to investigate rates and patterns of soil loss was

originally recognised by Ritchie and McHenry in the USA [9] and the basis of the approach is now

well documented [10, 11, 12, 13, 14]. In essence, the approach is founded on the fact that

radiocaesium released into the stratosphere as a by-product of past atmospheric testing of

thermonuclear weapons during the 1950s and early 1960s reached the land surface as fallout and was

in most environments rapidly and strongly adsorbed by the surface soil. Its subsequent redistribution

can be attributed to the erosion, transport and deposition of soil particles and measurements of the

current distribution of 137Cs within the landscape provide a means of establishing rates of erosion and

deposition, and the spatial patterns involved, during the period since the main phase of atmospheric

fallout. Assessment of 137Cs redistribution is commonly based on comparison of the measured

inventories (total activity per unit area) at individual sampling points, with an equivalent estimate of

the inventory representing the cumulative atmospheric fallout at the site, taking due account of the

different behaviour in cultivated and non-cultivated soils. Because direct long-term measurements of

atmospheric fallout are rarely available, the cumulative input or reference inventory is usually

established by sampling adjacent undisturbed, uneroded locations, generally under permanent pasture,

which can provide an estimate of total fallout inputs. The magnitude and direction of measured

deviations from the local reference level provide a qualitative assessment of sediment redistribution.
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FIG. 1. Medium-term (35 years) erosion and deposition rates within afield at Rufford Forest Farm,
Nottsinghamshire, UK, estimated using 1S7Cs measurements.

To derive quantitative estimates of the rates of erosion and aggradation involved, it is necessary to

establish a relationship between the magnitude of the deviation from the reference inventory and the

extent of soil loss or gain [15]. Because empirical calibration data are rarely available, many workers

have favoured the use of theoretical relationships or models to provide the necessary calibration

function. Such models can be used to simulate the effect of a range of long term erosion and

aggradation rates upon the 137Cs inventory of soil profiles, and the resultant data can be used to derive

the calibration relationship [15, 16].

2.2. An example

The advantages and potential value of the 137Cs approach to documenting medium-term (i.e.

ca. 40 years) rates and patterns of soil erosion can be usefully demonstrated by introducing an

example from a study of a 3.8 ha cultivated field at Rufford Forest Farm, Nottinghamshire, UK,

reported by Walling & Quine [10]. This area, which is underlain by brown sand soils of the Cuckney

1 association, is primarily used for arable cultivation. Sugar beet is widely grown and soil erosion has

frequently been observed in the area [17]. A 20m x 20m grid was used as a basis for collecting soil

cores from the field and a total of 117 cores was obtained using a motorized percussion corer (38 cm2)

inserted to a depth of 60 cm. The reference cores were obtained from an area of uneroded,

undisturbed grassland located 1.7 km from the study field. After collection, all cores were air dried

and lightly ground and the 137Cs content of the material passing through a 2 mm sieve was determined

by gamma spectrometry using an HPGe coaxial detector. A value of 3200 Bq m'2 was obtained for
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TABLE I. SPATIALLY INTEGRATED ESTIMATES

OF SOIL REDISTRIBUTION IN THE FIELD AT

RUFFORD FOREST FARM ILLUSTRATED IN FIG. 1.

Component Estimate

Gross erosion rate

Eroding zone
Mean erosion rate
Fraction of total area
Fraction of total area

with erosion rates
>2tha"' yr1

>4 t ha"' yr'
Aggrading zone

Mean aggradat'n rate

Fraction of total area
Net erosion rate
Sediment delivery ratio

(t ha1 yr"')

(t ha"' yr"1)

(%)

(t ha"' yr1)

(%)
(t ha1 yr"')

(%>

12.2

13.8

89

81

72

16.1
11

10.5
86

TABLE II. SOME ADVANTAGES OF THE 137Cs TECHNIQUE FOR ESTIMATING RATES OF

SOIL LOSS AND DEPOSITION

(1) Estimates relate to individual points within the landscape and information relating to both rates

and spatial patterns of soil redistribution can be assembled

(2) The technique is capable of providing spatially-distributed data which are compatible with

recent advances in physically-based distributed modelling

(3) The estimated rates of soil redistribution reflect the integration of all landscape processes

(e.g. water and wind erosion, tillage effects etc.)

(4) Estimated rates of soil redistribution relate to the past 40 years and thus provide estimates of

longer-term average rates of erosion and deposition. Short-term measurements may be

unrepresentative

(5) There are no major scale constraints apart from the number of samples that can be

processed. Areas studied can range from a few m2 to small drainage basins (e.g. 5 ha)

(6) Application of the technique does not involve major disturbance of the landscape under study

(7) Estimates can be obtained on the basis of a single site visit

(8) Estimates based on contemporary sampling are retrospective and therefore avoid the need for

establishment of long-term monitoring programmes
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the local reference inventory. Deviations of the inventories associated with the individual sampling

points within the field, from the reference value, were calculated, and a calibration model was used

to derive estimates of the rates of erosion and deposition occurring within the field over the past 35

years. The resultant pattern of soil redistribution documented for the field, which is presented in Fig.

1, reflects the action of a range of erosion processes, including both water erosion and the effects of

soil tillage.

In addition to providing an assessment of the spatial pattern of soil redistribution within the

study field, the individual point estimates of erosion and deposition rates derived from the 137Cs

measurements can be spatially integrated to produce a range of measures of the overall status of

erosion and deposition within the field (Table I). The values of both the gross erosion rate and the

mean erosion rate for the eroding sites permit clear assessment of the severity and potential on-site

impact of erosion within the area under investigation. Furthermore, assessment of both the net soil

loss and the sediment delivery ratio permits an evaluation of the potential for off-site problems posed

by sediment leaving the field and entering local watercourses.

The example outlined above is based on measurements of the total inventory of individual soil

cores, since this minimises the number of samples requiring gamma assay and therefore reduces the

analytical demands. Further development and refinement of the approach could, nevertheless, usefully

involve consideration of the depth distribution of radiocaesium in the soil profile, since such

information can afford the basis for improved interpretation of the erosional history of the study site,

particularly in areas of intensive land use [18].

The information generated for the field at Rufford Forest Farm from 137Cs measurements,

which is presented in Fig. 1 and Table I represents essentially unique data that would be effectively

impossible to assemble by any other means. Use of erosion plots would, for example, provide

information only on the net soil flux at the lower end of the bounded plot and would be unable to

document the spatial pattern of erosion and deposition within the field. Equally, they would not

document the effects of soil redistribution by tillage. Furthermore, although the medium-term and

temporally-lumped nature of the erosion rate estimates provided by the I37Cs measurements could be

seen as a limitation, it must be recognised that short-term measurements could be unrepresentative and

that long-term monitoring is likely to prove both costly and labour intensive and in many instances

impractical. In addition, the 137Cs approach affords a unique opportunity to secure retrospective

information for a particular site and to acquire the spatially distributed data required to develop and

validate the new generation of distributed soil-loss models currently being developed [19]. These and

other key advantages of the use of 137Cs to monitor rates and patterns of soil loss are summarized in

Table II.

3. CURRENT PROGRESS

Although the potential for using 137Cs as a tracer in soil erosion investigations was recognised

at a relatively early stage in the United States of America [9, 20], wider application of the approach

was relatively slow. It is only in more recent years that its potential has been more generally

exploited. Figure 2 provides a schematic representation of the expansion of such exploitation over the

past 30 years by plotting the activity of individual research groups who have made extensive use of

the approach. Figure 2 is neither comprehensive nor precise, since some groups will have been

excluded and the periods of activity may be incorrect. Nevertheless, it clearly demonstrates the very

significant expansion in the application of the approach in recent years. Such applications have
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FIG. 2. The evolution of the use of Cs in soil-erosion studies.

encompassed a wide variety of locations throughout the world (Fig. 3), ranging from glacierized

mountain areas in Greenland [21] and mountain areas in Sweden [22], through the prairie and steppe

regions of Canada and the Russian Federation [23, 24, 25, 26] and semi-arid areas of Spain [27], to

tropical areas of Africa [28] and Thailand [29]. Therefore, the approach must now be seen as having

global relevance [30, 31].

4. PROBLEMS AND UNCERTAINTIES

Although the use of 137Cs measurements to document rates and patterns of soil erosion must

now be seen as well established and proven, and as providing a valuable alternative to traditional

approaches, a number of limitations and uncertainties must be recognised. These are

briefly reviewed.

4.1. Global and regional patterns of 137Cs fallout

Use of 137Cs measurements to document rates and patterns of erosion requires that existing

inventories should be sufficiently high to permit accurate assessment of radiocaesium redistribution

during the period since the main period of weapons testing. Measurement precision is particularly

important in this context, since it is difficult to obtain reliable measurements of 137Cs activity

when inventories are low. Although a detailed assessment of the global pattern of 137Cs inventories

in undisturbed soils, which would be representative of fallout inputs, has yet to be undertaken, it is
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known that such inventories are much lower in the southern hemisphere than in the northern

hemisphere (cf. Fig. 3) and that inputs to equatorial areas were probably considerably lower than those

in the mid-latitude areas of Europe and North America, where most work on exploiting the potential

of 137Cs measurements has been undertaken. Table HI presents generalised information on the global

distribution of the fallout of ^Sr, another fission product of weapons testing, based on data reported

by Larsen [32]. In view of the common origin of both strontium-90 and caesium-137, the global

pattern of fallout of both radionuclides can be expected to be similar.

Table III indicates that in equatorial areas and over large regions of the southern hemisphere,
137Cs inventories are likely to be <30% of those recorded in the mid-latitudes of the northern

hemisphere. There have, nevertheless, been many reports of the successful application of 137Cs

measurements in areas of the southern hemisphere with relatively low inventories such as Australia

and southern Africa [33, 34], but uncertainty remains over the viability of the approach in arid regions

and some equatorial areas.

4.2. Chernobyl fallout: problems and opportunities

The use of 137Cs measurements for soil-erosion assessment is generally based on the

assumption that it is possible to assess the redistribution of radiocaesium occurring during the period

extending from the main period of weapons test fallout in the late 1950s and the 1960s to the present,

and to use this information to estimate rates of erosion and deposition. This basis will be compromised

in areas that received significant amounts of Chernobyl-derived 137Cs fallout in 1986. Such areas

include large parts of northern, eastern and western Europe. In the first place, it will no longer be

possible to assume that the documented redistribution reflects the the net effect of soil erosion

processes operating over a period of ca. 40 years. Some of the 137Cs inventory will have been present

in the soil only since 1986. Although it was possible to distinguish the bomb- and Chernobyl-derived

components of the total l37Cs inventory at the time of the Chernobyl incident by measuring the 134Cs

activity (134Cs was associated only with Chernobyl fallout and exhibited a fixed ratio to 137Cs), this is

no longer possible due to the short half life of 137Cs (2.2 years) which is now below the level of

detection at most locations. Secondly, the main input of Chernobyl fallout was restricted to a short

period immediately after the accident and was in many places characterised by marked spatial

variability due to the interaction of the plume with local air mass and precipitation dynamics [35]. This

variability introduces problems in terms of establishing a local reference level against which the

inventories for individual cores can be compared in order to assess the gain or loss of radiocaesium

and thus the rate of soil redistribution.

Although the addition of Chernobyl fallout will inevitably complicate the interpretation of 137Cs

measurements in many areas, some potential undoubtedly exists to make use of the two phases of

fallout input to derive additional information on the erosional history of a site. Chernobyl inputs could

be incorporated into theoretical calibration procedures aimed at interpreting the inventory values for

bulk cores, but in most cases it may prove more useful to consider the depth distribution of

radiocaesium within the soil, which may in turn reflect both input phases. Where Chernobyl-derived
137Cs inventories are very much greater than bomb-derived inventories, such that the latter may be

effectively ignored, it should prove possible to use the redistribution of Chernobyl-derived 137Cs to

assess soil redistribution during the period since 1986.
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TABLE III. LATITUDINAL VARIATION OF BOMB-DERIVED *>Sr

INVENTORIES AT THE END OF 1983, BASED ON LARSEN [32]

Mean '"'Sr inventory

Latitude Northern Southern

band hemisphere hemisphere

(Bq m"2)"

0-10

10-20

20-30

30-40

40-50

50-60

60-70

70-80

80-90

953
1370
2075
2862
3867
3585
2084
897
409

526
491
841
967

1124
672
455
276
154

" Inventory values have been estimated from the cumulative

"Sr deposition on the land and ocean surfaces of individual

latitudinal belts.

4.3. Local variability of Cs fallout and establishment of local reference inventories

As indicated above, most procedures involving the use of I37Cs measurements to estimate rates

of soil redistribution are based on a comparison of measured inventories for individual soil cores with

a local reference inventory. In most investigations it is assumed that this local reference inventory will

be effectively constant over a small study area. This assumption can be readily justified theoretically

in terms of the extended period of input associated with bomb fallout, such that local variability

associated with individual precipitation events is likely to disappear when the inputs associated with

a large number of precipitation events are averaged. However, more attention undoubtedly needs to

be given to justifying this assumption empirically and assessing the potential magnitude of local

variability in fallout inventories. This in turn requires consideration of potential sources of sampling

variability, in order to distinguish true spatial variability from variability introduced by measurement

precision and sample collection [36, 37, 38]. The latter could be seen as effectively adding confidence

limits to any estimate of the local reference inventory, such that this should be represented by a range

rather than an absolute value. Equally, where there is clear evidence of true spatial variability of the

local reference inventory, it will be necessary to consider whether this is essentially random or if there

is a systematic trend. In the former case the confidence limits associated with the estimate of the local

reference inventory will need to be increased, whereas in the latter case appropriate spatial statistics

may be used to represent the pattern or trend involved. Where random spatial variability exists, it is
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important to consider the number of samples required to obtain a reliable estimate of the mean and
variance of the reference inventory at the required level of confidence. Results presented by Owens
and Walling [36] indicate that confidence limits associated with measurement precision and sampling
variability are likely to be of the order of .±10% and ±5% respectively at the 95% level of
confidence.

4.4. Behaviour of 137Cs within the soil profile

Use of 137Cs measurements to estimate rates of soil redistribution depends heavily upon the

Assumption that radiocaesium fallout is rapidly and strongly adsorbed by the upper horizons of the

soil and that its subsequent redistribution therefore reflects movement of soil particles. There have

been a number of reports of the mobility of Chernobyl-derived radiocaesium in the receiving soils that

could cause this assumption to be questioned. However, it is important to recognise that most of these

reports relate to upland areas with acid, highly organic soils with limited capacity to adsorb

radiocaesium. Furthermore, the concentrations of radiocaesium in precipitation associated with

Chernobyl fallout were frequently orders of magnitude greater than those associated with bomb fallout,

which occurred over a period of many years rather than few days, and may therefore not provide a

meaningful replication of the response of soils to bomb fallout.

Most agricultural soils, which will be investigated in soil erosion studies, can be expected to

conform to the assumptions of rapid and strong fixation of radiocaesium associated with bomb fallout

and there have been many laboratory and field investigations that have confirmed such behaviour.

Livens and Loveland [39], for example, cite the work of several investigators as demonstrating the

highly efficient extraction of radiocaesium from dilute (O.OOlAf) solutions by clay minerals. The

radiocaesium concentrations in the solutions are several orders of magnitude greater than those

associated with rainfall during the period of weapons testing fallout. The effects of soil texture and

the magnitude of the clay fraction must also be considered, but other studies indicate that the

proportions of fine particles commonly found in mineral soils do not limit radiocaesium adsorption.

Livens and Baxter [40] examined a range of soil types and found that radiocaesium has been adsorbed

by all the mineral soils investigated. Strong adsorption is also reflected by the low rates of vertical

migration of 137Cs evident for many soil types in both field and laboratory experiments [41, 42] and

in the depth distributions of the weapons testing 137Cs characteristic of undisturbed soil profiles.

Figure 4 illustrates typical 137Cs depth distributions for a selection of soils investigated by the

author. These encompass a textural range from clay to sand in the UK (Figs. 4(a) to (e)) and an

environmental range from temperate through semi-arid to subtropical, worldwide. All exhibit a sharp

decline in l37Cs activity with increasing depth and in all cases more than 75% of the total inventory

is found in the top 15 cm, indicating that downward translocation is minimal. Furthermore, the total

inventories of the UK soils are in close agreement with existing evidence regarding total fallout

amounts [43]. These profile characteristics again support the assumption that in most environments

the majority of mineral soils have the capacity to adsorb and immobilize fallout. Further work is,

however, required to investigate the behaviour of highly weathered tropical soils with respect to the

fate of radiocaesium fallout inputs.
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4.5. Preferential mobility of 137Cs in response to grain size effects and the organic fraction

When using 137Cs measurements to estimate rates of soil erosion or deposition, it is frequently

assumed that there is a simple relationship between the percentage increase or decrease of the

radiocaesium inventory relative to the local reference value and the mass of soil eroded or deposited.

Thus, in the case of the proportional method, which is frequently used to convert measurements of

the percentage reduction in the total 137Cs inventory to an estimate of the erosion rate, the soil loss

is assumed to be directly proportional to the amount of 137Cs removed from the plough layer [15]. A

50% reduction in the 137Cs inventory would be taken as indicating that a depth of soil equivalent to

50% of the depth of the plough layer had been eroded during the period since the commencement of

fallout. The assumption of proportionality is, however, an oversimplification of reality, since the

surface lowering by erosion may be associated with preferential mobilisation of specific size fractions

or the organic fraction. It is well known that the radiocaesium fixed within a soil will be preferentially

associated with the finer fractions, and if there is selective erosion of these finer fractions the

proportional method will overestimate the rate of surface lowering. Equally, if the coarser fractions
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FIG. 4. Typical 137Cs profiles associated with undisturbed soils: (a) to (e): soil-textural variation in

the UK; (f) to (i): environmental variation worldwide.

49



are preferentially mobilised, the rate of surface lowering is likely to be underestimated. Similarly,

depending on whether the organic fraction is enriched or depleted in radiocaesium relative to the

mineral soils, preferential removal of this fraction would again cause the erosion rate to be over- or

underestimated respectively. In many situations, material mobilized by erosion will be eroded in the

form of aggregates containing primary particles of a range of sizes and both mineral and organic

particles [44]. Under such circumstances, the potential for selective erosion is likely to be limited.

Nevertheless, there is a need for increased attention to this facet of the behaviour of radiocaesium in

eroded soil and for incorporation of the enrichment ratio concept [45], which has been extensively

used in studies of sediment-associated contaminant transport, into the interpretation of 137Cs

measurements.

The implications of selective mobilisation and transport are probably more significant in the

use of 137Cs measurements to estimate rates of deposition or aggradation, since selective deposition

of coarser particles will frequently occur. If, as is likely, the resulting deposits are characterised by

lower radiocaesium concentrations than the parent soil, application of simple proportionality

assumptions will lead to underestimation of the deposition rates involved. An improved understanding

and representation of the effects of particle size in the adsorption of radiocaesium, such as attempted

by He and Walling [46], is required to provide a basis for improved interpretation of I37Cs

measurements in soil erosion investigations.

4.6. Establishing improved 'calibration' relationships between measured inventories and rates
of soil loss or deposition

Although l37Cs measurements can readily provide qualitative information concerning the

redistribution of soil within a field or landscape, there will be a requirement in most studies to convert

such measurements into quantitative estimates of erosion and deposition rates. This will commonly

involve application of a 'calibration' relationship that relates the percentage increase or decrease of

the radiocaesium inventory at the measuring point, relative to the local reference value, to the rate of

erosion or deposition involved. Walling and Quine [15] have reviewed many of the uncertainties and

inconsistencies associated with the wide range of calibration relationships employed in existing

investigations, and the scale of the problem is clearly demostrated in Fig. 5, which is based on their

work and which plots a number of these calibration functions on common coordinates.

Estimates of the erosion rate associated with a particular level of 137Cs can vary by more than

an order of magnitude, according to the calibration relationship used. Some of this variability is

undoubtedly related to local conditions, since variations in cultivation practices, and particularly

plough depths, will be reflected in different relationships. Furthermore, for a given rate of soil loss,

the reduction in the 137 Cs inventory might be expected to vary according to the relative importance

of sheet and rill erosion. In some cases relationships have been incorrectly derived, but much of the

variability evident in Fig. 5 is a reflection of the uncertainty surrounding the precise nature of the

calibration relationship and the major controlling factors.

Existing calibration relationships essentially fall into two categories. The first involves

empirical relationships between measured or estimated soil loss or deposition and measurements of
137Cs depletion or gain. The second employs theoretical models or accounting procedures to derive the

relationship. Both categories possess limitations. In the first case, data suitable for deriving empirical

relationships are very limited for most areas of the world. In the second, there is a need to represent

accurately the long-term behaviour and fate of radiocaesium fallout in the soil of the study area. The

inadequacy of the simple proportional model in terms of representing the grain size selectivity of
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FIG. 5. A selection from the range of calibration relationships between the percentage of the total
137Cs inventory lost from a soil profile and the long-term erosion rate used by various workers, (based

on Walling and Quine [15]).

erosion, transport and deposition processes has already been highlighted above, but these and other

considerations can be readily incorporated into more comprehensive theoretical models and accounting

procedures [15, 16].

Much of the uncertainty and inconsistency surrounding calibration relationships evident in Fig.

5 has been reconciled by the development of improved theoretical models and accounting procedures

[IS, 16] and by the careful assessment of data obtained from erosion plots [47,48]. Provided that care

and critical appraisal are exercised, calibration problems should not be seen as a major impediment

to the wider application of 137Cs measurements in soil-erosion investigations. The author has favoured

the application of theoretical accounting procedures that are able to represent the combined effect of

all redistribution processes operating over the period since the initiation of atmospheric fallout and to

take account of the known history of land management at the site, to establish site-specific calibration

relationships [15, 34]. Where independent evidence of longer-term erosion rates exists, use of these

procedures has resulted in close agreement of the estimates produced [49]. Nevertheless, more work

is undoubtedly required to make use of available long-term erosion plot experiments in validating and

developing empirical calibration relationships, to refine theoretical procedures, for example by

incorporating the particle-size selectivity of erosion and deposition processes and by experimental

investigations [e.g. 50, 51] and to combine these two approaches.
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4.7. Past fallout behaviour

When interpreting n7Cs measurements in terms of soil-redistribution processes and when

attempting to develop comprehensive representations of the fate of radiocaesium in agricultural soils

for use in developing theoretical accounting models, one of the greatest sources of uncertainty relates

to the precise fate and behaviour of bomb-derived radiocaesium at the time of deposition during the

late 1950s and early 1960s. For example, it is important to know the likely thickness of the surface

layer of soil enriched with radiocaesium fallout. If this was extremely thin, a small amount of surface

erosion could remove the recently deposited 137Cs, whereas if the thickness was greater a substantial

proportion of the recent input would remain for subsequent incorporation into the soil by tillage

activity. Equally, it is important to relate the pattern of fallout receipt during the year to the precise

timing of tillage and erosion events, since the proportion of the recent fallout removed by erosion will

depend on whether it still remains at the surface or is incorporated into the plough layer. It is

impossible to recreate the conditions of the late 1950s and 1960s, but additional evidence of the likely

behaviour and fate of contemporary fallout could be obtained from carefully designed experiments and

from collation of available records of the magnitude and timing of fallout inputs.

4.8. Physiographic constraints on the application of 137Cs measurements in soil erosion
investigations

It is important to recognise that !37Cs measurements are primarily applicable to investigations

of sheet and rill erosion, which involve gradual surface lowering. In the case of rill erosion,

subsequent tillage will redistribute and smooth the surface soil such that its net effect in terms of the

radiocaesium content of the soil is effectively similar to that of sheet erosion. Caesium-137

measurements are of limited value in investigating gully erosion, since the depths of incision are very

much greater than the depth of soil labelled with radiocaesium. Nevertheless, 137Cs measurements can

be used in gully erosion investigations to assist in establishing the chronology of incision and

deposition, since the surface layers of sediment deposited after the late 1960s are likely to contain little

or no radiocaesium. Equally, when tracing the source of sediment transported by a river, the 137Cs

content of the sediment can provide evidence as to the likely source of the sediment [52, 53]. Where

sheet and rill erosion represent the dominant sources, radiocaesium concentrations are likely to be

relatively high, whereas if the sediment originates primarily from gully erosion the concentrations are

likely to be very low.

Problems of low fallout inventories in some areas of the world highlighted above may also

limit the applicability of I37Cs measurements in certain physiographic zones. These are likely to

include many of the desert areas of the world. In addition, several assumptions of the approach could

be violated in areas where a substantial proportion of the precipitation falls as snow and accumulates

through the winter season. The effects of drifting in redistributing snow will also introduce spatial

variability of fallout receipt, such that it will be more difficult to establish a local reference inventory

and variations in radiocaesium inventories across an area could reflect variations in input rather than

erosional redistribution. Accumulation of drifting snow in hollows and its removal from ridge tops

could, for example, falsely suggest the existence of depositional areas in the former and eroding areas

on the latter.
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4.9. Costs and operational constraints and the need for upscaling

The various advantages of the 137Cs approach to soil-erosion assessment listed in Table 2

underpin its increasing use. In particular, the potential for obtaining retrospective measurements of

soil erosion and deposition on the basis of a single site visit represents a very important advantage.

Similarly, the potential for obtaining detailed distributed data matches the requirements of

contemporary developments in the application of distributed erosion and sediment yield models.

Nevertheless, there are significant cost and operational constraints on its use. More particularly, the

gamma spectrometry analysis required to establish the l31Cs inventories of bulk cores or the 137Cs

content of depth incremental samples from sediment cores are costly in terms of detector time.

Because of the relatively low levels of radiocaesium activity involved, count times for individual

samples are typically of the order of 10,000 to 30,000 s. This in turn limits the number of samples

that can be processed, since equipment costs generally preclude the establishment of more than a small

number of detectors. Collection of substantial numbers of bulk cores can also represent a time

consuming exercise in areas characterised by dense dry soils, but this limitation can be overcome by

use of motorised percussion corers.

Because of the limitations on sample numbers imposed by analytical constraints, and the

spatial variability of soil erosion that precludes using a few radiocaesium measurements to derive

estimates of soil loss for a large area, most investigations making use of 137Cs measurements have

focussed on small areas. For example, in the case of the field at Rufford Forest Farm,

Nottinghamshire, UK, studied by Walling and Quine [10] and shown in Fig. 1, a total of 117 bulk

cores were collected from the 3.8 ha field using a 20 m x 20 m grid. Similarly, the reconnaissance

survey of soil erosion in Australia reported by Loughran et al. [33], which allocated 500 137Cs

analyses per state, focussed on the detailed investigation of a small number of representative slope

profiles. There is clearly a need to develop means of scaling up the use of 137Cs measurements to

provide data from larger areas. This could be achieved by using the point-specific information

provided by 137Cs measurements as 'ground truth1 in extrapolation procedures [11]. These procedures

could involve the development of GIS erosion models for use with Digital Elevation Models (DEMs),

such that the 137Cs measurements could be used to calibrate the model that could then be applied to

a wider area using topographic data. Similarly, there is potential to couple the use of 137Cs

measurements and satellite imagery, such that the former could provide ground truth for area!

extrapolation procedures based on the latter [30, 54].

5. FUTURE PROSPECTS

Although the 137Cs approach has been employed in an increasing number of soil erosion

investigations in recent years, considerable scope remains to refine the procedures employed and to

exploit its potential more fully. To date, most of the studies employing this approach have been

concerned with soil erosion by water, but there is clearly potential to extend its application to

redistribution of soil by tillage [55, 56] and to wind erosion [57]. Where it is possible to initiate

longer-term investigations, it should also be feasible to extend die approach to include resampling of

soil inventories to permit comparison of values for known dates and thus estimate the erosion rates

for the associated intervening periods. Care would, however, need to be exercised to ensure that the

period between measurements was sufficiently long to produce significant differences in recorded
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inventories, bearing in mind the precision errors typically associated with gamma assays. This strategy

has the attraction of avoiding the need to establish the reference inventory for a site, but it no longer

affords the potential to obtain retrospective estimates of soil redistribution.

The distributed data generated by 137Cs measurements are also ideally suited to coupling with

GIS and spatial statistics [58] and for use in verifying distributed erosion and soil loss models [59].

Scope also clearly exists for using estimates of soil loss derived from radiocaesium measurements as

a basis for establishing medium-term soil loss / crop productivity relationships. In addition, there is

considerable potential for extending the use of 137Cs as a sediment tracer from consideration of soil

redistribution within individual fields to investigation of the movement and storage of sediment within

a drainage basin. Walling and Bradley [60] have, for example, shown how 137Cs measurements can

provide the basis for establishing the sediment budget for a small drainage basin, and the successful

application of I37Cs measurements in fingerprinting sediment sources and in estimating rates of

overbank floodplain accretion has been demonstrated by a number of studies [52, 61, 62, 63, 64].

A further area to which effort could be profitably directed is exploitation of the potential for

using other fallout radionuclides. Caesium-137 has attracted particular attention for application in soil

erosion investigations by virtue of its high affinity for sediment particles, its relatively long half-life,

its comparative ease of measurement and its well-defined temporal pattern of fallout input. As such

it has effectively dominated most, if not nearly all, recent work and there have been very few attempts

to use other fallout radionuclides that might offer similar or complementary opportunities. Thus, for

example, the possibility of combining measurements of a natural (as distinct from man-made) fallout

radionuclide characterised by an essentially constant fallout input with those of I37Cs whose input was

effectively restricted to a period in the late 1950s and the 1960s, could offer additional scope for

interpreting the erosional history of a study site. In addition, such a tracer could prove invaluable in

areas where Chernobyl fallout has seriously complicated the interpretation of radiocaesium inventories.

Equally, the availability of a fallout radionuclide with a much shorter half-life could offer potential

for investigating the short-term behaviour and dynamics of erosion processes. Any other fallout

radionuclide used in this manner in soil-erosion investigations would clearly need to be rapidly and

strongly fixed on reaching the soil and two that would appear to offer such potential are 210Pb and 7Be.

Figure 6, based on the work of Walling and Woodward [52], presents a typical example of the

distribution of 137Cs, 210Pb and 7Be in soils from both cultivated and pasture areas near Exeter, UK,

which emphasises the very similar behaviour of the three radionuclides in terms of their fixation by

the surface horizons of the soils. Some variations in their depth distributions are, however, evident

and these reflect the different half-lives and the different fallout histories of the individual

radionuclides. Further consideration of the potential for using 210Pb and 7Be in soil erosion

investigations can usefully focus on each of these radionuclides in turn.

5.1. The use of unsupported 210Pb in soil erosion investigations

Lead-210 is a natural product of the ^'U decay series, with a half-life of 22.26 years. It is

derived from the decay of gaseous ^Rn , the daughter of 226Ra. Radium-226 occurs naturally in soils

and rocks and will generate 210Pb that will be in equilibrium with its parent. Diffusion of a small

quantity of the 222Rn from the soil introduces 2I0Pb into the atmosphere and its subsequent fallout

provides an input of this radionuclide to the soil surface that is not in equilibrium with its parent
226Ra. This fallout component is commonly referred to as 'unsupported' or 'excess' 210Pb, since it

cannot be accounted for (or supported) by decay of the in-situ parent. The amount of unsupported or
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atmospherically derived 210Pb in a sediment sample can be calculated by measuring both 210Pb and
226Ra and subtracting the supported or in situ component. Recent advances in the use of low-

background, low-energy gamma spectrometry [49, 50] make such measurements relatively easy to

undertake.

Although 210Pb has been extensively used for dating sediment cores [65, 66], its potential for

use in soil erosion investigations has been essentially ignored to date. As a fallout radionuclide that

is rapidly and strongly adsorbed by the surface soil, unsupported 210Pb will behave in a manner similar

to 137Cs, except that its fallout input has been essentially constant through time and the supply to the

soil surface is continuously replenished. This accounts for the slight difference in the depth

distributions of the two radionuclides apparent in Fig. 6. Because of the continuous surface

replenishment, unsupported 210Pb concentrations are greatest at the surface, whereas in the case of
137Cs, the lack of significant replenishment over the past 20 years, coupled with biological activity

within the soil and some downward diffusion, have caused the level of maximum concentration to be

displaced a few centimetres below the surface.
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FIG. 6. Vertical distribution of's7Cs, unsupported 210Pb and 7Be in soil profiles from representative

pasture and cultivated sites near Exeter, Devon, UK.
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Soil inventories associated with unsupported 210Pb are generally somewhat greater than those

of 137Cs, and although little information exists as to the global pattern of unsupported 210Pb fallout,

there is some evidence that it is characterised by less variability than 137Cs and that the existence of

regions with very low inventories, where the approach may be difficult to apply, are likely to pose

less of a problem.

Figure 7 emphasises the similar response of 137Cs and unsupported 2I0Pb to erosional

redistribution within a small field at Butsford Barton near Colebrooke, Devon, UK,

investigated by Walling et al. [67, 68]. The maps presented are based on data assembled for a 20m

x 20m grid of >200 soil cores. In this location the reference inventories for 137Cs and unsupported
210Pb were estimated to be ca. 275 mBq/cm2 and 600 mBq/cm2 respectively. Considering the field as

a whole, the loss of 137Cs and unsupported 210Pb relative to their respective reference inventories

amounts to 12.7 and 16.7% respectively. The increased loss and slightly greater range of inventory

values associated with the unsupported 210Pb measurements reflect the continuous input of this

radionuclide and thus the annual potential for erosion of newly accumulated 210Pb from the soil surface

prior to incorporation into the soil by tillage and the longer period available for removal of this

radionuclide, the input of which was not restricted to the period post the mid 1950s. The unsupported
210Pb inventory values depicted in Fig.7b have been converted to estimates of the long-term soil

redistribution rate by using a theoretically derived calibration relationship similar to that employed by

Walling and Quine [15] to convert measured 137Cs inventories to estimates of erosion and deposition

rates. The result is presented in Fig. 8, which shows clear evidence of soil accumulation in the central

depression that traverses the field and against the lower field boundaries. In addition, the influence

of tillage in displacing soil from the slope convexities is also evident. Further scope undoubtedly exists

for interpreting the relative magnitude of the 137Cs and unsupported 210Pb inventories for individual

sampling points to provide information on the erosional history of the site. Whereas the latter will

have been influenced by soil redistribution over the past 100 years or more, the former will reflect

only soil redistribution that has taken place since the mid 1950s. Wallbrink and Murray working in

Australia (personal communication) have shown that measurements of the ratio of unsupported 210Pb

to 137Cs can also be used to estimate rates of soil loss, since the value of this ratio will vary down the

soil profile in uncultivated soils and its magnitude can therefore be used to provide an indication of

the proportion of the soil profile removed by erosion.

5.2. Use of 7Be in soil-erosion investigations

Beryllium-7 is a cosmogenic radionuclide produced in the upper atmosphere by cosmic ray

spallation of nitrogen and oxygen. In this case the radionuclide is extremely short-lived (half-life of

53.3 days) relative to 137Cs and 210Pb and it offers potential for investigating soil erosion dynamics

over much shorter timescales. Figure 6 indicates that 7Be is typically concentrated in the upper 5mm

of the soil profile and is therefore capable of providing good discrimination between sediment derived

from the immediate soil surface and that derived from depths > 10mm where concentrations will be

near zero. Burch et al. [69] and Wallbrink and Murray [70,71] working in Australia were, for

example, able to use this radionuclide to distinguish sediment mobilised by sheet erosion and rill

erosion in erosion plot experiments, to investigate the progressive incision of rills during the course

56



37Cs inventory
(mBq car-)
ABOVE 305.0

278.8 - 305.0
252.5 - 278.8
226.2 - 252.5
200.0 - 226.2

BELOW 200.0

Unsupported 210Pb inventory
(mBq cm-2)

• • ABOVE 590.0
! • 537.5-590.0

B B 485 ° ~ 537-5
432.5 - 485.0
380.0 - 432.5

BELOW 380.0

FIG. 7. Spatial patterns of (a) l37Cs and (b) unsupported

Barton, near Colebrook, Devon.

210Pb inventories in a field at Butsford

57



of a single simulated runoff event and to provide an effective tracer of surface soil. Scope clearly also

exists to couple measurements of 7Be activity with equivalent measurements of 137Cs and unsupported

Pb210 to provide increased capacity for sediment source discrimination [52]. Monitoring of the spatial

distribution of 7Be activity across small plots immediately after storm events could also provide a basis

for investigating local erosion patterns in response to microtopographical control.

6. PERSPECTIVE

Fallout radionuclides, particularly 137Cs and Pb210have been extensively used for establishing

the chronology of recent sediments, but their potential for use in soil erosion investigations has

attracted much less attention. The growing need for information on the intensity of soil erosion in

many areas of the world has, however, stimulated increasing interest in the use 137Cs measurements

to quantify rates and patterns of soil erosion and deposition. The validity and potential of this approach

has now been demonstrated by numerous studies undertaken in a range of environments in many parts

of the world, but there is still a need for further development, refinement and standardisation of the

procedures used and for exploring additional applications.

Soil redistribution rates
(t ha-'a-1)

ES3-25 - -18

FIG. 8. Long-term soil redistribution rates within afield at Butsford Barton, near Colebrooke,

Devon, UK, estimated from the unsupported 210Pb inventory data presented in Fig. 7.
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The use of other fallout radionuclides, including unsupported 210Pb and 7Be in soil-erosion

investigations has attracted much less attention, but there is increasing evidence that they again

offer considerable potential for use in soil-erosion investigations, both in their own right and as a

complement to 137Cs. Further work to explore and exploit this potential is clearly required.
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