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Abstract

In the last decade geographical information systems have been increasingly used to incorporate
spatial data into radioecological analysis. This has allowed the development of models with spatially
variable outputs. Two main approaches have been adopted in the development of spatial models.
Empirical Tag based models applied across a range of spatial scales utilize underlying soil type maps
and readily available radioecological data. Soil processes can also be modelled to allow the dynamic
prediction of radionuclide soil to plant transfer. We discuss a dynamic semi-mechanistic
radiocaesium soil to plant-transfer model, which utilizes readily available spatially variable soil
parameters. Both approaches allow the identification of areas that may be vulnerable to radionuclide
deposition, therefore enabling the targeting of intervention measures. Improved estimates of
radionuclide fluxes and ingestion doses can be achieved by incorporating spatially varying inputs
such as agricultural production and dietary habits in to these models. In this paper, aspects of such
models, including data requirements, implementation and outputs are discussed and critically
evaluated. The relative merits and disadvantages of the two spatial model approaches adopted within
radioecology are discussed. We consider the usefulness of such models to aid decision-makers and
access the requirements and potential of further application within radiological protection.

1. INTRODUCTION

Computer based Geographical Information Systems (GIS) have been developed since the
1960's and are used to organize, manipulate and integrate spatially variable information. In
recent years they have been increasingly applied within radioecological assessments [e.g. 1-7].
By accounting for the spatial variation in the transfer of radionuclides to different
environmental compartments, improved estimates of doses received by humans should be
possible. A further advantage of incorporating spatial variability into radioecological
assessments is that it allows areas which are vulnerable to radionuclide contamination (e.g.
those which have a high transfer to a given food product) to be identified. In theory, GIS can
also be applied to the development of optimized countermeasure and remediation strategies.
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Within this paper we will largely consider the usefulness of GIS to aid decision-makers in
post accident management. Data requirements, implementation and outputs will be discussed
and critically evaluated. However, although not discussed here, GIS also have other
potentially useful applications within radiological assessment especially with regard to data
interpretation [1] and to aid the design of sampling programmes.

2. CURRENT STATE OF THE ART

The development of decision support system GIS has, to date, largely focused on
radiocaesium partially as a consequence of the Chernobyl accident. Current GIS based
radiocaesium models largely utilize one of two modelling approaches: (i) empirical ratio
based transfer models predicting radiocaesium transfer on the basis of soil types or group [e.g.
2-5]; (ii) semi-mechanistic models utilizing readily available soil parameters [e.g. 6].

2.1 Empirical models

The most common empirical modelling approach used has been the aggregated transfer
coefficient (Tag), where:

_, / 2 i -i\ Activity concentration in product \Bq kg~l I
Tag (m kg ) = y- — r - ^ — 2 \ X H }

Deposition [Bq m j

This has the advantage over concentration ratio models in that available contamination data is
usually expressed as deposition per unit area (Bq m"2) and in the event of an accident this is
the form in which information would be most rapidly available.

Tag based GIS models for agricultural systems have largely been developed and implemented
in two ways. At smaller scales, for large areas (i.e. countries/continents), soils have been
classified into broad categories according to their texture (i.e. clay, loam, sand or peat)
reflecting differences in radiocaesium transfer [e.g. 2,5]. At larger scales, for small areas (e.g.
a region), Tag values measured for specific soil types have been utilised [e.g. 3]. Temporal
variation can be included in Tag based models by utilising observed effective ecological half-
lives for given product/soil category combinations. The effectiveness of soil based
countermeasures can be described within Tag based GIS models using reported reduction
factors, most usefully those given on the basis of soil type [8,9]. For semi-natural products
single Tag values have generally been employed for each foodstuff with no dependence on
soil type being incorporated [4,10].

The advantage of the Tag based approach is that it is simple in concept and easily
implemented within GIS utilising reported radioecological data. Over large areas it provides a
useful technique for the identification of areas that may be vulnerable to radioactive
contamination, thereby identifying areas where emergency responses may need to be focused.
For instance, the utilization of such an approach following the Chernobyl accident would have
usefully indicated those areas of Great Britain where sheep meat exceeded the intervention
level of 1000 Bq kg"1 fresh weight (FW) (Fig 1).

Although Tag based models utilise simple radioecological measurements, representative Tag
values for the chosen soil classification scheme have to be available over the area of interest.
These values also have to be adjustable to a given point in time following deposition (i.e.
effective ecological half-lives may also be required).
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Predicted restricted
area

FIG. 1. Areas in Great Britain where sheep meat is predicted to have exceeded the
intervention limit of 1000 Bq kg"1 FW following the Chernobyl accident in 1986 (prediction is
for 60 days after deposition); predicted areas compare favourably to where restrictions were
actually placed (i.e. west Cumbria, north Wales and areas of Scotland). Soil-to-grass Tag
values derived by Ref. [5] for four soil groups, and the 137Cs transfer coefficient to sheep meat
derived by Ref. [11] are assumed.

It is questionable whether Tag based models derived utilising site specific data for small areas
should be applied to other areas at the same or smaller scales. For instance, it is likely that the
applicability of models derived at a field level to any other areas is limited, as estimated Tag
values will be influenced by local agricultural practices. However, when considering the
management of small areas, modelling at a field level is justifiable [e.g. 3], after all this is the
scale at which food is produced.

A further disadvantage of Tag based models, especially those utilising broad soil categories, is
that by grouping soils, variation between specific soil types is removed from the prediction.

Variability in collated Tag values can be considerable. For instance, Ref. [5] categorised
radiocaesium Tag values for pasture grass according to soil texture, the variation in Tag
within any of the subsequent generalised soil groups varied over 2 to 3 orders of magnitude.
There was also considerable overlap between reported values allocated to each soil category,
although differences between categories were statistically significant. Consequently, the
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usefulness of the broad soil category approach diminishes as the size of area considered
reduces. A number of Tag based models have been derived utilising post Chernobyl data from
the former Soviet Union [e.g. 2,3]. The wider applicability of these may be compromised as a
result of countermeasure application and/or the form of deposit [7].

As mentioned, most GIS models predicting radiocaesium concentrations in semi-natural food
products utilise a single Tag value for any given product. For instance, Ref. [4] predicted the
radiocaesium activity concentrations in a number of semi-natural foodstuffs within the Arctic
using single Tag values; spatial variation in prediction is therefore simply a reflection of
variation in deposition. It is questionable whether this approach will always be valid and
indeed Tag values for some semi-natural products do demonstrate spatial variability [4].
However, a lack of appropriate data generally constrains more robust model development.
Ref. [12] acknowledged that spatial variation in the bioavailability of radiocaesium from soil
may influence transfer to semi-natural foodstuffs and incorporated this within an assessment
of the transfer of radiocaesium to grouse (Lagopus lagopus) in Great Britain.

Reported data sets of the radiocaesium activity concentration in foodstuffs can, if geo-
referenced, be used to increase the number of available Tag values [4]. By using GIS to
integrate activity concentrations in foodstuffs with estimated radiocaesium deposition, Tag
values can be generated and could, by further spatial analyses, be allocated to soil groups.
However, uncertainty in the location of production introduces potential errors into estimates
derived by this technique. Often estimates of deposition are presented as contour maps [13]
and it is necessary to interpolate between contour intervals to estimate deposition values for
the calculation of Tags.

Whilst it can be difficult to obtain appropriate Tag values to parameterise models, it is perhaps
even more difficult to critically evaluate and select reliable effective ecological half-lives. Few
data sets cover a sufficient time span to allow estimation of effective ecological half-lives.
Therefore, available values tend to be site specific values. Furthermore, effective ecological
half-lives for radiocaesium in many semi-natural products are of the order of 15-25 years [14].
Consequently, some workers [4] have utilised data from the nuclear weapons testing era in an
effort to obtain information collected over sufficiently long time periods; the potential
contribution of continuing deposition to such data should not be ignored.

2.2 Semi-mechanistic models

Ref. [6] report a semi-mechanistic radiocaesium model for western Europe which is
parameterised using readily available spatially varying soil characteristics embedded within a
user friendly software system. The underlying dynamic soil to plant transfer model was
parameterised utilising the results of bespoke experiments [15-18]. Spatially varying input
parameters, in addition to radiocaesium deposition, are soil percentage organic matter,
percentage clay, pH and exchangeable potassium. All these variables are important in
determining radiocaesium transfer and represent the minimum number of parameters which
can be used to accurately predict the dynamic behaviour of radiocaesium in soil-plant systems
across a range of soil types without over parameterisation. All required input soil properties
are readily available for most countries [19-22]; there would be little point in parameterising
models to be implemented within GIS for which important spatial variables are not readily
available. The transfer from vegetation to animals within this model is described by using
transfer coefficients (equilibrium radiocaesium activity concentration (Bq kg"') : daily
radiocaesium intake (Bq d"1)) and appropriate estimates of dietary intake.
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For application in the short-term after deposition, this model predicts interception based upon
plant biomass, and uses a weathering half-life to describe the rate of loss from vegetation
surfaces. The ability to be applied in the short-term is an advantage over Tag based models
which should not be used in the period when surface contamination dominates plant activity
concentrations.

Because this model is parameterised using soil properties and processes, it is capable of
predicting the effect of potassium fertilization and liming when used as soil based
countermeasures rather than relying on the use of empirical reduction factors. For instance, in
the case of potassium fertilization the addition of potassium to the soil is modelled as a pulse
of potassium to the soil solution. However, currently the model is not able to optimise soil
based countermeasure strategies.

10000

1000

• Observed

GEOCHEM atlas

— • SGDBE

FIG. 2. A comparison of predicted and observed 137Cs activity concentration in lamb meat in
Gwynedd [24] following the Chernobyl accident. Results of predictions using soils data
derived from the European scale SGDBE [21] and the national Geochemical Atlas of England
and Wales [22] are shown. 10th and 90th percentiles are shown as dashed lines (note 10th
percentile for the Geochemical Atlas prediction is 0).

This modelling approach has the advantage over Tag based models in that it should be
applicable to any area for which the appropriate input parameters are available. The potential
generic nature of the model was demonstrated by application to areas of the former Soviet
Union [7,23]. However, the level of resolution of available soil input parameters varies
considerably between countries. The original model described by Ref. [6] was implemented
using the Soils Geographic Data Base of Europe (SGDBE) with a resolution of 1:1 million
[21]. This database presents input parameters on the basis of 219 soil types; before the data
could be used in the semi-mechanistic model it was necessary to integrate soil properties with
the soil type spatial data to generate a raster spatial database at a resolution of 5 x 5 km. For
England and Wales it was also possible to apply the model using unique measured values of
all four input parameters available for each 5 x 5 km pixel [22]. The utilization of such
databases, having more detailed attribute information, may be more effective in identifying
areas which are vulnerable to radiocaesium deposition since they incorporate greater potential
spatial variability as demonstrated in Fig 2.
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For predictions over large areas, the semi-mechanistic model discussed uses a raster data
structure which is easily implemented and ensures that processing times are not excessive. For
smaller areas it may be more appropriate to use a vector data structure. For instance, this
would enable predictions to be made on a field basis. The underlying soil-plant transfer model
is readily transferable to a vector data structure. The choice of data structure adopted should
be carefully considered both in terms of the scale of application and the required outputs prior
to implementation of models within GIS.

A disadvantage of the semi-mechanistic modelling approach discussed is that it's development
is both data and labour intensive, and the spatial resolution at which the required soil
parameters are available varies between countries with implications for the resolution of
predictions. However, the approach is not limited by the availability and applicability of Tag
values and ecological half-lives.

3. DISCUSSION

Both Tag and semi-mechanistic based GIS models have been demonstrated to be useful for
predicting radiocaesium activity concentrations in food products. Either approach can also be
used to determine internal doses to populations and radiocaesium flux (Bq y"1) from a given
area in specific food products, as long as the required dietary intake and agricultural
production values are available [3,6].

Spatial models provide a potential tool for emergency preparedness by determining the level
of deposition necessary to produce food products with radionuclide activity concentrations in
excess of intervention limits. Such an approach, referred to as critical loads, originated in the
field of atmospheric pollution to protect sensitive parts of the environment from the
deposition of acidifying pollutants [25]. Ref. [5] estimated critical loads for radiocaesium
levels in cow milk in western Europe. However, for food products in ecosystems having long
effective ecological half-lives, critical loads derived for future nuclear accidents should take
into account existing levels of deposition [26].

The implementation of external dosimetry models within GIS systems is relatively
straightforward enabling a more complete assessment of spatial variation in exposure of
populations. For instance, Ref. [23] implemented the model of Ref. [27] within the semi-
mechanistic model of Ref. [6] to estimate combined internal and external doses to people
living within the Ukrainian 30 km exclusion zone around the Chernobyl nuclear power plant
(NPP).

3.1 Limitations of current approaches

All GIS based models are limited by the availability and resolution of the required input
parameters. For example the United Nations Food and Agriculture Organization (FAO)
Digital Soil Map of the World (DSMW) [19] provides a source of spatially variable soils
property data enabling the semi-mechanistic model suggested by Ref. [6] to be implemented
world-wide. However, because of the low spatial resolution (1:5 million) of this data,
potential variability in predictions would be restricted, consequently limiting the reliability of
estimates. The implementation of this model for the Semipalatinsk Test Site (STS) in
Kazakhstan [7] using soil property data derived from the FAO DSMW and the International
Soil Profile Data Set [20] illustrates this problem. The model was implemented at a resolution
of 1 x l km covering an area of circa 18 000 km2, but, due to the coarse nature of the FAO
DSMW, only three soil types fall within the area of the STS. Model predictions were therefore

430



extremely limited and could be greatly improved if soil property data at a suitable resolution
were available.

In the absence of specific input datasets at suitable resolutions, it may be possible to use other
data as a surrogate. For example, to quantify the mobility of radiocaesium in upland
catchments Ref. [28] used land cover data derived from a classification of remotely sensed
images [29] to estimate proportions of organic soils. Soil data was only available at a
resolution of 1 x 1 km, a scale smaller than some of the catchments. However, the
juxtaposition of specific land cover types and organic soils enabled the higher resolution (25 x
25 m) land cover data to be used. Land cover can also be used in the absence of agricultural
production data to identify areas where certain food products are likely to be produced [30].
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FIG. 3. A comparison of predicted I37Cs activity concentrations in cow milk for the Ukrainian
30 km Chernobyl exclusion zone with observed values for privately owned cattle (the 373
observed values are from 22 individual settlements). Predictions are for each of 12 000, 400 x
400 m pixels.

It is extremely difficult to obtain sufficient geo-referenced data sets whereby the predictions of
spatial models can be verified. For instance, post-Chernobyl monitoring datasets are often
only referenced by region. Within a given region there was also a tendency, understandably,
for data to become biased towards those areas where radiocaesium activity concentrations in
food products persisted. This effect is demonstrated in Fig 2 which compares the predictions
of the semi-mechanistic model with monitoring data for the county of Gwynedd (north Wales,
UK) [24] following the Chernobyl accident. Initially there is an acceptable level of agreement
between predictions and observations; however, predictions for the summer/autumn of 1987
are considerably lower than the measurements. This is likely to be because, in 1987
measurements were targeted towards those areas where sheep had radiocaesium tissue levels
in excess of the national intervention limit (1000 Bq kg"1). When the same semi-mechanistic
model was implemented within the Ukrainian 30 km exclusion zone around the Chernobyl
NPP, predictions of the 137Cs activity concentrations in cow milk could be compared with a
large available data set (n=373) (Fig 3). However, whilst each data point was allocated to a
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given geo-referenced settlement the actual location of grazing was unknown. Therefore,
validation is limited to the comments that: (i) the general trend in the mean predicted value is
consistent with that observed; and (ii) all observed measurements fall within the limits of
model prediction.

Currently available spatial models do not include distribution in input parameters within any
spatial unit, such as soil properties, radioecological transfer, dietary intake or deposition.
Therefore, they tend to predict mean values.

This is an obvious limitation of the current models, since critical groups and areas requiring
the implementation of countermeasures may be overlooked. Future development of spatial
models should incorporate variation in input parameters.

Therefore, as with any modelling approach, the quality of the prediction is highly dependent
upon the quality of input data and model parameterisation. However, the tools available
within GIS allow outputs from spatial models to appear very convincing, especially as there
tend to be no errors associated with the predictions. There is a requirement, therefore, for
those of us developing GIS based models to ensure that decision-makers are aware of these
potential shortfalls.

3.2 Future requirements

Although most development of GIS within radioecology to date has focused on radiocaesium,
application to other radionuclides should be considered. There is a clear requirement in the
case of radiostrontium, a radionuclide with a comparatively high rate of transfer to some food
products, a long half-life, the potential to be released in significant quantities, and which
exhibits spatially varying transfer. Limited development of both Tag and semi-mechanistic
radiostrontium models has begun. We are currently developing Tag based models for
radiostrontium to access the impact of an accident at the Kola NPP within arctic Norway and
Russia. However, suitable Tag and effective ecological half-life values are sparse. A semi-
mechanistic approach for radiostrontium similar to that discussed for radiocaesium [6] has
been suggested [7]. In addition to radiostrontium deposition, the model input parameters are
soil texture, soil pH and soil exchangeable calcium which are readily available from the soil
databases discussed above. The underlying soil-plant model has had limited validation and a
prototype spatial model has been implemented for the Ukrainian 30 km Chernobyl exclusion
zone. However, predictions have not been compared with measured values and the dissolution
and uptake of 90Sr from fuel particles, which is known to be of importance within the
exclusion zone [31], was not considered.

Because of its short physical half-life it is unlikely that spatial variation in soil-plant transfer
will be important in determining the activity concentration of 131I in food products. However,
the potential importance of 131I in the event of an accident, especially with regard to transfer to
milk, warrants the consideration of the development of spatial models. Input parameters
would include deposition (or at least activity concentrations in air) and agricultural production
statistics, especially milk production. Such a model would identify those areas likely to
produce contaminated food products and assist in their management.

Although the soil to plant transfer of other radionuclides may vary spatially, the low
probability of significant releases and/or their low transfer to food products negates the effort
required to develop spatial models for implementation within accident management systems.
For instance, whilst radiosilver can be released during nuclear accidents and its transfer from
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soil to plants is influenced by soil properties [32], it is only transferred in any significant
degree to the liver of grazing animals [33]. Consequently the development of spatial models is
likely to be unwarranted. Similarly, whilst plutonium isotopes can be a cause of concern, they
have a very low transfer to food products and their deposition is likely to be localised
following an accident.

Current radioecological spatial models considering the transfer in terrestrial ecosystems have
the potential for the inclusion of freshwater pathways. Processes which control the availability
of radionuclides for uptake by vegetation are likely to be those which determine the rate of
run-off to water bodies. The reported common rate of decline in 137Cs concentrations in lake
water, fish and vegetation suggests that this hypothesis is true for radiocaesium at least [34]. It
may be more appropriate to develop spatial models at the catchment level if consideration of
terrestrial-freshwater interactions is to be included.

As demonstrated in this paper the potential usefulness of GIS within the design of
countermeasure and restoration strategies is without doubt, although this has not been
exploited to the full. For instance, on the basis of current radiocaesium model input
parameters, it should be possible not only to identify areas where countermeasures are
required, but also to determine optimal application rates of potassium or other soil based
countermeasures. With continued development of spatial radiostrontium models the same
would be possible for this radionuclide. Furthermore, GIS could play a significant role in the
design of optimal long-term management strategies for contaminated areas taking into account
factors such as practicability, economics and the identification of areas where public
acceptance of certain countermeasures would impinge on their use. Development of such
capabilities is ongoing.
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