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FOREWORD
The IAEA’s progamme on Environmental Modelling for Radiation Safety (EMRAS) was launched in
September 2003 and ran until 2007. The programme focused on the development, comparison and
testing of environmental assessment models for estimating radiation exposure of humans and
radiological impacts on flora and fauna due to actual and potential releases of radionuclides to
terrestrial and aquatic environments.
Models are essential tools for use in the regulatory control of routine discharges to the environment
and in planning measures to be taken in the event of accidental releases; they are also used for
predicting the impact of releases which may occur far in the future, for example, from underground
radioactive waste repositories. It is important to check, to the greatest extent possible, the reliability of
the predictions of such models by comparison with measured values in the environment or by
comparison with the predictions of other models. A special feature of the IAEA’s modelling
programme in this area is the possibility of testing models using ‘real environmental data’. Whenever
possible, priority has been given to this approach in order to support the development of validated and
reliable assessment models.
The EMRAS programme focused on three themes covering fields of specific interest in relation to
public exposures and environmental impacts. Within this context, altogether seven working groups
were active: under Theme 1, Radioactive Release Assessment, Working Group 1 dealt with the
revision of the Handbook of Parameter Values for the Prediction of Radionuclide Transfer in
Temperate Environments (Technical Reports Series No. 364) Working Group 2 worked on the
modelling of tritium and carbon-14 transfer to biota and humans; Working Group 3 reported on the
Chernobyl I-131 release: model validation and assessment of the countermeasure effectiveness; and
Working Group 4 investigated model validation for radionuclide transport in the aquatic system
‘Watershed–River’ and in estuaries. For Theme 2, Remediation of Sites with Radioactive Residues,
Working Group 1 reported on the modelling of naturally occurring radioactive material (NORM)
releases and the remediation benefits for sites contaminated by extractive industries (uranium/thorium
mining and milling, oil and gas industry, phosphate industry, etc.), and Working Group 2 studied
remediation assessment for urban areas contaminated with dispersed radionuclides. For Theme 3,
Protection of the Environment, Working Group 1 reported on model validation for biota dose
assessment.
The IAEA has been organizing programmes concerning international model testing since the 1980s.
The programmes have contributed to a general improvement in models, in transfer data and in the
capabilities of modellers in Member States. Due to the organization of the programme with plenary
and working group meetings, EMRAS provided a well-accepted international forum for scientists,
regulators and operators to exchange knowledge and experience in the field of environmental
modelling.
This report summarizes the content and outcomes of the EMRAS programme. The detailed reports of
all working groups are published as IAEA reports and are provided on the CD-ROM which
accompanies this report.
The IAEA wishes to express its gratitude to all those who participated in the work of the EMRAS
programme and gratefully acknowledges those who contributed to the preparation of the resulting
reports. The IAEA officer initially responsible for the overall running of the EMRAS programme was
M. Balonov and subsequently D. Louvat of the Division of Radiation, Transport and Waste Safety.

EDITORIAL NOTE
The use of particular designations of countries or territories does not imply any judgement by the
publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.
The mention of names of specific companies or products (whether or not indicated as registered) does
not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
or recommendation on the part of the IAEA.
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Prediction of Radionuclide Transfer in Terrestrial and Freshwater Environments.
IAEA-TECDOC-1616 (2009): Quantification of Radionuclide Transfer in Freshwater
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The Chernobyl I-131 Release:
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Working Group 4: Model validation for radionuclide transport in the aquatic system
“Watershed-River” and in estuaries working group
Testing of Models for Predicting the Behaviour of Radionuclides in Freshwater Systems
and Coastal Areas.

Theme 2: Remediation of Sites with Radioactive Residues
—

Working Group 1: Modelling of naturally occurring radioactive materials
(NORM) releases and the remediation benefits for sites contaminated by extractive
industries (U/Th mining and milling, oil and gas industry, phosphate industry, etc.)
working group
Modelling the Transfer of Radionuclides from Naturally Occurring Radioactive
Material (NORM).

—

Working Group 2: Remediation assessment for urban areas contaminated with
dispersed radionuclides working group
Environmental Modelling of Remediation of Urban Contaminated Areas (plus
additional supporting files)

Theme 3: Protection of the Environment
—

Working Group 1: Model validation for biota dose assessment working group
Modelling Radiation Exposure and Radionuclide Transfer for Non-human Species.

1.

INTRODUCTION

1.1. Background
The transfer of radionuclides through terrestrial and aquatic ecosystems can be approximated
by means of mathematical models. Such models are used for assessing the radiological impact
of actual and potential releases of radionuclides to the environment. They are essential tools
for use in the regulatory control of routine discharges to the environment and also in planning
measures to be taken in the event of accidental releases. Environmental models can also be
used for predicting the impact of releases which may occur far into the future, for example,
from underground radioactive waste repositories, or for assessing the impact of releases which
have occurred in the past, for example, due to nuclear weapons testing or nuclear accidents.
Since environmental models are only representations of real situations in the environment,
their predictions have uncertainty associated with them and before reliance can be placed on
their predictions, they must be validated in some way. The preferred way of validating the
models is to compare their predictions with real environmental data, that is, results obtained
from measurements made after normal or accidental releases to the environment. When such
data are not available, improvements in the reliability of model predictions can often be
achieved by comparing model predictions with each other using artificial testing scenarios.
These are the basic methods which have been used in international programmes of
environmental assessment model testing.
The testing of models increases the users’ understanding of models and the extent to which
the model represents the actual behaviour of radionuclides in the environment. Model testing
using independent data sets is the preferred approach but, in the absence of relevant data, the
inter-comparison of model predictions can also yield important insights in relation to model
structure and transfer parameters and about the assumptions made.
The International Atomic Energy Agency (IAEA) has been organizing programmes of
international model testing since the 1980s and this publication summarises the content and
outcomes of the most recent of these programmes entitled the Environmental Modelling for
Radiation Safety (EMRAS) programme, which ran from 2003 until 2007.
1.2. Objective
The objectives of the EMRAS programmes can be summarised as follows:
—
—
—
—
—
—

to improve models and modelling methods by model testing, model inter-comparison
and other approaches;
to develop international consensus, where appropriate, on environmental modelling
philosophies, approaches, and parameter values;
to quantify the uncertainties in environmental transport models;
to develop data sets that can be used to test environmental transport models;
to develop methods for the assessment of radionuclide transfer in the biosphere in areas
where they do not already exist; and
to provide an international focal point in the area of environmental assessment
modelling for the exchange of knowledge and information.
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1.3. Scope
The scope of the EMRAS programme was on scientific, experimental and technical aspects
related to the analysis and assessment of the behaviour of radionuclides in the environment
and their associated impacts to the public and to flora and fauna. Special emphasis was given
to improving the accuracy of model predictions, of modelling techniques and on the adequate
use of experimental and monitoring as input for assessment models. Three important areas
involving environmental assessment modelling were covered: (i) assessment of exposures due
to releases of radionuclides; (ii) remediation of sites with radioactive residues; and
(iii) protection of the environment.
1.4. Structure
The role of international model testing programmes in improving assessment models is
discussed in Section 2 of this report. Section 3 gives an overview of the EMRAS programme
and Section 4 describes in brief the methods and approaches used with regard to model
improvement. Sections 6 to 12 summarize the findings of the seven EMRAS Working
Groups:
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)

Revision of IAEA handbook of parameter values for the prediction of radionuclide
transfer in temperate environments (TRS-364);
Testing of models for the environmental behaviour of tritium and carbon-14 following
routine and accidental releases;
Model testing related to countermeasures applied to the intake of iodine-131 from the
Chernobyl accident;
Testing of models for predicting the behaviour of radionuclides in fresh water systems
and coastal areas;
Modelling the transfer of radionuclides from naturally occurring radioactive material
(NORM)
Testing of models for the remediation of the urban environment;
Review of data and testing of models for predicting the transfer of radionuclides to nonhuman biological species.

A summary of the outcome of the EMRAS programme is given in Section 12.
Summaries of the results of the work of each of the seven EMRAS working groups are given
in Sections 5 to 11 of this report. The full reports of the outcomes of each of the working
groups are given in the CD-ROM which accompanies this report.
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2.

INTERNATIONAL MODEL TESTING

The process of model testing leads to improved models and increased confidence in the
reliability of predictions when the models are applied to new situations. But often there are
insufficient independent data sets available in any one country to allow effective model
testing. Further, in many countries environmental modelling is carried out by only a few
groups of experts and in some countries by only one group, and there is therefore little
possibility of organizing national model testing and comparison exercises. For these reasons,
internationally organized model testing programmes provide important benefits to national
groups. In summary, international exercises provide additional scenarios for model testing,
greater access to experimental data and opportunities to compare with other modelling groups.
An important element in assessment modelling is knowledge of the quantitative behaviour of
radionuclides in environmental systems, e.g., values of the parameters that control transfer
from air to plant, soil or water to plant and plant to animal. Radioecology provides the basic
information needed for assessment modelling and the reliability of model predictions has been
increased over time by improvements in radionuclide transfer data. International programmes
of model testing have always contained a strong element of radioecology and the working
groups typically contain a mix of modellers and radioecologists.
Since the exercises began in the early 1980s, international model testing projects have led to a
greater international unification and compatibility of approach. The situation is much
improved as compared with the period immediately after the Chernobyl accident when the
environmental modelling capability in many of the affected countries was limited. The
international projects have helped to develop an ‘assessment culture’ in which the likely
radiological impact of any new technological project is automatically assessed and evaluated
prior to its approval.
In common with many other types of international programmes, participants are able to make
contact with other scientists with similar interests and exchange ideas and information both
during and after meetings.
There is a need for countries to maintain their capabilities in the environmental assessment
field in order that new proposed facilities can be evaluated and existing facilities kept under
surveillance. The small but finite threat of nuclear accidents and terrorism provides another
reason that national capabilities in the field should be maintained.
The loss of experts in national organizations due to retirement and to continuous staff
turnover means that assessment modelling capability and knowledge can be lost unless new
persons are trained in the skills of environmental assessment. International model testing
programmes serve as an effective mechanism for allowing persons new to the field to learn
and to become skilled and knowledgeable in environmental assessment modelling and
radioecology.
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3.

ENVIRONMENTAL MODEL TESTING AT THE IAEA

The possible benefits of carrying out model validation and testing at an international level
were recognised by the Swedish Radiation Protection Institute, which sponsored the
Biospheric Model Validation Study (BIOMOVS) and BIOMOVS II programmes starting in
1985. BIOMOVS was the first international exercise aimed at the testing and validation of
models for the prediction of radionuclide transfer through the environment to humans.
The Chernobyl accident in 1986 created a renewed need for reliable assessments in many
countries and provided an increased impetus for work in this area. It also created new data
sets that could be put to use for model testing. As a consequence, the IAEA was prompted to
start a programme on the Validation of Model Predictions (VAMP) in 1988, which concluded
in 1996.
3.1. Validation of Model Predictions Programme (VAMP)
The following topics were addressed in the VAMP programme:
Model testing related to:

⎯

Chernobyl fallout radionuclides in terrestrial and aquatic environments.

Improvement in the modelling of:

⎯
⎯
⎯
⎯
⎯
⎯

resuspension of radionuclides from terrestrial surfaces;
seasonality: the influence of season on the transfer of radionuclides in foodchains;
losses during food processing;
deposition of airborne radionuclides in the urban environment;
interception and loss processes in vegetation; and
transfer in semi-natural ecosystems.

The topics addressed under ‘model improvement’ reflected areas identified as being in need
of improvement in relation to transfer data, modelling approach or both. They were identified
in post-Chernobyl assessments as areas in which there was a lack of information and the
greatest uncertainties.
3.2. Biosphere Modelling and Assessment (BIOMASS)
The VAMP programme was followed in 1996 by the IAEA's programme on Biosphere
Modelling and Assessment (BIOMASS). The BIOMASS programme, which concluded in
2001, followed similar approaches to those used in the VAMP programme for the testing of
models but had a different scope. The BIOMASS programme covered the following topics:
Model testing related to:

⎯
⎯
⎯
⎯
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Chernobyl fallout radionuclides in a river catchment area;
remediation of a radium extraction site;
historic radionuclide releases from a nuclear weapons production site; and
tritium released from atmospheric and subsurface sources.

Improvement in the modelling of radionuclide transfer to:

⎯
⎯

fruit; and
forest ecosystems.

In addition, within the BIOMASS programme, a modelling approach was developed for
predicting the radiological impact of releases in the far future from the underground disposal
of radioactive waste (‘Reference Biosphere’).
3.3. Environmental Modelling for Radiation Safety (EMRAS)
Starting in 2003 and concluding in 2007, the IAEA organized the Environmental Modelling
for Radiation Safety (EMRAS) programme. The programme followed the pattern of the
earlier environmental model testing programmes but with some new elements. The content of
the EMRAS programme is described in Section 4 of this report.
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4.

CONTENT OF THE EMRAS PROGRAMME

In selecting the topics for consideration in the EMRAS programme, the IAEA took account of
several factors:

⎯
⎯
⎯

the topics were to be related to real current safety issues in the environmental field. This
could include areas known to be important in a radiological assessment context but
which had received insufficient attention to enable reliable predictions to be made;
the topics were to respond to the needs of IAEA Member States in this field. (This
aspect was addressed through consultations with organizations and experts in Member
States before the content of the programme was decided upon);
the topics were to take account, to the extent possible, of international developments in
the field.

Taking these considerations into account, the IAEA made proposals for the content of the
EMRAS programme. A key final determinant in establishing the programme content was the
need for viable working groups. Each EMRAS working group had to have a sufficient
number of participating members to guarantee that it could work effectively.
The EMRAS programme contained elements which are familiar from the previous IAEA
programmes but it also contained some important new elements. The programme comprised
three themes:

⎯
⎯
⎯

Theme 1: Radioactive Release Assessment;
Theme 2: Remediation of Sites with Radioactive Residues; and
Theme 3: Protection of the Environment.

The working groups within the themes were as follows:
Theme 1: Radioactive Release Assessment

⎯
⎯
⎯
⎯

Working Group 1: Revision of IAEA Technical Report Series No. 364 “Handbook of
parameter values for the prediction of radionuclide transfer in temperate environments
(TRS-364) working group;
Working Group 2: Modelling of tritium and carbon-14 transfer to biota and man
working group;
Working Group 3: the Chernobyl I-131 release: model validation and assessment of the
countermeasure effectiveness working group;
Working Group 4: Model validation for radionuclide transport in the aquatic system
“Watershed-River” and in estuaries working group.

Theme 2: Remediation of Sites with Radioactive Residues

⎯

⎯
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Working Group 1: Modelling of naturally occurring radioactive materials (NORM)
releases and the remediation benefits for sites contaminated by extractive industries
(U/Th mining and milling, oil and gas industry, phosphate industry, etc.) working
group;
Working Group 2: Remediation assessment for urban areas contaminated with dispersed
radionuclides working group.

Theme 3: Protection of the Environment

⎯

Working Group 1: Model validation for biota dose assessment working group.

Theme 1, Working Groups 1 to 4 concentrated on the assessment of radioactive release while,
Theme 2 Working Groups 1 and 2 considered the issues of restoration of sites with
radioactive residues. Additionally, Theme 3, Working Group 1 concentrated on the area of
protection of the environment.
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5.

EMRAS METHODS

5.1. Model testing
In those EMRAS working groups engaged in model testing, potential test scenarios based on
environmental measurements were provided by group members. The scenario information
contained information about the nature of the environment and on the input of radionuclides
into the environment, e.g., amount of deposition over a particular time period and the
resulting concentration of the radionuclide in an environmental material, animal or human
tissue, e.g., grass, milk, thyroid, etc. The group members were asked to predict the
radionuclide concentration, often as a function of time, in the material or tissue. Normally, the
information about the resulting concentration in the environmental components was not
provided until after the working group members had made their predictions — this is termed
‘blind testing’. When all predictions had been received, they were compared and the reasons
for differences from the observed values, and from other predictions, were discussed and, if
possible, the reasons for mis-prediction identified. Finally, conclusions were drawn on how to
improve the models and data.
5.2. Model comparison
When there were no suitable scenarios based on environmental measurements available, a
hypothetical scenario for model comparison was devised. The scenario was usually designed
to test those parts of the model that were known to be most sensitive in relation to the
endpoint. The procedure is similar to that for model testing except that results can only be
compared to those of other working group members. Nevertheless, considerable benefits can
be obtained from discussions about the reasons for differences in prediction; these usually
include different conceptual understanding of the modelling scenario, different approaches to
modelling the scenario and different transfer parameter values.
5.3. Establishing reference transfer data sets
As already mentioned, a key requirement in environmental assessment modelling is
appropriate information on radionuclide transfer. Ideally, this is obtained by means of
measurements made in the environment to which the release of radionuclides occurs. In
addition, some transfer parameter data can be obtained from studies conducted in the
laboratory under controlled conditions. It is not always possible to make relevant
measurements in the environment of interest mainly for reasons of cost but also because there
may be public sensitivity about the use of radionuclide tracers for such purposes. However,
some parameters are comparatively independent of the location in which they are made and
others vary within moderate bounds. Default or reference transfer parameters can, therefore,
often be used in the absence of site-specific values. The IAEA started to compile sets of
default transfer parameter data for the marine environment in the 1980s and for the terrestrial
and freshwater aquatic environments in the early 1990s. The compilations are based on
comprehensive literature reviews by groups of national experts in each of the fields of
interest. The experts summarise the information and recommend default or reference values
for use in environmental assessment, together with appropriate statements on the uncertainty
associated with the values. Different default values are provided to take account of the
predictable variations that occur in some parameters, for example, as a result of radionuclide
physical and chemical form, climate and soil type. These methods were used in the EMRAS
programme in order to update the IAEA Handbook Technical Reports Series No. 472
(TRS-472), entitled “Handbook of Parameter Values for the Prediction of Radionuclide
Transfer in Terrestrial and Freshwater Environments” [1].
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6.

REVISION OF IAEA HANDBOOK OF PARAMETER VALUES FOR THE
PREDICTION OF RADIONUCLIDE TRANSFER IN
TEMPERATE ENVIRONMENTS (TRS-364)

6.1. Introduction
In 1994, the IAEA published Technical Reports Series No. 364 (TRS-364) entitled,
“Handbook of parameter values for the prediction of radionuclide transfer in temperate
environments” [2]. Over the years, it has proved to be a valuable reference for radioecologists,
environmental modellers and assessors in Member States, and has been used in numerous
impact assessments.
The main goal of the original Handbook (TRS-364) is to provide default values for the use in
risk assessment studies in situations where no site-specific data are available. It provides best
estimate values for the most commonly used transfer parameters in radiological assessment
models. However, TRS-364 was based on a review of available data up to the end of 1992.
Several high quality reviews have been produced in recent years of values for some of the
important transfer parameters and it was considered that there was sufficient new information
available to warrant reconsideration of many of the values given in the original Handbook
(TRS-364). In addition, it was considered that a number of improvements could be made by
expanding the range of parameters considered, broadening the range of environments
considered (to include tropical and sub-tropical environments) and by providing guidance on
how to use the parameter values contained in TRS-364.
The revision of TRS-364 therefore had two main objectives:

⎯
⎯

to revise existing transfer parameter values and to provide missing data, to the extent
possible; and
to document key transfer processes, concepts and models which have been found to be
important for radiation safety.

In order to achieve these objectives, around 60 scientists from 20 countries worked jointly
from 2003 to 2007 using available published information on radionuclide transfer in various
environments.
The parameter values provided by the working group are based only on referenced values;
values based only on expert judgment have been avoided. The working group has carried out
a critical analysis of the data collected in order to qualify it and thus to reduce the associated
uncertainty. In this context, some unclearly documented data were rejected because of their
imprecise origin or because they were obtained under extreme environmental conditions. For
example, a large set of Kd values — used in the previous version — had been obtained from
data for artificial soils and is considered to produce unreliable results in real situations.
The working group aimed to guide assessors in the proper choice of values and to provide a
full understanding of the implications of their choice. For example, soil and plant
classifications have been introduced and used throughout the revised Handbook (TRS-472)
[1] and special subsections on limitations to be considered in the use of the data accompany
each section.
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The general approach used in the revised Handbook (TRS-472) is to keep descriptions of the
processes and relevant models as simple as possible. For this reason, certain complex
processes are not included in TRS-472 and the transfer parameters usually refer to equilibrium
conditions.
In addition to the revised Handbook (TRS-472), in 2009 the working group also produced
IAEA-TECDOC-1616 entitled, “Quantification of radionuclide transfer in terrestrial and
freshwater environments for radiological assessments” [3] which is intended to be a support to
TRS-472.
In general, the revised Handbook (TRS-472) provides statistical information on each
parameter value, for example, geometric mean and geometric standard deviation, minimum
and maximum values, and number of observations.
A section on the use of analogues gives guidance on how to derive parameter values based on
analogue data if values from other sources are not available.
6.2. Interception and retention
Interception is defined as the fraction of radioactive material in the revised Handbook
(TRS-472), deposited by wet and dry deposition processes, that is initially retained by plants.
The main factors governing the interception of both dry and wet deposition and the existing
approaches for estimating interception in models are discussed. Recommended values for the
parameters governing foliar uptake are given according to the growth stages of plants. This
approach provides the possibility of taking account of the processes occurring in accident
conditions. The literature review of data on foliar uptake provides evidence of the lack of data
on the mobility of radionuclides in plants. Most of the available data originate from
experiments conducted before the 1980s and significant gaps remain to be filled.
6.3. Radionuclide sorption in soil
Dissolved radionuclide ions can bind to solid surfaces as a result of a number of processes
that are often classified under the broad term of sorption. The list of radionuclides for which
the absorption coefficient, Kd, is specified in the revised Handbook (TRS-472) has been
extended compared with the previous version and uncertainties in the Kd values have been
considerably reduced. Although most of the available information relates to 137Cs and 90Sr, Kd
values have also been compiled for more than 60 natural and artificial radionuclides. The
reduction in the uncertainty associated with Kd values has been made possible as a result of
the adoption of a new classification of soils and by taking account of a set of simple co-factors
such as pH and the mineral content of some elements. However, there are still gaps in the
estimates of Kd for many radionuclides and soil types.
6.4. Vertical migration in soil
Two approaches for modelling the vertical migration of radionuclides in soil are considered
— a compartmental model approach and convection-dispersion equations. Information on
migration rates (multi-layer compartment models) is given mainly for 137Cs based on both
global and Chernobyl fallout data. Similarly, the majority of available data for convectiondispersion equations relates to 137Cs. The revised Handbook (TRS-472) provides dispersion
coefficients and convection velocities for some additional radioelements: Ag, Am, Ce, Co,
Eu, I, Np, Pu, Ra, Ru, Sb and Sr.
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6.5. Soil-to-plant transfer
The soil-to-plant transfer parameter values given in the original Handbook (TRS-364) are
mainly based on the database of the International Union of Radioecologists (IUR). Additional
sources of information are used in the revised Handbook (TRS-472), including a new review
of the literature.
Five groups of radionuclides are identified according to their physico-chemical
characteristics:

⎯
⎯
⎯
⎯
⎯

light natural radionuclides (3H, 14C, 40K);
heavy natural radionuclides (238U, 232Th, 226Ra, 210Po, 210Pb);
radionuclides of the transuranic elements (Am, Cm, Pu, Np);
fission product radionuclides (89,90Sr, 134,137Cs, 129,131I, 91Y, 95Zr,
141,144
Ce); and
activation product radionuclides (51Cr, 54Mn, 55,59Fe, 60Co, 65Zn, 115Cd).

95

Nb,

103,106

Ru,

In total, 967 information sources (books, journals, conference proceedings, institutional
reports, as well as international and national databases) containing data on the transfer of
artificial radionuclides to plants, were reviewed. A database was created to manage and
process the data derived from various literature sources. The distribution of data used for the
evaluation of radionuclide transfer factors from soil to different plants is shown in Figure 1.
The most extensive information relates to cereals, vegetables and pasture grasses. Compared
to TRS-364, new information is provided for radioisotopes of six elements often considered in
radiological assessments, namely, Cd, K, Pm, P, Cl and Ca.
For heavy natural radionuclides, about 180 references were reviewed to provide 912 entries
for U, 351 entries for Th, 594 entries for Ra, 232 entries for Pb and 73 entries for Po.
Data on soil-to-plant transfer are given for various environments: temperate, tropical,
subtropical. Approximately 180 references relating to tropical ecosystems were reviewed and
the associated tropical soil-to-plant transfer factor data base contains 1353 entries, mainly for
radioisotopes of Cs, Ra, U, Sr and Zn, but also for radioisotopes of Co, Pb, Th, K, Pu and Am.
6.6. Radionuclide transfer to rice
More than half of the world’s population considers rice to be one of its main food products
and a specific section has been devoted to radionuclide transfer to rice. Cultivation under
flooded conditions significantly modifies the chemical characteristics of the soil-plant system
and consequently it has important effects on the uptake of radionuclides by plants from soil.
Based on a review of more than 30 sources, information is provided for use in the assessment
of the transfer of some radioelements (i.e., Sr, Cs, Mn, Co, Zn, Tc, I, Ra, Th, U) and some
stable elements to rice plants.
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FIG. 1. Distribution of entries used for the evaluation of transfer factor values for
artificial radionuclides.

6.7. Transfer to animal food products
Radionuclide activity concentrations in animal food products depend primarily on the rates of
food intake, gastro-intestinal absorption and turnover in tissues. Data which can be used to
derive animal product transfer coefficients for radionuclides have been compiled, including an
extensive review of Russian language information. This included a thorough re-evaluation of
data considered in the original Handbook (TRS-364). The resultant database has been used to
provide recommended transfer coefficient values for a range of radionuclides to (i) cow,
sheep and goat milk, (ii) meat of cattle, sheep, goats, pigs and poultry; and (iii) eggs. In
addition, gastro-intestinal absorption factors have also been reviewed and recommended
values presented. Most data exist on the three key radionuclides, i.e., 131I, 137Cs, and 90Sr; for
many radionuclides no suitable data were identified.
6.8. Transfer in forest ecosystems
The coverage of the processes governing radionuclide transfer in forest ecosystems
(radionuclide transfers to trees, berries, mushrooms and game) and other semi-natural
ecosystems, and the relevant transfer parameters in these ecosystems, is now much more
extensive than it was in the original Handbook (TRS-364). The main contribution to dose to
humans from these ecosystems is from 137Cs and 90Sr and most of the available data relates to
these radionuclides. However, information on less studied radionuclides, such as isotopes of
Pu, Am and some natural radionuclides, is also provided. Aggregated transfer factors (defined
as the ratio of the radionuclide activity concentration in plant or any other forest products
(Bq kg-1) to the total deposition on the soil (Bq m-2)) are used to quantify radionuclide transfer
to various types of forest vegetation and forest products. These data are given for various
forest products, including trees of different types, mushrooms, berries and game.
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6.9. Transport in freshwater ecosystems
A special section is devoted to the transport of radionuclides in freshwater ecosystems. The
various routes of contamination, physical and chemical processes and radionuclide
accumulation by freshwater biota species are described and quantified. Partitioning of
radionuclides between water and suspended matter is normally described in terms of
distribution coefficients ( K d ), expressed as the concentration ratio between the particulate
phase and the dissolved phase under equilibrium conditions. The revised Handbook
(TRS-472) provides K d probability density functions for radioisotopes of Ag, Am, Co, Cs, I,
Mn, Pu and Sr, for which extended data were available. For other radionuclides (isotopes of
Be, Ba, Ce, Ra, Ru, Sb, and Th), probability density functions were obtained with the aid of a
bootstrap statistical method.
Humans consume a variety of freshwater biota species: fish, invertebrates, amphibians,
reptiles, mammalian species and waterfowl and a set of bioaccumulation factor values is
given for the main freshwater biota species in the human diet.
6.10. Specific activity models
Specific activity models are widely used for some radiologically important radionuclides that
are long lived, highly mobile in the environment and are under homeostatic control in living
organisms. 3H, 14C and 36Cl have these characteristics and are modelled using specific activity
concepts in the revised Handbook (TRS-472). Because there was no comparable treatment in
TRS-364, the models are described in some detail, followed by a listing of the relevant
parameter values. The models and parameters considered in the revised Handbook (TRS-472)
are confined to steady-state conditions for releases to air and water bodies; dynamic processes
are not considered.
6.11. Losses by food preparation methods
The concentration of radionuclides in food is affected by industrial and domestic processes
such as boiling, removal of certain parts of the raw food (e.g. bran, peel, shell, bone) and
drying or dilution. 125 information sources were reviewed to provide food processing
retention factors for a wide range of plant, animal, forest and aquatic food products. Again,
most of the information is available for 131I, 137Cs and 90Sr, but data are also given for other
radioisotopes such as those of Na, K, Ca, Mg, P, Fe, Cu, Zn, Cl, Mn and Se.
6.12. Concluding remarks
The revised Handbook (TRS-472) is supported by IAEA–TECDOC-1616 [3] which provides
more detailed information about the processes described above and references to numerous
related publications and literature reviews. In the IAEA-TECDOC-1616, modellers can find
the entire set of data that has been synthesized in preparing the revised Handbook (TRS-472).
In the revised Handbook (TRS-472), more processes have been considered than previously,
and data have been provided for transfer to rice and other plants in tropical or subtropical
environments. Nevertheless, data are lacking in many areas and gaps in knowledge have been
identified in each of the sections as an indicator of the needs for further research.
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7.

TESTING OF MODELS FOR THE ENVIRONMENTAL BEHAVIOUR
OF TRITIUM AND CARBON-14 FOLLOWING ROUTINE AND
ACCIDENTAL RELEASES

7.1. Introduction
Hydrogen and carbon are biologically-regulated, essential elements that are highly mobile in
the environment and the human body. As isotopes of these elements, tritium and 14C enter
freely into many chemical compounds, including water (in the case of tritium), plants
(through photosynthesis) and animals and humans (through various metabolic processes).
This behaviour, plus the fact that tritium and 14C obey specific activity principles, means that
the environmental transport modelling of tritium and 14C is complicated, and must be carried
out using methods different from the partitioning and accumulation concepts used for other
radionuclides. The uncertainty in the model predictions is large, particularly for accidental
releases, and there is a need for improved models that will provide more reliable dose
assessments. This need is particularly urgent given the expected renaissance in nuclear energy
and the ongoing development of fusion reactors.
The activities of the Working Group on Modelling of tritium and carbon-14 transfer to biota
and man focused on the assessment of models for organically bound tritium (OBT) formation
and translocation in plants and animals, the areas where model uncertainties are largest. The
working group necessarily considered models for tritiated water (HTO) as well, since an
understanding of environmental HTO is needed before OBT can be modelled with any
confidence. Environmental 14C models were also addressed because the dynamics of carbon
and OBT are very similar.
7.2. Scope of work
The goals of the working group were achieved primarily through nine test scenarios in which
model predictions were compared with observations obtained in laboratory or field studies
(Table 1). Seven of the scenarios involved tritium, covering terrestrial and aquatic
ecosystems, and steady-state and dynamic conditions. The remaining two scenarios concerned
14
C, one addressing steady-state concentrations in rice and the other time-dependent
concentrations in potatoes. Five of the scenarios were based on data contributed by
participants and two involved data from the literature. In the remaining two cases (the mussel
uptake and depuration scenarios), new experimental work was undertaken by one
participating organization in order to provide data that were otherwise not available on timedependent OBT formation in aquatic animals.
The working group considered one further scenario, which involved the calculation of
radiation doses following a hypothetical, short term release of tritium to the atmosphere in a
farming area. Since suitable test data were unavailable, this scenario was carried out as a
model inter-comparison exercise. It was approached in the same way as the model-data
exercises except that all the information in the scenario description was hypothetical, and no
conclusions could be drawn regarding the model that performed best.
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TABLE 1. SCENARIOS CONSIDERED BY THE TRITIUM AND CARBON-14
WORKING GROUP
Radionuclide

Scenario

Number of
Participants

Perch Lake

8

Soybean

12

Pickering

8

Pine Tree

5

Mussel uptake

5

Mussel
depuration

4

Pig

6

Hypothetical

8

Rice

5

Potato

4

Tritium

14

C

Endpoints
Steady-state tritium concentrations in an aquatic ecosystem
chronically contaminated with HTO
Time-dependent tritium concentrations in soybeans acutely
exposed to HTO in air
Steady-state tritium concentrations in an agricultural ecosystem
chronically contaminated with HTO
Steady-state tritium concentrations in groundwater and pine trees
chronically exposed to HTO in air
Time-dependent tritium concentrations in mussels exposed to an
abrupt increase in ambient tritium levels
Time-dependent tritium concentrations in mussels exposed to an
abrupt decrease in ambient tritium levels
Time-dependent tritium concentrations in pigs subject to a
contaminated diet
Time-dependent concentrations and doses following an acute
atmospheric tritium release over farmland
Steady-state 14C concentrations in rice growing near a continuous
atmospheric source of 14C
14
Time-dependent C concentrations in potatoes acutely exposed
to 14C in air

7.3. Summary of results
The models used by the various participants in a given scenario were conceptually similar in
the sense that each included the key processes that control environmental tritium and 14C
transfer (e.g., .uptake by plants, fixation in organic compounds, transfer to animals through
ingestion, and so on). However, the models differed substantially in the way the processes
were implemented. The simpler models were based on specific activity concepts with
concentrations in a given compartment determined by the specific activities in the hydrogen
or carbon pools that contributed tritium or 14C to the compartment. The more complex
approaches were formulated in terms of dynamic compartment models or process-oriented
models in which the various transfer processes were simulated explicitly. Even here, the
models differed in the number of compartments considered, the required parameters and their
values, the growth curves adopted for plants and animals, the plant and animal genotypes
assumed, etc.
The differences in the models led to variability in the predictions of about a factor of 2 for
scenarios involving continuous releases, and a factor of 10 or more for short term releases. In
the former case, performance was better for models that were driven by air concentrations
averaged over the OBT or 14C residence time in the compartment of interest (one or two
months prior to sampling in the case of OBT concentrations in plants and animals; the period
of grain formation in the case of 14C concentrations in rice). The dynamics of OBT and 14C
concentrations were generally poorly reproduced in scenarios involving short term releases.
The observed concentrations at harvest depended on the growth stage of the plant at the time
of exposure, and performance was best for models with realistic growth curves. For most
scenarios, the predictions tended to lie on either side of the observations, suggesting that, in
an average sense, the models reflect a good conceptual understanding of the environmental
transport of tritium and 14C. In some scenarios, part of the difference between predictions and
observations could be attributed to the uncertainty in the observations as well as in the
predictions.
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FIG. 2. Predicted and observed OBT concentrations in soybean pods at harvest.

The results for the soybean scenario illustrate many of these conclusions. This scenario was
based on measurements of HTO and OBT concentrations in soybeans exposed over one hour
periods to elevated levels of HTO in air in a glove box. Figure 2 shows predicted and
observed OBT concentrations (normalized by the time-integrated HTO concentration in air
moisture to which the plants were exposed) in the pods (the edible part of the plants) at
harvest for six plants exposed at different stages of growth (Pot numbers 1–6).
The observed concentrations were low for Pots 1 and 2, which were exposed before the pods
started to form. The concentrations reached a maximum for Pot 4, which was exposed when
the pods were actively developing. The concentrations dropped off for the exposures closer to
harvest because the OBT was diluted by the relatively large amount of uncontaminated dry
matter already present in the pods. The predictions for Pots 3–6 varied by a factor of 100.
They tended to lie on either side of the observations, although they showed a clear bias toward
under-prediction for Pot 4. The very low predictions by some models for Pots 1 and 2 were
the result of an underestimate of the HTO concentration (on which the OBT calculations were
based) at the time the pods began to form. The scenario description noted that the pods were
still quite wet at harvest, a situation revealing incomplete maturity. Few modellers made use
of this information, which may have contributed to the difference between predictions and
observations.
Uncertainty estimates were requested as part of each scenario, and most participants
submitted results for the steady-state exercises. For the HTO and 14C endpoints, these were
roughly consistent with a 95% confidence interval (97.5th percentile divided by the 2.5th
percentile) of a factor 3–4. The uncertainties in the OBT concentrations were slightly higher.
Few of the participants in the dynamic scenarios determined their uncertainties. However,
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rough estimates were obtained from an overall assessment of the scatter in the predictions and
the differences between predictions and observations. These suggest that the 95% confidence
intervals on HTO and 14C concentrations were about a factor of 10 or more. The confidence
intervals were generally smaller for OBT than for HTO, reflecting the fact that, for the
dynamic scenarios, HTO varies rapidly over time whereas OBT integrates.
Much of the discussion of the definition of OBT centered on the role of buried tritium. Buried
tritium is tritium in exchangeable positions in large organic molecules that is not removed
when the dried sample is washed with tritium free water. It therefore appears as fixed OBT in
traditional analyses although it behaves as exchangeable OBT in the body. Two organizations
participating in the working group carried out experiments to determine whether buried
tritium makes up a significant fraction of what is traditionally measured as OBT. The results
were contradictory, with one experiment suggesting that the fraction is 50% or more and the
other that the fraction is at most 5–10%. In the face of this discrepancy, the question must
remain open pending new experimental data. The final definition of OBT recognizes the
existence of buried tritium but remains consistent with the quantity that is measured using
current analytical techniques and with existing OBT dose coefficients.
7.4. Conclusions
The activities of the working group have helped to define the level of confidence that can be
placed in the predictions of environmental tritium and 14C models. Because of the many
differences in the models used by the various participants, it was often difficult to isolate the
key reasons for differences in their predictions. Nevertheless, it was usually possible to
identify the modelling approaches that led to the best predictions for a specific scenario. In
general, the simple and complex models performed equally well for chronic releases, but
complex models were required to reproduce the observations for short term releases.
The uncertainty in the predictions of environmental tritium and 14C models can be reduced by:

⎯
⎯
⎯

⎯

ensuring that the air concentration data used to drive the models are of high quality and
match the resolution and averaging requirements of the scenario;
incorporating as much site-specific information as possible on land use, local soil
properties and predominant crop and animal species, together with realistic assumptions
concerning the habits of the maximally exposed individual;
basing all submodels on the physical approaches available for the disciplines in
question. For example, knowledge from the agricultural sciences should be used to
improve models for crop growth, photosynthesis, translocation etc. Recent progress in
understanding environmental carbon and hydrogen cycling should also be considered;
recognizing and accounting for any unusual conditions (water stress, an uncommon
species) in the model application.

Further work in the following areas would help to improve tritium and 14C dose assessments:

⎯

testing and improving models of plant uptake of HTO at night and when it is raining;
OBT formation in plants at night; translocation of OBT to fruit and roots; isotopic
discrimination; tritium behaviour in soils following deposition from the atmosphere;
and tritium behaviour in winter, including washout by snow, dry deposition to snow and
the fate of tritium in the snow pack;
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⎯

⎯
⎯
⎯

modifying the steady-state models for chronic releases to account for the fact that
fluctuations in release rates and meteorological conditions result in a state of quasiequilibrium in the environment, rather than the complete equilibrium assumed by the
models;
developing a standard conceptual model for accidental tritium releases;
carrying out rigorous uncertainty analyses of the dynamic models to better quantify the
uncertainties in their predictions for a variety of scenarios;
investigating and understanding the large OBT/HTO ratios that have been observed in
soils, plants and fish under conditions that are ostensibly at equilibrium.

The ten scenarios developed by the working group provide a valuable source of test data for
validating environmental tritium and 14C models.
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8.

MODEL TESTING RELATED TO COUNTERMEASURES APPLIED TO THE
INTAKE OF IODINE-131 FROM THE CHERNOBYL ACCIDENT

8.1. Introduction
The studies undertaken by the Iodine-131 Working Group were targeted primarily at the
evaluation of the predictive capability of environmental models, especially in relation to
assessing thyroid exposure via the inhalation and ingestion pathways. Particular emphasis has
been placed on improving the applicability of models to countermeasure response. Such
measures include evacuation, sheltering and food controls as well as iodine prophylaxis. The
rapid and reliable assessment of thyroid dose (including statistical distribution for critical
groups of the population) in areas affected by the release of radioiodine is an important tool
for determining whether or not medical intervention and social protection measures are
required. Moreover, in the longer term, the validated assessment of thyroid doses is necessary
for the purposes of epidemiological research.
8.2. Methods used
The working group’s activities were focused on:

⎯
⎯
⎯

the collection of measurement data sets;
quality checking of input and measurement data and evaluation of appropriate standard
scenarios for model validation purposes;
comparison of model outputs with independent data sets, including ‘blind testing’
(without disclosing observed data), assessment of discrepancies in the predictions and
identification of the most important sources of bias and uncertainty.

Several end points were considered for model validation purposes:

⎯
⎯
⎯

131

I deposition (soil concentration);
time dependence of 131I concentration in milk; and
131
I thyroid burden for different age groups.

The end points considered for model inter-comparison were:

⎯
⎯
⎯
⎯

reconstruction of 131I air concentration based on the isotopic ratio 131I/137Cs;
time dependent 131I concentration in fresh pasture (grass);
committed dose to thyroid from inhalation; and
committed dose to thyroid from ingestion.

8.3. Model testing scenarios
Three scenarios were evaluated:
(1)

Data from the Plavsk district, in the Tula region of the Russian Federation, was used as
the basis of the first scenario (Plavsk Scenario). The Plavsk district is located about
200 km south of Moscow and has a population of about 30 000, working mainly in
agricultural production. The area was significantly contaminated with radionuclides on
29–30 April 1986 from the same Chernobyl cloud that contaminated the Bryansk region
one day earlier. The maximum 137Cs soil contamination density of 0.5 MBq.m-2
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occurred in the town of Plavsk, at the centre of the Plavsk district. The deposition
occurred during a relatively short period of rain during the cloud passage; it yielded a
mixed (dry and wet) deposition and consequently an inhomogeneous 137Cs deposition.
During this period, the time at which cows were put on pasture is not exactly known.
The Plavsk scenario provided an opportunity to assess 131I contamination of the
foodchain and to evaluate thyroid doses for urban and rural populations in the area on
the basis of the isotopic ratio 131I/137Cs . The working group participants were asked to
provide an uncertainty analysis of predicted thyroid doses.
(2)

The second scenario involved the assessment of the effectiveness of short term
protective measures that had been applied in the Mazovia province (Poland) during the
period 29–30 April 1986 to reduce the radioiodine thyroid uptake of inhabitants. The
countermeasures included: administration of stable iodine in solution form (so-called
“Lugol liquid”) to children and teenagers of up to 16 years of age; putting grazing
animals on stored feed; and banning potentially contaminated milk, milk products and
leafy vegetables. However, it was not possible to make the animal or human diet
restrictions compulsory and the protective actions were implemented only on the basis
of an appeal to the public. Even if the ban had been fully effective, there was a shortage
of uncontaminated feedstuff in the affected regions.

(3)

The third scenario, the Prague Scenario, was focused on the evaluation of doses to
inhabitants due to the intake of 131I in a situation where a special cow feeding regime
was being applied. Prague covers an area of 496 km2, and the first signs of the arrival of
a contaminated plume were detected during the night of 29–30 April 1986. Three
passages of contaminated air were detected through the territory. They resulted in
locally elevated levels of 137Cs in soil and therefore high 131I deposition was also
expected to have occurred at the same locations. During the period 6–8 May 1986, it
was recommended that dairy cows should be kept on winter fodder, if available.
Consumption of milk with an 131I concentration > 1000 Bq L-1 was banned. The
working group participants were asked to estimate the 131I concentration in milk for the
hypothetical situation in which cows were pastured on open grassland near Prague.

8.4. Issues emerging from the exercises
Several aspects of model performance were evaluated and the following issues were identified
as being in most need of attention:

⎯

The use of the constant isotopic ratio 131I/137Cs for the Plavsk Scenario gives a
satisfactory approximation of 131I contamination of the foodchain. However, the results
obtained for the situation of inhomogeneous 137Cs deposition and the relatively short
period of rainfall during the cloud passage (6 hours) indicate that, when the radioactive
fallout can be classified as mixed (dry and wet), it is advisable to adopt a different
approach for determining the complex relationship between 131I deposition and 137Cs
deposition.

⎯

The uncertainty associated with the prediction of 131I concentration in air based on the
average 137Cs content of soil over the region exceeds a factor of three and depends on
the physico-chemical forms of airborne radioiodine during the passage of the
radioactive cloud as well as on the meteorological conditions.
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traditional approach
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FIG. 3. Predictions of different models for interception and weathering losses by grass of
mixed (dry and wet) radioiodine fallout. The ordinate is 131I concentration in pasture grass
(Bq/Kg). Black dots represent measured values. Blue curve – model using semi-empirical
constant (weathering half-time). Green curve – model with interception and weathering
dependent on rainfall. Red curve – model with interception and weathering dependent on
rainfall land also on different forms of radioiodine.

⎯

The model for the interception and weathering losses of mixed (dry and wet)
radioiodine fallout on grass needs to be carefully examined as the decrease with time of
radioiodine concentration in grass was different for each scenario depending on the
precipitation amount during the radioiodine cloud passage (see Figure 3).

⎯

The time at which the cows from collective farms were put on to pasture seems to be the
most important factor leading to the mispredictions of 131I concentration in milk and
consequently of ingestion doses.

8.5. Conclusions
In general, model performance has improved significantly compared with previous
international exercises involving radioiodine scenarios. The predictions of the various models
were within a factor of three of the observations, and the discrepancies between the estimates
of the average doses to the thyroid produced by most participants did not exceed a factor of
ten. However, estimated doses differed by up to two orders of magnitude when the working
group participants attempted to evaluate the effectiveness of countermeasures using different
methods and conceptual approaches.
In emergency circumstances, it is difficult to effectively implement the distribution of stable
iodine or the transfer of animals to stored feed. Furthermore, there are no means to make diet
restrictions on milk, milk products and leafy vegetables and bans on pasture feeding for cows
compulsory but only to encourage voluntary action. Therefore, for emergency response
preparedness there is a need for realistic and validated dose assessment methodologies and an
appreciation of the likely uncertainties. Based on the experience of this exercise, it is strongly
recommended that several groups of independent experts should be involved in the dose
assessment process.
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9.
TESTING OF MODELS FOR PREDICTING THE BEHAVIOUR OF
RADIONUCLIDES IN FRESH WATER SYSTEMS AND COASTAL AREAS
9.1. Introduction
The contamination of the aquatic environment with radioactive materials causes the radiation
exposure of humans through a variety of different pathways. These include the use of water
for drinking and irrigation, the consumption of fish, and recreational activities such as bathing
and boating.
Although in some circumstances (e.g., the aftermath of the Chernobyl accident), terrestrial
pathways have been the major source of radiation exposure of humans, the public perception
of risk associated with contamination of the aquatic environment is significant and must be
taken into account in pre-accident planning. Obviously, in the case of direct releases of
radionuclides to the aquatic environment (e.g., the releases that caused the contamination of
the Techa River from the Mayak installations, or routine discharges of radionuclides from
nuclear power plants), aquatic pathways are the principal source of radiation exposure of the
local population.
9.2. Method used
State-of-the-art models, developed by different organizations, were tested by the Aquatic
Working Group, comparing their predictions with observed data. The descriptions of the
environmental scenarios for model testing were developed by individual members of the
working group, who also provided the measured data. Five model testing exercises were
performed:
(1)

Wash-off of 90Sr and 137Cs deposits from the Pripyat floodplain, Ukraine. Modellers
were asked to predict the time-dependent water concentrations of the radionuclides in
the Pripyat River following the inundation of the river floodplain during the period after
the Chernobyl accident. Modellers were provided with data on the deposition of
radionuclides on the floodplain, the time-dependent radionuclide concentrations in the
river water entering the floodplain, the water fluxes, and morphological, meteorological
and hydrological data. Subsequently, concentrations of radionuclides in the water of the
Prypiat River downstream of the floodplain were supplied to the modellers in order to
allow the performance of the models to be evaluated.

(2)

Radionuclide discharge from the Dnieper River, Ukraine into its Black Sea estuary (the
Dnieper-Southern Boug estuary). Modellers were asked to predict the time-dependent
90
Sr and 137Cs concentrations in the waters of the estuary. Input information for the
modellers was: the radionuclide fallout from the Chernobyl accident on to the estuarine
waters, the concentrations of radionuclides in the Black Sea and in the Dnieper and
Southern Boug rivers, and hydrological, morphological and environmental data
(temperature, salinity, pH, etc.). The performance of the models was evaluated by
comparing predictions with the observed time-dependent radionuclide concentrations in
the estuary.

(3)

3
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H migration in the Loire River, France. This exercise was concerned with the
assessment of the dispersion of tritium released routinely from four nuclear plants at
different points on the Loire River, spread over about 350 km, and over a period of six
months. Modellers were provided with data on water flows from tributaries,
hydrological data and information on tritium discharges from the nuclear power plants.

The predictions were compared with downstream observations of tritium concentrations
in the Loire at Angers.
(4)

Release of radionuclides into the Techa River, South Urals, Russian Federation. The
objective of this exercise was to test modelling of the behaviour of 90Sr, 137Cs and
239,240
Pu in river water and bottom sediments. The scenario was based on data obtained
from the Techa River, which was heavily contaminated, mainly in the period 1949–
1952, as a result of discharges of liquid radioactive waste into the river (see Figure 4).

(5)

Behaviour of 226Ra in the Huelva Estuary, Spain. This estuary was affected by
radionuclides released from a phosphate factory. In the exercise, the time evolution of
the total 226Ra inventory in the bed sediments, and the time evolution of the 226Ra
concentration in the water column, were predicted by the modellers.

Scenarios (1) and (3) were ‘blind’ exercises.
The models used in the exercises showed different degrees of complexity, ranging from those
based on simple box-type approaches to those that make use of shallow-water and diffusiontransport equations. Similarly, the processes controlling the interaction of radionuclides with
sediments were approached at different levels of detail in the models.
9.3. Scope of the work
The activities of the working group were focused on extending the exercises of model
validation to some themes that were not addressed in previous model validation projects. The
activities took advantage, not only of the data from the Chernobyl accident, but also of data
from other contamination events, such as the discharge of radionuclides into the Techa River
and routine releases of radionuclides into the aquatic environment. In addition, the working
group addressed radionuclides (e.g. tritium) and systems (e.g. coastal areas) that were not
studied in previous testing projects and also aimed at modelling complex aquatic systems at a
regional scale (large rivers and large catchment areas).
9.4. General summary of findings
Generally, the basic components of state-of-the-art models for predicting the behaviour of
radionuclides in the abiotic compartments of aquatic systems are: (i) hydrological sub-models
(and related transport-dispersion sub-models); (ii) submodels for predicting the interaction of
radionuclides with sediments and suspended matter; and (iii) submodels for predicting the
migration of radionuclides from contaminated catchments. The uncertainty in the model
predictions is related to the features of these components.
It should be noted that, as tritium does not interact with sediments, the only processes that
control the migration of this radionuclide are dispersion and transport by the water current.
Therefore, exercise (3) was an important test for assessing the reliability of the hydrological
and dispersion-transport modules being used in state-of-the-art models. This ‘blind test’
showed that the behaviour of radionuclides that hardly react with suspended matter and
sediments can usually be predicted to acceptable levels of accuracy by models even if they are
based on relatively simple hydrological submodels.
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FIG. 4. The Techa River. The figure shows the complex water system influenced by the
constructions of canals, dams and reservoirs. The exercise concerned the migration of
90
Sr, 137Cs and 239,240Pu in the river.

In contrast, the predictions of models for representing the behaviour of radionuclides that
interact strongly with sediment and soil particles are associated with significant levels of
uncertainty. In particular, the ‘blind test’ exercise (1) showed that the models in the exercise
properly predicted the remobilisation of strontium from the contaminated Pripyat River
floodplain, but that they significantly overestimated the remobilisation of radiocaesium. This
gave the opportunity for a re-assessment of the values of some parameters used in the models
to evaluate the remobilisation process in the fresh water environment.
The modelling of the complex dynamics of extreme hydrological events, such as the
inundation of large flood plains, was also recognised as an important source of uncertainty for
reactive radionuclides. Indeed, the concentration of re-mobilised radionuclides in water
depends on the time of inundation and on the proportion of water flowing over more or less
contaminated areas. In many circumstances, these quantities cannot be predicted with
sufficient accuracy and therefore have a major influence on the overall uncertainty of model
predictions.
In conclusion, some dominant factors can be identified that affect the uncertainty of the model
predictions. As previously noted, the submodels for predicting the interaction of radionuclides
with sediments and suspended matter represent a more significant source of uncertainty as
compared with the hydrological and related dispersion and transport submodels for predicting
the migration of radionuclides in water. Similarly, the uncertainty in the evaluation of
radionuclides migrating from a contaminated catchment to a water body can contribute
significantly to the overall uncertainty of the model output.
The other important factors affecting the uncertainty of the model results are related to the
availability of sufficient information concerning the circumstances and the characteristics of
the contamination events, such as the input rates of radionuclides into the environment and the
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conditions of the environmental system (for instance, the water flux regime). In this respect,
routine controlled releases are associated with more complete and reliable input data and
information than accidental events causing environmental contamination.
Scenarios (2) and (3) illustrated two extremes within the range of possible conditions for the
application of models to real circumstances. Scenario (3) concerned the controlled release of
tritium to river water. For this scenario, sufficient and reliable information and data regarding
the hydrological conditions and the input rates of the radionuclide into the river were
available for modelling purposes. In contrast, in scenario (2), which considered the
contamination of the Dnieper-Southern Boug estuary due to the release of radionuclides into
the environment following the Chernobyl accident, the available data were insufficient in that
they did not provide the full range of information required for modelling the system properly.
9.5. Conclusions
The exercises provided the opportunity to learn more about the proper application of models
for the management of complex environmental problems. They showed the influences on
predictions of the uncertainty in the input data and the uncertainty of the model parameters.
They also showed the effects caused by the application of different kinds of models to a
specific contamination scenario.
It is clear that different models can give different results when applied to the same
contamination event. Nevertheless, in spite of the range of variability of the model predictions
(a range that has the same order of uncertainty as that of the measured concentrations of
radionuclides in water), the results of the different models were generally compatible and
reproduced the time behaviour of radionuclide concentrations in the components of the
analysed systems. Models that possess this ability are called ‘behavioural’ models.
The spread of the results reflected the various methodological approaches used to model the
complex processes occurring in the aquatic environment as well as the different values used
for the parameters in the models.
It is essential for applications aimed at supporting the management of the aftermath of a
nuclear accident that the models are ’behavioural‘, even if the results may be subject to large
uncertainties.
The exercise has shown the benefits of using several models for the same contamination
scenario (multi-model approach). This approach is of particular value when the environmental
processes are complex and when there are, therefore, difficulties in selecting appropriate site
specific values of model parameters. In such circumstances, different hypotheses and
approaches may be used by modellers to represent the same situation. The exercises
performed in the working group showed that a multi-model approach can be useful for the
management of complex problems in environmental assessment. Through this approach, the
assumptions that obtain the greatest degree of consensus among modellers are clearly evident,
while the aspects that are subject to dispute and which should therefore be handled carefully
also become clear.
A stimulating subject for future studies would be the comparison of the performance of
computerized decision support systems aimed at assessing, following the release of
radionuclides into the environment, the levels of contamination of the components of complex
fresh water ecosystems, the consequent radiation doses to man and the effectiveness of
potential options for environmental restoration or for the reduction of radiation doses to
humans and biota.
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10.

MODELLING THE TRANSFER OF RADIONUCLIDES FROM NATURALLY
OCCURRING RADIOACTIVE MATERIAL (NORM)

10.1. Background
This working group was established to improve the modelling of the transfer of radionuclides
from residues containing naturally occurring radioactive material (NORM) for the purposes of
radiological assessment.
Almost all naturally occurring materials contain radionuclides from the primordial decay
chains (e.g., 238U, 235U, 232Th, and their daughter products 226Ra and 228Ra), plus some
individual long lived radionuclides such as 40Po. Extraction and/or processing of minerals
containing these materials results in waste containing such radionuclides. Often the
processing can enhance the concentration of the NORM in the waste as compared with the
original material. The extraction and processing of minerals usually involves large volumes of
material and the resulting waste is also present in large volumes which are usually left on the
earth’s surface. Human exposure to radionuclides from such waste piles can occur as a result
of gaseous emanation from the waste (222Ra) or as a result of the leaching by rainfall of
radionuclides from the waste into water courses and, possibly, food chains.
There are a variety of situations involving NORM that require potential radiation doses to be
assessed. Some of them are:
(1)
(2)
(3)

surface storage of residues from the extraction and processing of minerals;
remediation of NORM-containing waste piles; and
the use of NORM-containing waste for backfilling, building materials, road
construction etc.

In all of these situations there is a need to understand the present and future behaviour of the
radionuclides which may be released from NORM so that steps can be taken to ensure that
humans are adequately protected from exposure to radiation. Because of the long lived nature
of many of the radionuclides, the assessments must be carried out over long times into the
future.
This is the first time that the modelling of NORM-containing radionuclides has been
examined in this IAEA format and the working group spent much of its time exploring the
global situation and determining the availability of modelling tools.
10.2. Aims of the work
The main aims of the work were:

⎯
⎯
⎯

to evaluate existing models;
to develop scenarios for testing models; and
to develop new models.

10.3. Modelling considerations
10.3.1. Assessment types
Models are used for different types of assessment. These include:
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⎯
⎯
⎯

existing operations;
evaluation of past activities (legacy sites); and
the planning of new operations or remediation strategies for existing contaminated sites.

10.3.2. Model types
Different types of models are applied for different purposes. Some of these are:

⎯

⎯

Compliance or screening models. These models are designed to check compliance with
regulatory conditions. They are usually simple models based on conservative
assumptions. They should therefore overestimate radionuclide concentrations and the
associated doses and risks. They can be used to determine whether radiation doses are
well below regulatory limits or whether there is a need for further more detailed
assessment.
Realistic assessment models. These models are designed to assess, as accurately as
possible, radioactive concentrations or radiation doses resulting from a defined scenario.
For this reason, they may be fairly detailed in parts to ensure that the behaviour of the
radionuclides in the system is properly represented. Accurate predictions can sometimes
be obtained by fairly simple models. Such models have usually been appropriately
calibrated by comparison to measurements made on the system.

10.3.3. Scenarios used for model testing
Well-documented real scenarios involving NORM were not available to the working group
and so three hypothetical scenarios were developed to facilitate model testing and
development.
10.3.3.1.

Hypothetical scenarios

These scenarios were designed to cover the situations most likely to be encountered in
practice:

⎯
⎯
⎯

Point source: releases of NORM from the stack discharge of a coal-burning power
station is an example of this type of scenario.
Area source: stockpiles, waste repositories (surface or near-surface), or landfills
containing NORM are examples of this scenario type.
Area source + river: this scenario is a modification of the ‘Area source’ scenario with
the addition of a river flowing past the site.

10.3.3.2.

Real scenarios

Detailed model testing using real scenarios was not performed although there was some
limited testing with a few models. However, data was collected on some potential scenarios
for future model testing, i.e.:
(1)

Former thorium processing facility: This scenario is based on the site of a former
thorium processing facility and a (physically separated) gas mantle production facility.
It is an example of a legacy site and is characterized by a highly heterogeneous
distribution of contaminated material in a built-up area near to a large river. The
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available data indicate that there has been very little groundwater contamination even
though there are several small creeks or streams in the area.
(2)

Lignite power station: This site comprises two power stations, situated close together,
with a total of 5 stacks. There is a city approximately 5 km to the southeast. Values of
226
Ra concentrations in dust and on the ground surface have been measured, and
meteorological (wind rose) data are also available.

(3)

Phosphogypsum disposal – site 1: This site comprises a series of connected deposition
areas under a lake, very close to the coast. A series of monitoring wells is used to collect
data on 226Ra concentrations in surface water and groundwater. The results of
measurements of groundwater flow are also available.

(4)

Phosphogypsum disposal – site 2: A single large phosphogypsum stack is located on top
of a deep layer of clay approximately 1 km from the coast. A concrete wall has been
built on the downstream side of the stack to restrict the flow of contaminants leached
into the groundwater. A series of monitoring wells is used to measure radionuclide
concentrations. Leachate is extracted from a series of wells along the downstream side
of the stack and pumped back to the top of the stack.

10.4. Model Testing
10.4.1. Point source
The source was specified as a single stack 100 m in height, with specified discharge rates of
Ra, 210Pb and 210Po. Wind rose and atmospheric stability data were provided, together with
partition factors and other relevant environmental data. Modellers were asked to calculate the
annual radiation doses to occupants of two houses at given locations and with given
occupancy and dietary factors.
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10.4.2. Area source
The source in this case was specified as a waste pile 1 km square and 10 m thick, with a cover
layer of 2 m of clean soil. The waste was underlain by a 3 m thick layer consisting of a
specified mixture of clay and sand, and this layer was immediately above a 15 m thick aquifer
(see Figure 5). The direction and speed of groundwater flow in the aquifer were specified,
together with other relevant environmental, dietary and water usage (drinking, irrigation) data.
Modellers were asked to estimate the annual radiation doses to the occupants of three houses,
one above the waste area and two others at different distances from the waste area in the
direction of groundwater flow.
10.4.3. Area source + river
The source in this scenario was the same as for the area source, but a river was located 300 m
from the down-gradient edge (with respect to groundwater flow) of the waste. Most of the
data for this scenario were the same as the data for the area source scenario. River flow
parameters and the positions of houses at different distances downstream from the waste were
specified, and modellers were asked to estimate the annual radiation doses to occupants of
these houses.
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FIG. 5. Cross-section through area source and exposure points.

10.5. Conclusions
In contrast with other EMRAS working groups, the participants of the NORM working group
generally chose to apply existing models from the literature to the test scenarios. These
models had been developed by other organizations and so the participants were usually model
users rather than model developers/users, as was the case in most of the other working groups.
For these reasons, the issue of ‘ease of use’ of the models was an important issue for the
working group. It was noted that several of the models examined were not very ‘user friendly’
with insufficient explanation provided for the user. It was concluded that ease of use could be
greatly enhanced by the provision of good documentation and ‘help screens’, databases
containing default values of environmental parameters, and facilities for plotting the results of
calculations. It is also extremely important to provide the model user with simple procedures
for changing the default values and for adding extra data to existing databases.
Predictions were made for the three hypothetical scenarios using several models. The results
for the point source scenario showed that the simple models (COMPLY, CROM) predicted
higher radionuclide concentrations than the more realistic model PC-CREAM.
Predictions were made for the area source scenario using two models (RESRAD-OFFSITE
and DOSDIM + HYDRUS). In general, the results obtained from the two models (which use
different methodologies for groundwater transport) were consistent with each other. RESRAD
was ‘ calibrated’ by estimating the natural background radiation level and comparing it to the
existing natural background radiation levels.
The limited amount of model testing which was conducted within the working group does not
allow proper conclusions to be drawn about the state of modelling in this area. It is clear that
more model testing, especially using the real scenarios, is needed and that specific model
components and techniques may need to be developed to allow some of the more complex
features of the real scenarios to be modelled.
This is a subject of importance for many countries and for them competence in predicting the
behaviour of radionuclides in situations involving NORM needs to be developed.
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11.

TESTING OF MODELS FOR THE REMEDIATION OF THE
URBAN ENVIRONMENT

11.1. Introduction
The objective of the Urban Remediation Working Group was to test and improve models used
for assessments related to the remediation of urban areas contaminated with radionuclides.
Events that can result in the dispersal or deposition of radionuclides in an urban situation
include both intentional and unintentional events, and can range from major events involving
a nuclear facility or a nuclear weapon, to small events such as a transportation accident.
Currently, a concern of many governmental authorities is the deliberate dispersal of
radioactivity from a device, with or without an explosion.
The endpoints tested by the working group were radiation dose rates and cumulative doses to
humans in urban areas contaminated with dispersed radionuclides; this included the prediction
of changes in radionuclide concentrations or radiation dose rates as a function of location and
time, the identification of the most important pathways for human exposure, and the
prediction of the reduction in radionuclide concentrations, radiation dose rates or radiation
doses resulting from various countermeasures or remediation efforts. The approach to
achieving this objective was by: (i) identification of realistic scenarios for a wide variety of
situations; (ii) comparison and testing of approaches and models for assessing the significance
of a given contamination event, and for guiding decisions about countermeasures or
remediation measures implemented to reduce radiation doses to humans or to clean up the
contaminated area; and (iii) improving the understanding of processes and situations that
affect the spread of contamination to aid in the development of appropriate models and
parameter values for use in the assessment of these situations. The ultimate aim of the
working group was to develop the capabilities of models as tools for use in decision making
for addressing long term radiological concerns after an urban contamination event has
occurred and for assisting in identifying appropriate remediation measures.
11.2. Methods of the working group
The activities of the working group covered three main areas. The first of these was a review
of the available modelling approaches and computer models for use in evaluating the
consequences of urban contamination and of potential countermeasures or remediation
activities. The second was a modelling exercise based on data obtained from the town of
Pripyat in the Ukraine, following the Chernobyl accident. The Pripyat scenario provided an
opportunity to model a large scale contamination event and its long term effects. The scenario
permitted the intercomparison of the predictions obtained from four different models
(EXPURT, METRO-K, EDEM, and CPHR) as well as, for some endpoints for which
measurement data were available, a comparison of model results with actual measurements.
The third area was a model intercomparison based on a hypothetical scenario involving a
point-release of a radionuclide in a large modern city; the release was from a dispersal device
and involved an explosion. This scenario provided an opportunity for the intercomparison of
predictions obtained from three models, i.e., METRO-K, CPHR, and RESRAD-RDD. For
both modelling scenarios, the intent was to model the radiological impact on exposed groups
of the public over time in the absence of any remediation, and then after selected remedial
measures had been applied. This approach was intended to allow comparison of the short term
and long term effects of various remedial measures on external radiation dose levels and on
the radiation doses to humans at the locations of interest (outdoors and indoors), for the
purpose of aiding decisions about when to remediate and which remedial measures to use.
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A review of the main modelling approaches and computer models presently available
worldwide for use in assessing urban contamination situations has been prepared. In addition,
the models used in the working group’s intercomparisons have been described in detail in the
working group’s report entitled, “Environmental modelling of remediation of Urban
contaminated areas”, including the parameter values used for each of the two scenarios
(Pripyat and Hypothetical scenarios).
The working group has also summarized several key considerations for characterizing an
urban environment for modelling purposes. The application of computer models to assess
potential countermeasures or remediation measures is considered to be incompletely
developed and therefore the working group has summarized the available literature on
countermeasures and their effectiveness and has developed guidance for implementing
countermeasures or remediation measures in computer models. An important caveat is that
much of the available information on urban modelling generally and the application of
countermeasures more specifically has come from the experience of the consequences of the
Chernobyl accident; for this reason some information might not be directly applicable for
other types of contamination, dispersal events or geographical conditions.
11.3. Results
The first of the working group’s two model intercomparison exercises was the Pripyat
scenario, based on Chernobyl fallout data for the town of Pripyat in the Ukraine, 3 km from
the site of the accident. Deposition from the accident contained a wide spectrum of nuclear
fission products, activation products, and transuranium elements. The scenario involved
several radionuclides (95Nb, 95Zr, 103Ru, 106Ru, 134Cs, 137Cs, 141Ce, and 144Ce). Measured
deposition of these radionuclides in District 1 and District 4 was provided as input
information (e.g., for 137Cs, 1.4 MBq m-2 in District 1 and 0.52 MBq m-2 in District 4). Pripyat
was evacuated soon after the Chernobyl accident and has remained essentially uninhabited
since that time.
The spread of the predictions from the four models for a given endpoint is more than an order
of magnitude in many cases, and in some cases, up to 3–4 orders of magnitude. These large
differences reflect the current uncertainty associated with modelling the behaviour of urban
contamination; much of this uncertainty is likely to be related to issues such as: determining
which surfaces need to be included in a model (Figure 6), the weathering of radionuclides
from surfaces and transfer between surfaces, and the behaviour of different types of surface as
contaminant collectors over long periods. The models used in the Pripyat scenario include
different combinations of surfaces (e.g., interior surfaces of buildings were included in some
models but not in others; trees were included as surfaces in some models but not in others) or
treat some surfaces differently (e.g., artificial surfaces were considered permeable in some
models but impermeable in others); thus even when models gave similar results for a given
endpoint (e.g., radiation dose rate at a given time and location), the relative contributions of
surfaces to those results were often different. The examination of predictions of interim points
in the overall dose assessment (e.g., the contributions to dose rate from specified surfaces) has
enabled the working group to identify and understand the differences between models.
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FIG. 6. Schematic drawing of an urban location illustrating the various surfaces that can
contribute to the total dose rate to exposed persons. For example, a person spending time
outdoors may receive a dose from grass, trees, paved surfaces such as streets and parking
lots, and the roofs and outer walls of buildings. A person spending time indoors may receive a
dose from the same surfaces (allowing for shielding effects of the building structure), plus any
contaminated indoor surfaces.

Predicted external doses to an outdoor worker (i.e., a worker employed at an outdoor job not
associated with remedial activities) over the period from the accident until 1 August 1986
varied from about 85 mGy to 200 mGy; predicted cumulative doses over 20 years varied from
about 160 mGy to more than 4000 mGy, in the absence of countermeasures. Individual
decontamination measures (e.g., removal of the top layer of soil, cutting and removal of grass,
washing of roads) were estimated to reduce the effective dose accumulated over the first time
period from a few percent to as much as 79%; the variations in predicted doses were due to
different assumptions about generic and scenario-specific modelling, the habits of the critical
group, and the contribution of the decontaminated surface to the estimated dose. Short lived
radionuclides were found to be very important contributors to total dose in this scenario. The
relocation of a target person during the first 6 months after the accident produced a 70–85%
reduction in the cumulative (20 year) dose according to most of the models. Decontamination
measures that physically removed contamination from the scene (e.g., cutting and removal of
grass, removal of soil) had lasting effects in terms of dose reduction even 20 years later.
Measurements of radiation dose rate were available for the Pripyat scenario. These were
compared with the model predictions for the relevant locations and dates. Most of the models
tended to underestimate the dose rates for outdoor locations, in part because the absence of
human activity in the town (the population was permanently relocated after the accident)
appears to have resulted in a slower loss of activity from surfaces than might be expected
under normal circumstances.
The working group’s second modelling exercise was a scenario based on a hypothetical
dispersal device event. Using computer simulations (obtained with the Hotspot code) of an
explosive event involving a 50 TBq 137Cs source, a set of reference surface contamination
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data for a part of a large modern city was prepared for use as model input, together with initial
concentrations of 137Cs in air from the passage of the plume as a function of height at selected
locations. Based on this input information, modellers were required to predict contamination
densities and radiation dose rates over time at selected indoor and outdoor locations, radiation
doses for defined exposure situations (e.g., residential or occupational exposure at a given
location), and the effects of selected countermeasures on the effective doses to members of
several critical groups. As with the Pripyat scenario, the spread of predicted values for a given
endpoint was sometimes large (2–4 orders of magnitude), especially for later time points. The
reasons for the variation in predictions are also similar to those for the Pripyat scenario. The
predicted time-dependent behaviour of the contamination differed among models with one
model showing an initial rise in contamination density or dose rate for more distant locations;
this was attributed by the modeller to the continued transfer of contamination from the nearfield zone for some period after the event.
11.4. Conclusions
By comparing results from the models for the same endpoints, the working group was able to
identify differences in the modelling approaches or parameterization and the effects of these
differences on the model endpoints, to evaluate the short term and long term effects of various
countermeasures on predicted doses, and to justify selected revisions to the models. The
differences in the modelling results in the two scenarios examined are due largely to
differences in the conceptual models that were used. As has been found in many previous
modelling exercises, such as VAMP and BIOMASS, the comparison of model results among
participants and models also provides an opportunity to identify and correct errors in coding
or input information and to clarify the interpretation of the scenario.
The working group has identified a number of areas where additional information would
permit modellers to improve predictive capabilities and reduce uncertainties. These include
improved information about the initial distribution of contamination, contaminant transport
processes in urban settings, parameter information for radionuclides other than 137Cs, and the
nature of various urban surfaces in different countries or situations, as well as human habits
and patterns of movement. The working group’s modelling scenarios mainly involved single
countermeasures rather than combinations of them. The effectiveness of combined
countermeasures is not necessarily the sum of their individual effectiveness, and may depend
on the timing of the countermeasure or the order in which countermeasures are implemented.
For example, it is important to wash roads and roofs before it rains. Further work on
modelling combinations of countermeasures would be useful.
The Urban Remediation Working Group has also prepared general and specific practical
considerations for decision-makers. For example, the types of data needed in preparation for
potential urban contamination events have been identified, together with the most important
information to collect at the time and place of an actual event.
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12. REVIEW OF DATA AND TESTING OF MODELS FOR PREDICTING THE
TRANSFER OF RADIONUCLIDES TO NON-HUMAN BIOLOGICAL SPECIES
12.1. Introduction
Currently, there is interest in developing guidelines for the protection of non-human biota
from the harmful effects of ionizing radiation at both national and international levels, with
some IAEA Member States already conducting assessments under national regulations. In
response to these developments, several models and approaches have been developed for the
purpose of estimating the exposure of non-human biota to ionizing radiation.
The primary objective of the Biota Working Group was: “to improve Member States’
capabilities for protection of the environment by comparing and validating models being used,
or developed, for biota dose assessment (that may be used) as part of the regulatory process of
licensing and compliance monitoring of authorised releases of radionuclides”.
Models and approaches being developed, and in some instances applied in a regulatory
context, in the USA, Canada, France, Belgium, Russia, Lithuania and the UK and some
developed in EC research programmes were tested in the working group exercises.
12.2. Model testing exercises
Two model-model comparison exercises were conducted to compare the basic components of
the participating models (dose conversion coefficients (DCCs) and approaches to transfer
modelling).
In addition, two model-data comparisons were undertaken, utilising databases for aquatic
(Perch Lake, Canada) and terrestrial (Chernobyl exclusion zone) ecosystems.
The participating models included RESRAD-BIOTA, ERICA, EA R&D128 and FASSET
(see http://www.ceh.ac.uk/protect/pages/env_protect_radio.html) and in-house models being
used/developed by various working group participants.
12.3. Overview of results
12.3.1. Dosimetry and transfer components of the models
The exercise to compare predicted whole body absorbed radiation dose rates (reported as
DCCs) for a selection of the proposed International Commission on Radiological Protection
(ICRP) Reference Animal geometries [4] demonstrated that comparable internal dose rates
were obtained with all of the participating models (11 models) even though different
assumptions were made. The notable exception to this conclusion was as a consequence of
different daughter products being included (e.g., one approach included 234U in the estimation
of the DCC for 238U). The variation between models was greater for the estimation of external
dose rates, most notably for α- and β-emitters. However, external exposure due to most of
these emitters is of little radiological significance for biota due to their low range in matter.
The comparison of predicted activity concentrations in a range of freshwater and terrestrial
biota (8 models), assuming unit concentration of activity in the base medium (1 Bq per unit of
soil, water or air) showed considerably more variability than the comparison of dose
estimates. For many radionuclide-reference organism combinations, the variability in
predictions covered three or more orders of magnitude. Predictions were often most variable
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for poorly studied organisms such as fish eggs, bird eggs, ducks, amphibians and aquatic
mammals. Some of the variability can be explained by the use of ‘guidance’ methodologies to
estimate values in the absence of data. The guidance methodologies are generally intended to
provide conservative values and, in most instances, they resulted in comparatively high (and
hence conservative) predictions.
12.3.2. Scenario applications
The two scenario applications allowed model predictions to be compared to measured whole
body activity concentrations of a number of radionuclides (90Sr, 137Cs, Pu-isotopes, 241Am,
60
Co and 3H) in a range of freshwater and terrestrial biota. The majority of the models gave
predicted activity concentrations in most organism types to within an order of magnitude of
the observed data. However, in a few cases, the differences between predictions and observed
values were two or more orders of magnitude. As an example, Figure 7 shows a comparison
of the average predictions of whole body 90Sr activity concentrations for a range of organisms
considered within the terrestrial (Chernobyl exclusion zone) scenario. To aid comparison,
each prediction has been normalized to the measured data.
The results from the scenario model testing exercises were generally in agreement with those
of the model-model testing exercises and the understanding of the different models gained in
the earlier phase of the work aided the interpretation of the variability between the model
predictions.
The variability between estimated radiation dose rates to biota can mainly be explained by the
variability in predicted whole body activity concentrations. In the scenario testing exercises,
less variability was observed in the estimated total radiation dose rates (typically less than an
order of magnitude) than might have been anticipated from the observed variations in
predicted activity concentrations (typically at least three orders of magnitude). This was due
to compensating effects — some models under estimated for one radionuclide and over
predicted for another for the same organism. Total radiation dose rate alone is, therefore, an
inappropriate indicator of model performance in such model inter-comparisons.
External radiation dose generally made a small contribution to the total dose in the two
scenarios considered and, therefore, differences in assumptions about the occupancy of biota
had a small influence on the overall variation in estimated dose rates. In contrast, internal
radiation doses made the largest contribution to total dose and the assumptions with regard to
diet and concentration ratio (CR) values had an important influence on the variations between
predictions.
The scenarios allowed comparison to be made of the predictions of simple CR based
approaches with more complex food chain models under equilibrium conditions. Overall, the
two approaches compared favourably. However, in the case of the freshwater scenario (Perch
Lake), two of the models which take into account water chemistry gave the most accurate
predictions of the transfer of 90Sr to fish.
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FIG. 7. A comparison of the mean normalized predicted 90Sr activity concentrations by
organism type for the Chernobyl (terrestrial) scenario considered by the Biota
Working Group.

12.4. Conclusions
Although the need for a system for environmental protection from ionizing radiation is now
generally recognized, many aspects including the establishment of protection goals,
benchmark (dose rate) values and the parameterization of models applied in the work
described here are still under development.
An aim of the working group was to help in the improvement of the models used by IAEA
Member States. This was achieved to the extent that the collaborative exercises led to the
sharing of parameter values and/or re-parameterization in some of the participating models.
However, the model-model inter-comparisons and the scenario testing exercises involved only
a limited number of radionuclides. It is recognized that the sites for which extensive databases
are available and which were used in the exercises may not (especially in the case of
Chernobyl) be typical of situations that need to be assessed within regulatory frameworks.
The work of the working group has clearly demonstrated that the largest contribution to
variability between model predictions and between model predictions and scenario values is
the parameterisation of transfer components. There is a clear need to improve the sharing of
knowledge on the transfer of radionuclides to biota and to provide authoritative collations of
those data which are available.
The work of the working group is therefore incomplete and some of the areas still needing
attention are as follows:
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⎯

The work of the working group has shown that the largest contribution to variability
between model predictions and scenario values is the parameterisation of transfer
components. There is a clear need to improve the sharing of knowledge on the transfer
of radionuclides to biota and to provide authoritative collations of those data which are
available.

⎯

Situations which regulators/industry in most countries are having to consider should be
addressed (e.g. waste repositories, NORM sites, boundary ecosystems). Scenarios based
on such situations would enable the comparison of the available approaches within a
regulatory context.

⎯

The models used by the working group predict dose rates to biota but there is also a
need to be able to determine the potential consequences of the predicted dose rates. A
large amount of data on the effects of ionising radiation on biota has recently been
collated in EC programmes (see www.frederica-online.org). However, this data
collection covers only a portion of the available scientific literature and more efforts are
needed to collate and quality assure all of the available data.
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13.

OUTCOMES OF THE EMRAS PROGRAMME

The EMRAS programme has contributed to an improved understanding of the factors
affecting the reliability of environmental assessment models, that is, models used for
predicting the radiological impact of radionuclides released under routine and accident
conditions into the terrestrial, including urban, and the aquatic environments.
The comparison of model predictions with real data from measurements made in the
environment provides a good indication of the uncertainty which exists in modelling
assessments and, on this basis, the work of several of the EMRAS working groups has
pointed to the areas to which attention must be addressed for improving the reliability of
future predictions.
The programme has led to the documentation of new and more comprehensive reference data
sets for radionuclide transfer in the environment. In comparison with the existing IAEA
publication on the subject (TRS-364), the scope has been broadened beyond temperate
climates and the new collection contains data on an increased number of transfer parameters
(TRS-472). Data on the transfer of radionuclides to rice have been included for the first time
and specific activity models and data are now given for the mobile radionuclides tritium, 14C
and 36Cl.
The EMRAS programme has contributed to the development of an international system for
the protection of biota by providing a forum in which models developed in Member States for
this purpose were compared and tested.
Maintaining the capabilities and competence of nuclear experts is becoming an issue in
Member States and the EMRAS programme has provided a valuable mechanism for
transferring knowledge and expertise in the area of impact assessment modelling. Individual
participants in the EMRAS programme have benefited from the opportunity to make contact
with other scientists with similar interests, to exchange information and to compare models
and model predictions with those of others.
In order to achieve their goals, the various EMRAS working groups organized new and
existing data into a number of test or reference data sets for terrestrial and aquatic scenarios
that can be used by scientists outside the programme for model testing purposes. The
extensive documentation provided in the working group reports should be a valuable resource
for all Member States, whether or not they participated in the programme. For example, the
working group reports include the various modelling scenarios and their documentation in
detail. These scenarios can be used by new modellers to gain experience of modelling
generally, of a specific model, or of a new area of modelling.
The working group reports are published in the form of IAEA reports and are contained on a
CD-ROM which accompanies this summary report.
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Interim Working Group Meetings
Theme 1, Working Group 1:
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IAEA, Vienna: 12–16 June 2006; Paris, France: 6–8 June 2007
Theme 1, Working Group 2:
California, USA: 19–22 April 2004; Baden-Baden, Germany: 13–17 September 2004;
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Theme 1, Working Group 3:
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Theme 1, Working Group 4
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Theme 2, Working Group 1:
IAEA, Vienna: 8–11 November 2004; Seville, Spain: 9–12 May 2005;
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Theme 2, Working Group 2:
IAEA, Vienna: 21–23 April 2004; IAEA, Vienna: 30 May – 1 June 2005;
IAEA, Vienna: 19–21 June 2006; IAEA, Vienna: 18–20 April 2007;
IAEA, Vienna: 15–19 October 2007
Theme 3, Working Group 1:
IAEA, Vienna: 1–3 June 2005; IAEA, Vienna: 12–14 June 2006;
IAEA, Vienna: 25–27 June 2007
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