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RÉSUMÉ
Ce rapport présente le projet « Sensibilité Radioécologique » qui va être développé au
LERCM à partir de 2004. L’objectif du projet est de créer un outil normalisé qui permette
de représenter et de hiérarchiser avec une même échelle de valeur, la sensibilité des
différents milieux environnementaux. La méthodologie, ainsi que les principaux résultats
attendus, sont discutés et illustrés à partir d’exemples simplifiés. Ce projet fournira de
l’information dans le cadre de l’évaluation et de la gestion des risques, pour l’homme et
pour l’environnement, à toutes les étapes de la vie d’une activité industrielle.

ABSTRACT
This report presents the "Radioecological Sensitivity" project that will be conducted at
LERCM starting in 2004. The objective of the project is to develop a standardised tool that
allows the representation and intercomparison of various ecosystems using the same
scale. The methodology and the main results expected are discussed and illustrated with
simplified examples. This project will provide information in the framework of assessing
and managing the risk to which humans and the environment are exposed at every stage
of an industrial activity’s life cycle.
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1.

FRAMEWORK AND AIM
The impact of industrial pollution on man and the environment depends on the extent and
type of pollution, and also on the environment polluted. The economical, toxicological or
health repercussions will vary according to characteristics of the environment polluted and
the use man makes of the environment.
Thus, the sensitivity of the different environments: urban, agricultural, forest, river,
lacustrine, marine or high-altitude, varies depending on the type of pollution. For example,
the sensitivity of urban environments is associated with population density, artificial
surfaces and other urban amenities tending to concentrate pollutants on some surfaces or
matrices. The sensitivity of agricultural lands is the result of pollution of the food chain via
contamination of soil, crops and livestock. Wild ecosystems, notably forests, play a
recognised role in the persistence of pollutants that are continuously recycled or
transformed in these areas. The highest concentrations of toxic substances are frequently
found in the plant and animal species in these ecosystems.
Furthermore, within these environments, there are various specific factors, either natural
or anthropic, which control the environmental response to pollution. For example, in an
agricultural land, the type of farming is a significant sensitivity factor. Wheat and milk
produced on a field subjected to the same type of pollution will yield extremely different
contamination levels. Persistence of this contamination in successive crops will also be
highly dependent on soil characteristics. Generally, all the inherent characteristics of an
ecosystem that influence transfer of pollutants, will lead to a specific environmental
sensitivity. The same applies to anthropic factors, such as agricultural practices (use of
fertilisers, irrigation, sowing period) or livestock farming practises (feeding animals,
outdoor pasturing).
Although each environment has a specific sensitivity to pollution, it is difficult to compare
these various sensitivities. Is it more harmful to have a stock of pollutants in a barely
anthropised wild ecosystem or to have a high concentration of radionuclides in a
watercourse used for irrigation ?
The aim of the "Radioecological Sensitivity" project is to develop a standardised tool that
will allow the representation and the comparison of the sensitivity of the various
environments to radioactive pollution. The project notably involves enabling classification
of various environments based on their inherent characteristics. The expected results are,
on one hand, a system of indices allowing overall and opposable evaluation of an
environment's sensitivity, and on the other, an operational indexing method that takes into
account the influence of multiple environmental characteristics on an environment’s
response to radioactive pollution. As regards possible applications, this tool may be used
to produce sensitivity maps, especially around nuclear facilities. By adding a "Risk"
component to the "Sensitivity" component, the "Vulnerability" of an environment may be
established.
The sensitivity concept may be extended to components other than the environmental
component. Thus, parameters associated with human activity, for example, the degree of
self-sufficiency, density of human infrastructures, intervention capacity, evacuation
possibilities, etc., may also form the subject of classification that may be interfaced with
the radioecological sensitivity classification.

2.

STAKES
It will be possible to use this standardisation of environmental characteristics to analyse
and manage risks for humans and for the environment, at every stage of a nuclear
facility's life cycle:
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o Prior to start-up: assistance in selecting the site, contribution to the impact analysis
(characterisation of the initial condition, vulnerable areas, environmental protection,
etc.), assistance in effluent management strategy decisions, etc.
o In normal operation mode: optimisation of emission modes, monitoring strategy,
optimisation of sampling, sample representativeness, analysis of the relevance of
radiological impact indicators, etc.
o In accidental mode: sampling plan as a function of the type and the characteristics
of emission into the environment, etc.
o In post-accidental mode: intervention priority, countermeasures, monitoring, etc.
o In end of activity mode: classification of orphans sites, impact of dismantling works,
monitoring of the environment, etc.
Although the Sensitivity project is focused on radioactive pollution, it will be possible to
use the results obtained to assess chemical pollution. In fact, although radionuclides likely
to be released by a nuclear facility and important from a health point of view (radioactive
isotopes of Cs, Sr, Co, Ru, Pu, etc.), do not frequently correspond to the pollutants
studied for their potential chemical toxicity (As, Ni, Cd, Pb, Hg, Cr, Sb), numerous
behavioural analogies exist as regards their transfer in the environment. Advanced
development of radioecological tools could therefore benefit the chemical domain
(example 1 presented in the appendix).
One of the major stakes of the project is the achievement of integrated abalyses that is to
say simultaneous treatment of various environments (terrestrial, aquatic continental and
marine). This choice allows many possibilities: characterisation of fluxes within
ecosystems, possibility to establish whole balance for a radionuclide, calculation of
collective doses combining all contributions from a single facility, optimisation of
emissions, etc.
The decision to consider in parallel the various indicators of response to pollution (specific
activity, total concentration, flux) also provides numerous possibilities: ease of navigation
between individual impact and collective impact, possibility to check coherency between
emissions and stocks distributed in the environment, etc.
The concept of sensitivity is frequently presented as being useful for post-accidental
management or pre-emergency planning. Standardised and operational classifications, as
well as prioritised information and representation tools, are needed in emergency
situations. In the nuclear industry, the INES scale allows accidents to be classified
according to severity. A similar scale was developed recently based on health criteria [1].
Currently, there is no classification scale for environmental criteria. Therefore, significant
work is expected in the area of classification in order to finally obtain an environmental
sensitivity scale that can be used for post-accidental management.
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3.

DEFINITIONS
Radioecological sensitivity may be defined as the environmental component that
conditions the environment's response to radioactive pollution (Figure 1). This response is
embodied through indicators: specific activity or activity concentration, radionuclide stock
or flux. For a given emission, the higher the response, the more sensitive the surface. The
purpose of sensitivity indices is to provide an overall evaluation of the intensity of an
environment's response to a type of pollution.
The intensity of transfer processes that lead from an emission to concentration of
pollutants in physical and living environments is dependant on various parameters or
factors inherent to the environments. These sensitivity factors, such as climate, physicochemical, mineralogical and biological characteristics of soils, the use made of
environments, etc. will determine the behaviour of pollutants and in fine the response of
the environment.

Figure 1: Definition of radioecological sensitivity
Radioecological sensitivity scale
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RADIOECOLOGICAL
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4.

STATE OF THE ART
One of the first stages of the Radioecological Sensitivity project will be a literature review.
However, concepts associated with sensitivity are presented here in order to place the
sensitivity project in its national and international context.

4.1. "Radioecological Sensitivity" forum
The most comprehensive brainstorming conducted on the theory of radioecological
sensitivity was that conducted in the framework of the "Radioecological Sensitivity" Forum
which took place between September 1998 and March 2001 [2]. This forum, coordinated
by the Centre for Ecology and Hydrology, brought together representatives from various
institutes and universities in order to define radioecological sensitivity, illustrate
applications with examples and suggest recommendations for users of this concept.
Various Radioecological Sensitivity indicators were proposed in the framework of the
Radioecological Sensitivity forum. These were:
− the aggregated transfer coefficient (Tag) expressed in Ci.kg-1 per mCi.km-2,
− the action load that is defined as the amount of radioactivity to be deposited (in
Bq.m-2) to produce activity concentration in a food product which equals the
maximum permitted level for that product,
− flux, defined as the total quantity of the radioactivity produced over a given period of
time (Bq.an-1), that is transferred from one compartment to another,
− individual exposure (mSv par Bq.m-2).
The four sensitivity indicators presented in the context of the Radioecological Sensitivity
forum and their relationships are illustrated in Figure 2 taken from [2].

Figure 2: Sensitivity indicators proposed during the Radioecological Sensitivity forum
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4.2. Examples where the sensitivity and vulnerability concepts are used
To broaden the illustration of the previously defined concepts, a few examples of studies
concerning the use of sensitivity and/or vulnerability concepts in literature both in the
nuclear domain and other domains are included here.
In the framework of the development of an atlas of sensitivity to accidental marine
pollution, the French Research Institute for Exploitation of the Sea (IFREMER) defined
"Sensitivity" as an inherent environmental element that, combined with "Risk", leads to
determination of "Vulnerability" (Figure 3).
Figure 3: The relationships between vulnerability and sensitivity according to IFREMER
Sensitivity
factors

Sensitivity
indices

Pollution
vectors

Sensitive
zones

Zones at risks

Risk factors

Vulnerable
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The aim of the American project, Wyoming Ground Water Vulnerability Mapping,
conducted by the state of Wyoming, was to develop a tool to manage water resources
based on the vulnerability of aquifers [3]. This project comprised two separate steps. The
aim of the first step was to assess aquifer sensitivity; aquifer sensitivity was defined as the
ease with which pollutants are allowed to pass from the surface to ground water.
Geological processes and soil characteristics were examined during this step. The aim of
the second step was to assess the vulnerability of ground water, that is to say, to combine
knowledge of sensitivity acquired during the first step, with the assessment of pollutants
potential to spread on the surface (analysis of land use by populations, notably as regards
the spreading of pesticides). This method makes the same distinction between
vulnerability and sensitivity as the IFREMER method.
Brainstorming concerning the vulnerability of townships in the event of a major accident
was conducted at the Lund University in Sweden in order to anticipate management of
accidental situations [4]. In the context of this work, risk was considered as a function of
the probability that an undesirable event could occur and as a function of the
repercussions of such an event. Thus, vulnerability was defined as the combined result of
the risk factor and the municipalities’ capacity to manage and monitor an emergency.
Although the concepts of vulnerability and sensitivity seem to be quite separate in theory,
in practice, final use of results is frequently based on a combination of both concepts. It
seems difficult to restrict oneself to one concept or the other. Even though the
Radioecological Sensitivity project is resolutely focused on the analysis of ecosystem
sensitivity, the vulnerability aspect will probably be studied during the project.

RÉFÉRENCES : DEI / SESURE / 2004-03

Page 8 / 16

The results of numerous studies using the radioecological sensitivity concept are
presented as maps. GISs seem closely linked to the use of this concept because they
allow a good understanding of the spatial variability of environmental sensitivity.

5.

PROPOSED METHODOLOGY
To determine the relative sensitivity of a surface, factors that control sensitivity and that
could modify it, i.e. that could increase or decrease the consequences of pollution, must
be analysed.
Before examining these factors, the sensitivity indicators that will be used for this project
should be defined (example 2 of the appendix). This will involve selecting the most
pertinent sensitivity indicators from those listed in literature (aggregated transfer factor,
action load, intervention level, radionuclide flux, individual exposure), or defining others.
Similarly, work scales in terms of time and space must be defined. As regards time, the
project intends to deal with the area of chronic risks (example 2 of appendix) and
accidental risks (example 3 of appendix). As regards space, it is likely that various scales
will be used during the project ("workshop areas", catchments areas, administrative
sectoring, etc.). The relevant scales will be selected as the project advances. This will
require work to harmonise results from the various project support studies.
Next, the sensitivity factors will be listed. Various types of factors will be identified and
classified: ecological parameters characteristic of the ecosystem but independent of
radionuclides, radioecological parameters dependent on the radionuclide, anthropic
parameters, etc.
During the sensitivity factor characterisation step, the values each factor can take will be
determined (example 4 of appendix). Some factors may feature a range of values. For
example, the "mean annual precipitation" factor that, in France, can vary between less
than 600 to more than 1,800 mm.year-1. Others are categorial factors, such as land use:
dwellings, forest, grazing, wheat field, etc.
This characterisation work will be performed based on knowledge acquired at the
Laboratoire d'Etudes Radioécologiques en milieux Continental et Marin (LERCM), both in
terms of expert analyses and data gathered in the field (use and analysis of the
SYLVESTRE database and acquisition of new field data), and on the bibliographic data
broadened to include other disciplines through collaboration with other organisations. The
Radioecological Sensitivity project envisions strong links with the various LERCM field
studies in order to work on the most recent data and to perform an overall valuation of
results from field studies performed within the laboratory.
An index between 1 and 10 will be associated with each sensitivity factor specifying the
advantages or penalising nature of values. As regards the "mean annual precipitation"
factor, the index will increase with increasing mean precipitation, if this caused increasing
atmospheric pollutant deposition. On the contrary, if precipitation resulted in washout of a
surface, the index could decrease. Therefore, it appears that the indexing system could
vary as a function of stakes. The indexation step will be the key step of the project and its
success will mainly be based on our ability to create a network of experts around the
project.
In parallel, the contribution or relative "weight" of each factor to the sensitivity of the global
environment will be established by means of a sensitivity analysis covering every stage
from emission to economic, toxicological or health repercussions. This contribution may
be expressed as a percentage. For example, the "mean annual precipitation" factor could
have a contribution of 0.1, a pedological factor a contribution of 0.05, and a land use
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factor a contribution of 0.2 to the sensitivity of the environment in question. This work will
be performed mainly using pollutant transfer models in the various environments.
Hence, environment sensitivity will be calculated by adding the sum of the indices of each
factor weighted by its contribution. The figure thus obtained will allow an intercomparison
of environments as regards their sensitivity. The higher the number, the more sensitive
the environment.
Analysis of usable mapping means and spatialization of results will produce maps
illustrating environment sensitivity to a given pollution risk.
Lastly, a sensitivity scale will be developed to standardise comparisons between
sensitivity indices.
The main steps of the Radioecological Sensitivity project are illustrated in Figure 4.

Figure 4: The main steps of the Radioecological Sensitivity project
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6.

CONCLUSION
The concept of radioecological sensitivity will enable representation of the intensity of an
environment’s response to pollution. The aim of the Radioecological Sensitivity project
proposed by the LERCM is to make this concept operational by explaining the
relationships between environment sensitivity indices and inherent parameters, and, by
building tools to represent and determine the hierarchy of these indices. This project
should allow the development of environmental classification that could be used when
assessing and managing risks for humans and for the environment.
The IRSN project sheet, which is currently being drafted, specifies the project means and
calendar: team, work schedule and milestones, budget, documents to produce.
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APPENDIX: EXAMPLES
The aim of the simple theoretical cases proposed as examples in this chapter is to
illustrate the initial directions of the Radioecological Sensitivity project, the first
methodological elements and some of the expected results.

1.

Example of analogies between chemical and radioactive pollutants

The main parameters controlling aerosol atmospheric dispersion models are physical
parameters independent of the chemical compound bound to aerosols [5,6,7]. It is the
same for the aerosol water droplet loading processes, from encapsulation to interception
during the rain. These mainly physical processes lead to quite a constant ratio between
pollutants concentration in rain water and the air it crosses (washout ratio), irrespective of
the chemical element considered ([8] for Zr, Ru, Pu, Cs, Sr; [9] for Cd and Pb; [10] for Cu,
Ni, Co, Al; [11] for Zr, Cs, Ru, Ce, Sr). Even in the specific case of snow deposition, a
study conducted by IRSN has illustrated that, processes that led to the formation of Cs
reconcentration spots in high-altitude soils during 1986, repeated over several years, also
led to concentration of Pu from fall-out of nuclear weapons tests and led to concentration
of numerous other atmospheric pollutants including Pb, Cd and Sb [12].
In soils, the chemical nature of pollutants is expressed in an extremely characteristic
manner. However, the factors thought to be decisive as regards trace element retention or
remobilisation are, generally, similar: granulometry, clay-humid characteristics [13,14].
The comparative analysis of the main transfer factor values in the food chain,
recommended for radioactive [15] and for chemical pollutants (As, Pb, Cd, Hg, Ni),
conducted in the framework of the "Groupe Radioécologie Nord-Cotentin" (GRNCChimique) illustrated that transfer factors values are broadly the same. Thus, the French
Institute of Industrial Environment and Risks (lNERIS) and IRSN selected a
radioecological model to assess the environmental impact of non-organic chemical
elements released by the Nord-Cotentin facilities [16].
As regards agricultural and livestock farming practices, most factors likely to impact
transfers, or more directly, sensitivity indices, should act in the same way for most nonorganic products: this applies to agricultural yields, irrigation practices, livestock farming
practices. Furthermore, the existence of analogies between radionuclides and the main
elements are used to reduce the transfer of radioactive elements from the soil to plants on
surfaces most affected by the Chernobyl accident (Cs/K, Sr/Ca) [17,18].

2.

Example of a facility in normal operation mode

This example considers a nuclear facility expected to release a given activity of a
radionuclide over one year. The emissions of this facility may be distributed between two
modes: atmospheric emissions or liquid emissions. The environmental transfer pathways
considered are deposition on soil and transfer to a crop for the atmospheric pathways and
transfer via irrigation for the liquid pathways. The final collector considered for the
radionuclide is the crop planted. Calculations were carried out for one year of emission,
assuming an initial non-contaminated condition.
The analysis of various sensitivity factors is proposed here: size of the analysis zone,
farming practices (the variety grown, type of crop and irrigation), liquid/gas distribution and
the flow rate of the water course. The values assigned to parameters in this example are
taken from literature. In the Sensitivity project, characterisation of parameter values will be
mainly based on analysis of data acquired from LERCM field studies.
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It will be assumed that; half of the emissions will be released into the atmosphere and half
into the water course, the water course has a high average flow rate (such as the Rhône
river), the soil is supposed loamy and planted with lettuces over the whole territory. Two
study zones are considered: one referred to as the "near zone" within a 2-km radius
around the facility and a zone referred to as "canton" within a 15-km radius around the
facility.
The calculated sensitivity indicators are: mean annual activity and total amount of
becquerel (Bq).

The effect of the size of the zone analysed on the selection of the indicator
Most atmospheric deposition occurs within the near zone (surface activity deposition
attributable to irrigation is assumed to be identical for both zones), and soil and lettuce
activity in the near zone are approximately 20 times higher than in the canton. However, if
the total amount of becquerel is considered, the ratio is inverted; the canton produces
approximately 3 times more "becquerels.lettuce" than the near zone.
Generally, for a similar calculation scenario, data will have a different orientation
according to whether the "activity" indicator or "amount of becquerel" indicator is selected.
The "activity" indicator emphasises the near zone where the activity in soil and lettuce is
higher, while the "amount of becquerel" indicator emphasises the canton and even the
area outside the canton because the fraction of radionuclides that remain in the zone
studied is relatively low, approximately a quarter of radionuclides released in this example.
The relationship between the size of the contaminated zone studied and the sensitivity
indicator will be examined in the framework of the Radioecological Sensitivity project.

The effect of farming practices on the indicator
Take the example of two varieties of lettuce grown in the near zone: the first variety
growing quickly and allowing several harvests per year; the second variety growing more
slowly and therefore producing just one crop during the year. The activity of the first
lettuce is approximately 5 times lower than that of the second because it would have
received less deposition. In terms of the mean activity criteria, the first lettuce variety is
preferable. However, as regards the total amount of becquerel, in both cases, the amount
of becquerels "produced" over the year is the same. The variety of lettuce is therefore a
factor contributing to sensitivity for mean activity but not for the total amount of exported
becquerel. More generally, the sensitivity project will allow sensitivity factors to be
classified (in this case, the variety of lettuce) as a function of their relevance according to
the sensitivity indicator selected.
If the lettuce crop is replaced by a potato crop, the absence of translocation will
significantly decrease transfer to the crop. The amount of becquerel exported by crops is
therefore very low, whether in the canton or in the near zone. The amount of becquerels
remaining in the soils and available to subsequent crops is therefore almost equal to the
total deposition over the year (atmospheric deposition + deposition through irrigation).

The effect of emission mode and type of water course on the significance of
farming practices
As regards the becquerel source, whether in the near zone or in the canton, the largest
amount of becquerels comes from atmospheric emissions. If the distribution between
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liquid and atmospheric emissions is varied, in the case of the Rhône river, liquid
emissions would have to account for 99.5% of activity released for irrigation to have the
same importance as atmospheric deposition. Even in the case of a water course with a
flow rate less than the Rhône river, the most important source of becquerels found in the
lettuce is atmospheric deposition in the near zone, while in the canton, the contribution is
shared: 50 % from the atmosphere and 50 % from the water course. Therefore, the effect
of irrigation on lettuce contamination can vary depending on the zone and the type of
water course considered. The sensitivity project will, for example, identify farming
practices (in this case irrigation) that could play an important role in the contamination of
plants and the emission configuration in which these practices are really important.

3.

Example of a cultivated surface contaminated by accidental deposition

This example concerns a 1-hectar field subject to triennial-type crop rotation: winter
canola / winter wheat / winter wheat. In this example, the field is assumed to be
contaminated by atmospheric radioactive pollution (caesium 137), different deposition
dates are proposed (1st of January, 1st of March, 1st of June and 1st of September) and the
crop present during the year of the deposition can be different.
The ASTRAL code was used to model this example [19]. The calculated sensitivity
indicator corresponds to the total activity harvested from this field over 3 years.
Calculations performed reveal that for deposition dates between January and June, the
most penalising case, as regards total activity harvested over 3 years, is encountered
when winter wheat is grown. Winter wheat is therefore more sensitive to a deposition of
caesium 137 between January and June than a field of canola. On the contrary, the total
activity harvested is higher if deposition occurs on the 1st of September and the crop
grown is winter canola. Sensitivity to the crop type may therefore be inverted during the
year.
Lastly, calculations performed illustrate that, irrespective of the crop rotation stage, the
most penalising deposition date is the 1st of June. Sensitivity to deposition date is
therefore more significant than sensitivity to crop type.

4.

Example of characterisation of a sensitivity factor based on field data

Without making any hasty judgments as regards the lessons drawn from the
Radioecological Sensitivity project, soil type will probably be a significant environmental
sensitivity factor. The aim of this example is to illustrate how data from the SYLVESTRE
database could provide information to characterise this parameter’s range of values.
If various nuclear sites are examined (for example, the nuclear power plant at Tricastin
and the nuclear power plant at Gravelines), about a hundred soil samples are available in
SYLVESTRE with their granulometric characteristics: % sand, % silt, % clay and %
organic matter.
Calculation of the average values of these percentages led to results representative of a
loamy-type soil (less than 70 % sand, less than 35 % clay, less than 20 % organic matter)
for both sites. Soil/plant transfers are therefore represented by a transfer factor that is
dependent on the plant, the soil type and the radionuclide. For example, for 137Cs, the
transfer factor to potatoes in loamy soil is, on average, 0.03 Bq.kg-1dry plant per Bq.kg1
dry soil with lower and upper values, less than or greater than a factor of 10 [20]. For
90
Sr, it is 0.2 (0.05-0.86) Bq.kg-1s dry plant per Bq.kg-1dry soil.
Now, examining the soil characteristics around the Tricastin site more closely, it appears
that, in fact, 40 % of SYLVESTRE soils are sandy soils (> 70 % sand). Whereas, in sandy
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soils, the mean transfer factor for caesium to potatoes is almost 4 times higher than for
loamy soil. At the Gravelines, more than 20 % of soils are organic (> 20 % organic matter)
with a corresponding mean transfer factor of strontium to potatoes 10 times lower than for
loamy soils.
Soil type variability can therefore have a significant impact on the soil/plant transfer factor
and therefore soil sensitivity to the root contamination pathway.
Analysis of SYLVESTRE data will provide information to characterise the diverse range of
French soils and examine the influence of this diversity on radionuclide transfer factors.

Overview of examples
The examples provided in this report represent simplified situations selected to illustrate
some of the expected results of the Radioecological Sensitivity project and the method
implemented to achieve these. However, they do not preclude other final simplifications.
Other time periods, other space scales, other radionuclides, other soil types, other crop
types, other watercourse types, etc. will be examined within the framework of the project.
Furthermore, numerous developments are envisioned, notably connection to the marine
environment, consideration of decay and migration in soil, consideration of pre-existing
radioactivity levels in the environment and other transfer pathways (animals, flood,
erosion, etc.).
One of the main objectives of the project, that is obvious from the second example
provided, is to consider the environment as a whole and to avoid partitioning terrestrial
and aquatic environments.
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