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BIOMOVS II

Preface

BIOMOVS (BlOspheric MOdel Validation Study) was an international cooperative
study to test models designed to quantify the transfer and bioaccumulation of
radionuclides and other trace substances in the environment. The first phase of
BIOMOVS was completed in 1990, and the second phase, BIOMOVS II, in 1996.

The BIOMOVS II study was jointly managed by five organisations:

• The Atomic Energy Control Board, Canada;

• Atomic Energy of Canada Limited;

• Centro de Investigaciones Energeticas Medioambientales y Tecnologicas,
Spain;

• Empresa Nacional de Residuos Radiactivos SA, Spain;

• Swedish Radiation Protection Institute.

The primary objectives of BIOMOVS II were threefold, namely:

1. to test the accuracy of the predictions of environmental assessment models
for selected contaminants and exposure scenarios;

2. to explain differences in model predictions due to differences in model
structure, modelling assumptions and/or differences in selected input data;

3. to recommend priorities for future research to improve the accuracy of model
predictions.

A secondary objective of the study was to act as a forum for the exchange of ideas,
experience and information in order to improve the confidence with which the
environmental behaviour of trace substances in the biosphere can be assessed
quantitatively.

This report provides an overview of the BIOMOVS II study. The major purposes of
the report are to provide information on the objectives and organisation of the study,
to provide key scientific and technical findings of the individual working groups, to
review how far the objectives of the programme were met, to summarise the progress
made in biosphere modelling and assessing uncertainties, and to provide overall
conclusions and suggestions for further work.

BIOMOVS II involved a major collaborative effort from organisations and
individuals from many countries and with widely different experience. Priority was
given to promoting such collaboration and to producing significant material for
consideration by the widest possible community. As such, compromises sometimes
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had to be made. The opinions expressed in this and other BIOMOVS II reports do
not necessarily reflect the views of the participating organisations. Furthermore, the
examples of modelling results presented and discussed do not necessarily include the
very latest developments in all countries.

This Overview Report has been produced by the BIOMOVS II Steering Committee in
consultation with the Working Group Leaders, the BIOMOVS II Scientific and
Technical Secretariat and participants in the final BIOMOVS II meeting. Independent
review contributions were provided by Dr Peter Coughtrey.
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1. Introduction

BIOMOVS (BlOspheric MOdel Validation Study) was started under the auspices of
the Swedish Radiation Protection Institute (SSI) in 1985. Prior to the inception of the

; study, model testing had focussed on models of contaminant dispersion in the
atmosphere, surface water and groundwater. In contrast, testing models of

f contaminant behaviour in soils, and in the terrestrial and aquatic food chains was
receiving scant attention. BIOMOVS was therefore established as an international

f j cooperative effort to redress this imbalance through the testing of models designed to
quantify the transfer and uptake of radionuclides and other trace substances in the

( environment. The contaminant release scenarios considered were relevant to a broad
range of assessment issues and included some relatively novel modelling problems

{ particularly for long-term waste management themes [BIOMOVS, 1993].

It was not possible to consider all potentially important pathways and scenarios
during the study. Moreover, some of the reasons for the differences among
predictions for the scenarios considered were not fully resolved. Thus, when the first
phase of BIOMOVS was completed in 1990, there still remained scope for further
work. Clearly, in discussion of what should be done next, consideration had to be
given to the output and conclusions of phase one of BIOMOVS, but also the
objectives and programmes of other international projects and programmes, as well
as the research and assessment interests of national bodies and organisations. Key
interests were in particular areas of radioecology research, model validation and
evaluation of uncertainties, and problems in performance assessment for solid waste
repositories. Account was taken of the VAMP programme of the International
Atomic Energy Agency (IAEA) and the interests of the Nuclear Energy Agency's
Performance Assessment Advisory Group. Finally, it was decided that a second
phase, BIOMOVS n, should be undertaken with funding from five organisations:

• The Atomic Energy Control Board, Canada;

• Atomic Energy of Canada Limited;

• Centro de Investigaciones Energeticas Medioambientales y
Tecnologicas, Spain;

• Empresa Nacional de Residuos Radiactivos SA, Spain;

• Swedish Radiation Protection Institute.

The first BIOMOVS II meeting was held at the IAEA, Vienna, in October 1991. A
total of 65 people from 20 countries and 42 organisations attended this meeting. By
the completion of BIOMOVS II in October 1996 over 300 people from 31 countries
and over 160 organisations had participated.

This report provides an overview of the activities and achievements of BIOMOVS II.
Section 2 provides information on the overall study objectives; the organisational
structure of the study and its Working Groups are described in Section 3. Section 4
describes the objectives of the individual Working Groups and summarises their key
scientific and technical findings. Section 5 examines the extent to which the main
objectives of the study have been fulfilled, assesses progress in generic aspects of
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biosphere modelling, summarises overall conclusions and implications, and provides
suggestions for further work.

2. Overall Study Objectives

The primary objectives of BIOMOVS II were threefold:

1. to test the accuracy of the predictions of environmental assessment models
for selected contaminants and exposure scenarios;

2. to explain differences in model predictions due to differences in model
structure, modelling assumptions and/or differences in selected input data;

3. to recommend priorities for future research to improve the accuracy of model
predictions.

A secondary objective of the study was to act as a forum for the exchange of ideas,
experience and information in order to improve the confidence with which the
behaviour of trace substances in the biosphere could be assessed quantitatively. It
was the aim of BIOMOVS II that this forum should include modellers and other
scientists working in the fields of safety assessment, radioecology, geology,
climatology, etc, as well as experimentalists performing laboratory studies in these
areas.

In developing these objectives, additional objectives consistent with the background
to the project were established within the individual themes addressed within
BIOMOVS II. Notably, these included methodological developments for radiological
assessments.

Two different approaches were employed within BIOMOVS II for fulfilling these
objectives. One approach to model testing, Approach A, involved the formulation
of test scenarios based on suitable data and a comparison of model predictions
against these independent data sets. The other approach, Approach B, involved
intercomparison between model predictions together with associated estimates of
uncertainty for specific test scenarios selected on the basis of assessment priorities.

3. Organisational and Working Group Structure

Scientific direction for the study was provided by a Coordinating Committee,
composed of representatives of the organisations which formally accepted
participation in BIOMOVS II (Appendix A). The Committee decided on the issues
to be included in the study and appointed Working Group Leaders to Working
Groups to address these issues. A Steering Committee, composed of representatives
from the funding organisations (Section 1), was established to organise and manage
the administrative aspects of the project. Both committees received support from
the Scientific and Technical Secretariat (Appendix A).

The first BIOMOVS II meeting focused on identifying the issues to be addressed at
the Working Group level within the study. Four broad themes, with associated
Working Groups, were identified, based on discussions at the meeting and the final
meeting of the first phase of BIOMOVS.
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• Theme 1: Scenario Development and Model Intercomparison (Uranium Mill
Tailings, Special Radionuclides, and Complementary Studies Working
Groups);

• Theme 2: Uncertainties and Validation (Uncertainties and Validation
Working Group);

• Theme 3: Reference Biospheres for Long Term Assessment (Reference
Biospheres Working Group);

• Theme 4: Additional themes (Post-Chernobyl Working Group, and a
proposed Environmental Risk Assessment Working Group).

These Working Groups and their interactions are shown in Figure 1. Their individual
objectives and key findings are summarised in Section 4. Interaction between the
Working Groups was encouraged. For example, there was considerable exchange of
information and ideas between the Reference Biospheres and Complementary
Studies Working Groups.
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Figure 1: BIOMOVS II Working Groups
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Certain Groups formed Sub-Groups to investigate particular topics associated with
their main theme (Figure 1). For example, the Post-Chernobyl Working Group had
three Sub-Groups to investigate: the wash-off of radionuclides from experimental
plots; the consequences of radioactive contamination of cooling ponds; and the
resuspension of radionuclides into the atmosphere. The Uncertainties and
Validation Working Group originally had four Sub-Groups. However in 1993, a
proposal was made for testing models for upward migration of radionuclides in soil
based on experimental lysimeter data. Considerable interest was expressed and
therefore an additional Sub-Group was established during 1994.

One proposed Working Group (Environmental Risk Assessment) and one proposed
Sub-Group within the Uncertainties and Validation Working Group (Natural
Analogue Data) did not develop. Although there was considerable interest in the
concept of environmental risk assessment, it was recommended that, where
appropriate, existing BIOMOVS II Working Groups should expand their scope to
consider environmental risk assessment. As a result, the Uranium Mill Tailings
scenario was extended to consider risks to humans from radionuclides and stable
elements, and the Post-Chernobyl Cooling Pond scenario was extended to consider
doses both to humans and to aquatic biota.

Interest was also shown in the use of natural analogues. BIOMOVS II participants
were invited to predict naturally occurring concentrations of elements in present day
terrestrial and near surface horizons. The predictions were to be based on
interpretation of historical data for a real site at the Aspo hard rock laboratory,
Sweden. Despite the interest shown, specific offers of model predictions were very
limited. Reasons for this included: few if any participants had models for this type
of system; interested people were already actively participating in other BIOMOVS II
activities; and the problem was too specifically related to land rise. Therefore, it
was decided that the proposal for modelling predictions would not be carried
forward within the BIOMOVS II timeframe.

During the five years of BIOMOVS II, the Working Groups undertook a series of
studies resulting in the production of 16 Technical Reports (Table 1). The BIOMOVS
II scenario descriptions are fully documented in the Technical Reports, and can be
used for future model testing by those not involved in the programme. In addition, it
is planned to summarise the work of each Working Group in a special BIOMOVS II
edition of the Journal of Environmental Radioactivity in 1997.

The BIOMOVS II Working Groups considered the release into the environment of a
wide range of radionuclides with differing half-lives and behaviour (H-3, C-14,
Na-22, Cl-36, Sr-90, Tc-99,1-129,1-131, Cs-137, Np-237 and daughters, U-238 and
daughters, Pu-239 and Pu-240). The Uranium Mill Tailings Working Group also
considered the release of four stable elements (As, Cr, Ni and Pb). Consideration
was given to contaminant release to different media (atmosphere, soil, groundwater,
and surface freshwater and associated sediment) in different phases (solid, liquid
and gas). The subsequent transport of contaminants via various terrestrial, aquatic
and atmospheric pathways was then assessed and, for certain scenarios, the
resulting radiation doses and/or health risks to humans were calculated.

Learning from the experience gained during the first phase of BIOMOVS, all Working
Groups took time to define carefully the problems to be assessed before undertaking
calculations. Following analysis of results submitted, modifications were often
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made to models, input data and scenario descriptions, and results re-calculated.
Details of the nature and timing of the work undertaken by the Working Groups are
provided in the various Technical Reports, together with details of each Group's
participants.

Table 1: List of Technical Reports from BIOMOVS II Working Groups*

Report
No.

TRl

TR2

TR3

TR4

TR5

TR6

TR7

TR8

TR9

TRIO

TR11

TR12

TR13

TRW

TR15

TR16

Title

Guidelines for Uncertainty Analysis Developed for Participants in the BIOMOVS II
Study. July 1993, ISBN 91-972134-0-3.

Interim Report on Reference Biospheres for Radioactive Waste Disposal. October
1994, ISBN 91-972134-2-X

Qualitative and Quantitative Guidelines for the Comparison of Environmental Model
Predictions. March 1995, ISBN 91-972134-1-1.

Long Term Contaminant Migration and Impacts from Uranium Mill Tailings:
Comparison of Computer Models Using a Hypothetical Dataset. November 1995,
ISBN 91-972134-3-8.

Long Term Contaminant Migration and Impacts from Uranium Mill Tailings:
Comparison of Computer Models Using a Realistic Dataset, ISBN 91-972134-4-6.

Development of Reference Biospheres Methodology for Radioactive Waste Disposal.
September 1996, ISBN 91-972134-5-4.

Uncertainty and Validation: Effect of User Interpretation on Uncertainty Estimates.
ISBN 91-972134-6-2

Tritium in the Food Chain: Intercomparison of Model Predictions of Contamination in
Soil, Crops, Milk and Beef after a Short Exposure to Tritiated Water Vapour in Air.
ISBN 91-972134-7-0.

Wash-off of Sr-90 and Cs-137 from Two Experimental Plots: Model Testing Using
Chernobyl Data, ISBN 91-972134-S-9.

Assessment of the Consequences of Radioactive Contamination of Aquatic Media and
Biota: Model Testing Using Chernobyl Data, ISBN 91-972134-9-7.

Atmospheric Resuspension of Radionudides: Model Testing Using Chernobyl Data,
ISBN 91 972958-0-9.

Biosphere Modelling for Dose Assessments of Radioactive Waste Repositories: Final
Report of the Complementary Studies Working Group. September 1996, ISBN 91
972958-1-7.

Tritium in the Food Chain: Comparison of Predicted and Observed Behaviour A.
Re-emission from Soil and Vegetation. B. Formation of Organically Bound Tritium in
Grain of Spring Wheat, ISBN 91-972958-2-5.

Validation Test for Carbon-14 Migration and Accumulation in a Canadian Shield
Lake, ISBN 91 972958-3-3.

Model Validation Studies of Water Flow and Radionuclide Transport in Vegetated
Soils Using Lysimeter Data. September 1996, ISBN 91972958-4-1.

Effect of Model Complexity on Uncertainty Estimates. September 1996, ISBN 91-
972958-6-8.
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Uncertainties
and
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Uncertainties
and

Validation
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Radionuclides
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* All these reports are published on behalf of the BIOMOVS II Steering Committee by the Swedish
Radiation Protection Institute, Stockholm.
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4o Working Group Objectives and Key Findings

This section sets out the main objectives and key findings of each of the Working
Groups. Each summary is based on the relevant Technical Report(s) (as listed in
Table 1), which should be consulted for detailed descriptions of objectives, results
and conclusions. Issues crossing over two or more Working Groups or relating to the
programme as a whole are set out in Section 5.

When reviewing the results and conclusions outlined in this section, it is important to
remember that many are specific to the scenario assessed and any attempt to apply
them in a wider context must be undertaken with caution.

4.1 Uncertainties and Validation

Information on model validity and uncertainty is required before model predictions
can be used in any meaningful way by policy makers. The BIOMOVS II programme
sought to address this issue through the Uncertainty and Validation Working Group
which pursued, through a number of Sub-Groups, the following specific objectives.

• To prepare guidelines for uncertainty analysis which could be applied within
the BIOMOVS II programme recognising the need for individual participants
to make judgemental decisions for different types of study.

• To provide guidelines for qualitative and quantitative approaches for
comparison of the results of environmental model predictions obtained within
the BIOMOVS II programme.

• To test users' influence on model predictions in a more systematic manner
than had been done previously by comparing differences in predictions
obtained by different users of the same model and the same scenario
description, and to create a better awareness of the potential influence of the
user on model results.

• To evaluate the effects of model complexity on uncertainties associated with
different endpoints by applying a range of models of different degrees of
sophistication to a defined scenario.

• To provide a quantitative comparison of model predictions and real data
relating to soil water balance and contaminant migration in soils as applied
to the situation of contamination occurring below the root zone.

The approaches to meeting the above objectives are set out in Technical Reports 1,
3, 7, 15 and 16. The extent to which objectives could be met was found to be
variable with a number of iterations often required to ensure a consistent
understanding of the problem and the method of solution to be applied. Key
outputs and findings were as follows.

4.1.1 Guidelines to Uncertainty Analysis

The guidelines presented in Technical Report 1 were an attempt to bring consistency
to the uncertainty analyses carried out for BIOMOVS II. They provided a concise,
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practical and accessible guide that was meant to encourage participants to include
quantitative uncertainty estimates with their predictions, and to ensure that the
estimates were useful. They outlined the steps to be followed in a parametric
uncertainty analysis, recommended methods to be used at each step, and provided
practical information on implementing the methods. The key recommendations
included the need to:

• estimate the uncertainty in all model predictions and include all sources of
uncertainty in the estimates;

• use informal expert elicitation to construct the probability density functions
for the uncertain parameters;

• express the uncertainty estimates quantitatively, for example in terms of 90%
confidence intervals;

• document in detail the methods used and assumptions made in carrying out
the uncertainty analysis.

4.1.2 Guidelines for the Comparison of Model Predictions

The guidelines contained in Technical Report 3 provided graphical and statistical
tools for use in comparing model predictions with observations, or with the
predictions of other models. They were prepared to encourage participants to make
quantitative statements about model performance and to ensure that the
comparisons were made in a meaningful way. Methods designed to answer
questions concerned with the degree of agreement between predictions and
observations, whether similar models give similar results, and whether similarities
can be ascribed to specific model structures and parameterisations were discussed.
The methods were illustrated by examples based on results from the VAMP CB
Scenario [IAEA, 1995], for cases ranging from a single model output predicted at a
single timepoint to multiple outputs at multiple timepoints. It was stressed that the
results of the various techniques, whether qualitative or quantitative, should not be
considered in isolation. Overall model evaluation must also include an assessment
of model structure and formulation, as well as justification of all assumptions made.

4.1.3 The Effect of User Interpretation on Uncertainty Estimates

Uncertainty in predictions of environmental transfer models arises from, among
other sources, the adequacy of the conceptual model, the approximations made in
coding the conceptual model, the quality of the input data, the uncertainty in
parameter values, and the assumptions made by the user. In recent years increasing
efforts have been made to quantify the confidence that can be placed in predictions,
but these efforts have concentrated on a statistical propagation of the influence of
parameter uncertainties on the calculational results.

The influence of the model user's interpretation both of the model itself and of the
scenario to be modelled, is not usually taken into account in uncertainty analyses.
Furthermore, the potential importance of model user interpretation rarely seems to be
recognised.

The primary objective of this Working Group was to test user's influence on model
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predictions on a more systematic basis than has been done before. The main goals
were:

• to compare differences between predictions from different people who were
all using the same model and the same scenario description;

• to create a better awareness of the potential influence of the user on the
modelling results.

In order to achieve these objectives, all participants were given the same three
scenario descriptions and the same three encoded terrestrial food chain models. The
three codes were used with each scenario to predict activities of 1-131 and/or Cs-
137 in milk and pasture at different times after an accidental deposition of the
radionuclides. Application of the codes to the scenarios involved interpretation of
the scenario description, for example to determine appropriate choices of parameter
values. The predictions were then compared with actual field data. The results of
the study are fully described in Technical Report 7 and example results are given in
Figure 2.

A number of observations and conclusions can be made.

• For any set of predictions, the variation in best estimates was greater than
one order of magnitude and most of the predictions showed order of
magnitude discrepancies when best estimates were compared with the
observations.

• The 95% confidence intervals, calculated from the parameter distributions
prepared by the participants, did not always overlap the observations.
Sometimes the confidence intervals on the individual participants'
predictions did not overlap one another. The 95% confidence intervals of
individual predictions were often smaller than the variation between the best
estimate predictions of the group.

• The variation in results was amongst the greatest seen in any of the
BIOMOVS II Working Groups. A significant reason for this was the protocol
adopted by the Group for the exercise. Whilst other Groups were encouraged
to discuss the scenarios to be modelled and iterate on their results, the
protocol for the User Interpretation exercise required each participant not to
discuss the scenario, the choice of parameters, or intermediate results with
other participants. Thus it was found that the choice of parameter values
contributed most to user-induced variability, followed by scenario
interpretation, and to lesser extent user error. The contribution due to code
implementation was low.

4.1.4 The Effect of Model Complexity on Uncertainty Estimates

Models of varying complexity were used to calculate the downward transport of
radionuclides in soils for a hypothetical scenario describing a case of surface
contamination of Cs-137, Sr-90 and 1-129. A total of seven modelling teams
participated, using 13 different models. Details of the study are given in Technical
Report 16.
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Figure 2: Example Results from the User Interpretation Sub-Group
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Despite the fact that the scenario for the investigation of the effects of model
complexity was defined in detail, there were still many issues where it was found
that different modelling groups applied different approaches to ostensibly the same
problem. As a consequence of this and other factors it was clear that uncertainty in
model predictions did not have a simple relation with the complexity of the model
used. For some of the endpoints, simple as well as complex models gave similar
results and similar uncertainty ranges, whereas for other endpoints the model results
ranged by several orders of magnitude and the uncertainty ranges did not overlap
(Figure 3). The largest difference was found for endpoints where the radionuclide
retention in the soil was important, eg, release to groundwater, since radioactive
decay gave rise to non-linear effects. The study provided many valuable insights
into the effects of model simplifications, eg, in the number of compartments used
and the discretisation in time. It also identified pitfalls involved in model
comparison. As in several other parts of the programme, most, if not all,
participants scrutinised their models and frequently made changes to improve their
models during the study.
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deterministic calculation. 3BOX and SCK are box models. AnaAD, IC, IEM-A, IEM-D are
advection-dispersion models. M variants include uncertainty in meteorological data, M2
variants also consider annual variability.

Figure 3: Example Results from the Model Complexity Sub-Group

4.1.5 The Use of Lysimeter Data

An Approach A scenario was introduced into the Uncertainty and Validation
Working Group during late 1994 (Technical Report 15). Data obtained from
lysimeter experiments to observe the transfer of radionuclides from a contaminated

10
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water table upwards into a winter wheat crop were made available. This allowed
modellers to undertake blind model predictions of soil water hydrology and
radionuclide migration.

Six modelling groups contributed to the study. Three undertook model simulations of
hydrological processes alone, the other three also included radionuclide transport
simulations. Owing to the lack of available time, modellers tended to use existing
models which had been designed for other applications. This meant that in a
number of cases the models were unable to handle adequately the rather unusual
lower boundary conditions which were an intrinsic component of the lysimeter's
design, i.e. a fixed water table and specified radionuclide concentrations. In
addition, models tended to either include processes which significantly influenced
the simulation outcome but were not considered to be important in the lysimeter or
else neglected other dominant processes present in the experiment.

As an example, Figure 4 shows simulated Cs-137 concentration depth profiles in soil
at the harvest of the third wheat crop in July 1992. These are compared with the
observed mean activities and their associated variability derived from eight core
samples taken from four replicate lysimeters. The Kemakta model employs a
solution of the unsaturated flow (Richards) equation to provide soil moisture
contents and water fluxes required to drive a radionuclide transport model based on
the advection-dispersion equation. The effects of soil sorption were represented
using a linear equilibrium sorption coefficient (Kd) of 2.6 m3 kg-i- The model
provides a good description of the observed profile over the bottom 10 cm of the soil
profile, but is unable to reproduce the levels of Cs-137 activity observed higher up
the soil profile. This is because the model has over-simplified the caesium sorption
kinetics and neglected the role of the plant root system in translocating caesium up
the soil profile. In addition, once caesium has entered the plant system, there are
additional processes, such as litter fall and leaf wash-off, which allow caesium to
enter the soil profile at the surface and explain the rise in activity observed in the top
10 cm soil layer. The SCEMR model employed by AECL reproduces more closely
the observed data over the lower half of the soil profile. However, this is largely due
to the 4 compartment discretisation structure of the model. The base of the lysimeter
profile is represented by a compartment of 5 cm thickness, whilst the compartment
overlying it has a thickness of 35 cm. Hence any radionuclide entering the second
compartment is immediately transported to a depth 30 cm below the soil surface.
This upward transport process is further assisted by a by-pass water flow
mechanism in the model which substantially reduces the effects of rainwater on
radionuclide leaching. The model employed by CIEMAT represents the soil profile as
seven 10 cm compartments. Advected fluxes were derived by subtracting daily
potential evaporation rates from daily rainfall values and then retarded using a
linear sorption coefficient (Kd = 0.016 m3 kg-1). Once again, the discretisation assists
in the upward transport of caesium, further aided by the high activity values at the
base of the soil profile which arose from the difficulties the model had in
representing the specified concentration source term.

The exercise has demonstrated the problems associated with the application of
existing models to scenarios outside their original design specification. In addition it
has illustrated the crucial role of parameter selection in the model's performance. In
some cases this led to models with an unrealistic structure being able to reproduce
observed effects.

11
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Figure 4: Example Results from the Lysimeter Sub-Group

Overall it was found that the physically-based models gave more consistent
simulations of the experimental data and demonstrated greater flexibility than the
simplified compartmental models. Even so, significant discrepancies between
simulated and observed data still arose out of inadequate model structures. The
work has, therefore, highlighted the continuing need for more comparisons of the
type undertaken within BIOMOVS II which make use of these types of experimental
data.

4.2 Uranium Mill Tailings

The primary objective of this Working Group was to compare models that can be
used to assess the long-term impact of contaminants released from uranium mill
tailings. Such models have to be able to consider multiple pathways, multiple
contaminants (both radioactive and stable) and multiple environmental receptors.

The study was undertaken in two stages (VI and V2 scenario). The VI scenario
consisted of a hypothetical basic scenario describing a tailings system; the
application of models in a deterministic calculation of contaminant concentrations in
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components of the biosphere and related radiation doses or contaminant intakes
and health risks; and the comparison of the models applied and their respective
results. The V2 scenario involved the use of a more realistic description which
included: more detailed source term and other site specific data; the application of
models in both deterministic and probabilistic modes; estimation of uncertainties;
and comparison and evaluation of resulting calculations.

The results of the study are described in full in Technical Reports 4 and 5. The time
and effort taken to derive and agree upon a scenario description and the associated
preliminary modelling for the VI scenario proved to be an important and valuable
learning exercise. It reflected the importance of gaining a clear picture of what was
being modelled such that comparison of results could be meaningful. The V2
scenario involved iterative development of a scenario allowing for gradual addition
of new features.

Key Working Group specific conclusions are as follows.

• Total dose from radionuclides and total intake of stable elements was
affected by a range of pathways and contaminants and no one pathway or
contaminant was dominant for all scenarios (see, for example, Figure 5).

• Peak impacts on humans from uranium mill tailings piles may not arise for
many hundreds of years. Since during this period, many site and
environmental changes might occur, not least because of human actions, a
Reference Biosphere approach (Section 4.6) may be appropriate in developing
scenarios to be assessed.

• Models are available for assessing potential radiological and non-radiological
health risks to individuals due to releases from tailings piles. However,
comparison of health risks arising from radioactive and stable elements is
limited in its extent because data for cancer risk per unit intake for the stable
elements is not as comprehensive as that for radionuclides.

The good (factor of two or three) agreement in results for the V2 scenario, in contrast
with the VI results, was a function of: the scenarios relatively unambiguous and
limited nature; participants' experience and understanding of the scenario/models
gained through the VI exercise and attending Working Group meetings; and the
relatively "tried and tested" nature of most of the models used. Where
discrepancies did exist between participants' V2 results, these could generally be
explained by differences in the approach used to modelling certain processes, rather
than differences in scenario interpretation.

It is anticipated that the scenarios and model descriptions developed in this study
will be of value to those involved in future assessments of uranium mill tailings
facilities, as well as to any themes concerned with site restoration which might be
proposed for inclusion in future programmes.
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43 Special Radionuclides

The environmental behaviour of tritium and C-14 differs from other radionuclides
partly because of their mobility, biological activity and gaseous forms. Their
environmental transfer and exposure pathways are often modelled in a different
way compared to other radionuclides. During the first phase of BIOMOVS these
radionuclides were not considered and it was recommended that they should be
given attention due to their importance in the nuclear fuel cycle. The main objectives
of the Special Radionuclides Working Group were to develop scenarios which would
lead to an improvement in both conceptual and mathematical model formulation, to
gain a better understanding of the environmental processes which influence tritium
and C-14 behaviour, to intercompare modelling approaches and predictions and,
where possible, to compare model predictions with relevant data.

4.3.1 Tritium

A variety of human activities, including the developing fusion technology, result in
the production of tritium. It also occurs in nature as a mixed molecule with hydrogen
and can enter the food chain as tritiated water (HTO). HTO can then be
metabolised into organically bound compounds of tritium (OBT). In response to the
need for assessment of tritium behaviour in the biosphere and potential doses to
humans, a number of research and assessment models have been developed by
modellers in different countries. Three different scenarios were developed by the
Tritium Working Group in order to test model performance concerning various
aspects of tritium behaviour in the food chain. Results are fully reported in
Technical Reports 8 and 13 and illustrative results are given in Figure 6.

The first scenario described a hypothetical short-term release of tritiated water
vapour to the atmosphere. The models were evaluated by intercomparison of the
predicted concentrations (Approach B) and causes for significant differences in
model results and modelling approaches were identified. The key findings
(Technical Report 8) from this first scenario are summarised below.

• In most cases predicted concentrations obtained with different models agreed
within an order of magnitude. In a few cases they agreed within two orders
of magnitude. The largest difference occurred for night time predictions,
when uptake into foodstuffs is relatively slow.

• The study highlighted a number of processes which require further study to
improve overall model performance. These processes include deposition and
re-emission of HTO to soil below plant canopies, deposition and re-emission
to plant canopies at night, root uptake in relation to root structure with depth
in soil, rates of OBT formation at night, translocation of OBT and HTO to
plant storage organs according to stage of growth, formation of OBT in
animals and the rate of loss of OBT from milk and meat.

Two of the above processes were studied in two further scenarios using Approach A
and this work is reported in Technical Report 13. The first of these scenarios was
developed to investigate the process of tritium re-emission from soil and vegetation.
The second was designed to understand more fully the process of organically bound
tritium formation in wheat grain.
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Data for water vapour fluxes and HTO re-emission from soil and vegetation had
been collated for two field sampling sites in Canada. Model results were compared
with these data. Predicted water vapour fluxes agreed with those observed within
20% where the observed fluxes exceeded about 0.04 g m-2 s-1. Lower fluxes were
associated with meteorological conditions such as strong stability and light winds
when assumptions underlying the equation are increasingly invalid. Below a flux of
0.04 g nv2 s-1 models increasingly overpredict; nevertheless at the lowest measured
flux, about 0.01 g m-2 s-1, the overprediction was less than a factor of four. Tritium
fluxes were overpredicted by a factor of between two and three but this was
partially explained by a possible underestimate of the observed value.

Two experiments were carried out at FZK in Germany to investigate the comparative
uptake of HTO by plants and subsequent conversion to OBT in light or dark
conditions. The results showed that HTO does enter plants at night and OBT does
continue to be formed in the dark. Models which excluded both processes therefore
do not provide the correct predictions when tritium exposures occur at night. The
ratio of predicted and observed concentrations showed that for day light exposures
some models underpredicted OBT concentrations by factors of up to five; others
overpredicted by factors of up to two. For the night time exposure three models
excluded the processes. Of those models which include the night-time processes the
majority underpredicted OBT concentrations by factors of up to three.

Further work is still required to understand the behaviour of tritium in the
environment particularly with respect to re-emission from soil and vegetation and
OBT formation in crop, milk and meat products.

4.3.2 Carbon-14

The objective of this study was to use data from an experimental addition of C-14 in
a small Canadian Shield lake to test the validity of models developed to simulate
the behaviour of C-14 in aquatic ecosystems. The nature of the original experiment
and its follow up allowed for consideration of both short-term processes relevant to
routine releases and longer-term processes relevant to solid waste disposal.

The results of the study are outlined in full in Technical Report 14 with key findings
summarised below.

• Each model produced predictions in agreement with the experimental data
when uncertainty was taken into consideration.

• Choice of parameter values for the transfer rate to sediments and gaseous
release from the lake surface were important factors influencing model
predictions.

• Large variations in observed C-14 concentrations in whitefish, together with a
tendency of the models to underestimate observed values, emphasised the
need for a better understanding of processes that influence contaminant
concentrations in fish (Figure 7). In this respect those models which took into
account dynamics of accumulation processes gave better estimates of
concentrations in fish than did those based on equilibrium concentration
ratios.
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Figure 7: Example Results from the C-14 Sub-Group

Overall, this study provided a good indication of factors that should be taken into
account in site-specific investigations.

4.4 Post-Chernobyl Scenarios

The Chernobyl Nuclear Power Plant accident in 1986 has provided a unique
opportunity for radioecologists to collect data sets which can then be used for model
testing exercises (ie, Approach A tests). The Post-Chernobyl Data Working Group
provided a forum for the interaction of scientists from Russia and Ukraine who had
collated such data with modellers from many countries. As a result three different
sub-groups were set up and each formulated a scenario based on the field data.
Two of the scenarios provided an opportunity for radioecology students from the
former Soviet Union, in addition to the formal participants, to gain experience of
using models to simulate the migration and fate of contaminants in the environment.

The three scenarios provided opportunities for investigation of processes not treated
in detail in previous model testing exercises. The exercises served to identify specific
aspects of each process for which improvements in the state of knowledge can be
expected to lead to improved model predictions. All three scenarios emphasised the
importance of the selection of parameter values for site-specific situations and the
development of methods for estimation of site-specific parameter values based on
readily available types of information (eg, climatological data and regional soil
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types). The objective of each scenario and the key findings are summarised below
and illustrative results for the three scenarios are given in Figure 8.

4.4.1 Washoff (W) Scenario

The scenario was developed to test models concerned with the movement of trace
contaminants from terrestrial sources to water bodies. It provided an opportunity
to:

• evaluate the transport of contaminants from soil to water;

• calculate changes in the chemical and physical characteristics of
contaminants and their resultant migration over different timescales;

• improve understanding of contaminant transport at the process level; and

• develop and use methods for estimating key parameters for site-specific
situations.

The results of the study are described in full in Technical Report No 9. In general it
was concluded that predictive accuracy of the models could be improved and the
uncertainty in model predictions reduced by:

• improvement of the model structure to include all relevant mechanisms
identified;

• better description of the migration processes (eg, vertical transport of
different chemical forms in soil and their transformation processes); and

• increased use and improvement of methods for physically based estimation
of parameter values, such as sorption coefficients and rate constants of
chemical transformation processes, for the situation being modelled.

4.4.2 Cooling Pond (CP) Scenario

This scenario was designed to test models for radioactive contamination of aquatic
systems on the basis of data derived from contamination of aquatic media and biota
due to fallout of radionuclides into the cooling pond of the Chernobyl Nuclear Power
Plant. Predicted concentrations of Cs-137 in water, sediment, and fish were
compared to measurements; predicted doses to aquatic biota and doses and risks to
humans from hypothetical consumption of fish were compared among modellers and
also with dose estimates made by the scenario authors using available
measurements.

The results of the study are described in full in Technical Report No 10. In general it
was concluded that models tended to overestimate total doses to fish for internal
and external exposure while a number of predictions with different models were in
good agreement with independent estimates of effective dose and risk to humans
from fish consumption. Very few participants obtained good agreement with respect
to all criteria for model testing. Improvement in model predictions and associated
uncertainties could be achieved by:
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• obtaining more accurate information for sensitive parameters such as
sedimentation and resuspension rates, the ratio of Cs-137 in dissolved form
to that in suspended matter, the biological removal rate of Cs-137, and
Cs-137 bioassimilation with food;

• developing and improving the understanding of the geophysical and
ecological processes of migration and transformation of different chemical
forms of radionuclides in aquatic ecosystems; and

• obtaining a more detailed description of geophysical and ecological processes
occurring in the early period after a radiation accident.

4.4.3 Resuspension (R) Scenario

Resuspension can be an important secondary source of contamination after a release
has stopped, as well as a source of contamination for people and areas not exposed
to the original release. The inhalation of resuspended radionuclides contributes to
the overall dose received by exposed individuals. Based on measurements collected
after the Chernobyl accident, Scenario R was developed to provide an opportunity
to test existing mathematical models of contaminant resuspension. This scenario
offered a unique opportunity to examine data and test models for atmospheric
resuspension of radionuclides, to understand resuspension processes on both local
and regional scales, and to investigate the importance of seasonal variations of these
processes.

The results of the scenario are described in full in Technical Report 11. Key findings
are summarised below.

• Comparison of the empirical data for long-term resuspension factors with
model estimates shows that models based on the inverse power function best
reflect reality.

• Measured values of the resuspension factor averaged over a large region may
differ from predicted values by more than one order of magnitude.

• Discrepancies in the estimates of the resuspension factor are decreased to
within one order of magnitude if compared to annually averaged
experimental data and if the predicted resuspension factor is determined as a
function of time and the predominant regional conditions and climate.

• Empirical models have an important source of potential uncertainty in that
they depend on the correct selection of the initial resuspension factor.

• The simple exponential models can provide good predictions of annual air
concentrations only for locations for which they have been calibrated.

• Accounting for snow cover in winter resulted in less accurate predictions for
seasonal estimates as there was no account taken of the fact that sources of
radioactive aerosols exist in winter. The nature of these sources is not clear
and additional investigation is required.

There is not yet a good understanding of the resuspension process for different
regions, especially for territories with damp climates. Continued progress in this
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area is expected, based on new experimental and theoretical data. Development of
process-based, short-term and long-term models for resuspension factors (as
opposed to empirical fits) is needed for practical use. Of particular importance is
the development of more complicated models which can account for heterogeneous
conditions.

4.5 Complementary Studies

The intention of the Complementary Studies was to build on the success of the first
phase of the BIOMOVS programme by examining models used in assessments of the
long term radiological impacts of repositories for radioactive waste. The primary
objective was to investigate and explain differences which exist between
contemporary models. This was achieved by defining a set of test cases based on the
representation of a single site (using as realistic an assessment level database
as possible) and comparing how the participating models represented key biosphere
Features, Events and Processes (FEPs). The variation of calculated exposures in
response to the different FEP representations was also considered, ie,
representational uncertainty.

Additional objectives were:

• to determine the most suitable ways of including key FEPs in the modelling;

• to identify where knowledge needs to be improved to give better
representations of key FEPs;

• to demonstrate that models are fit for the purpose in that they include the
relevant biosphere FEPs and represent them in an appropriate way;

• to build confidence in the available modelling tools; and

• to identify where and how enhancements could be made.

The example site was representative of an inland, temperate central European valley
and the radionuclides considered were 1-129 and Np-237 (with daughters U-233
and Th-229). Releases to different parts of the modelled system allowed for a range
of different FEPs to be compared, with particular reference to the estimation of
radiological impact.

The work of this Working Group proceeded in parallel with that of the Reference
Biospheres Working Group (Section 4.6) and aspects of the case specification were
used to test the development of the Reference Biospheres methodology. Full results
are presented in Technical Report 12. Important conclusions from the study are
listed below.

• The maximum total annual individual dose summed over representative
exposure pathways appears to be a relatively robust assessment quantity for
the case considered - ie, the dose calculated by the ten participating groups is
rather insensitive to differences in model structure and mathematical
formulation. Figure 9 illustrates this for 1-129 and Np-237 in the three release
scenarios.
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• The convergence of the peak dose together with the review of necessary FEPs
(carried out in conjunction with the Reference Biospheres Working Group - see
Section 4.6) also implies that the participating models are not unsuited to the
purpose for which they have been designed. It should be noted, however,
that different model structures were applied to the same site data and that
considerable variation in the time-evolution of the total dose was seen even
though this did not impact greatly on the maximum total dose documented.

• The participating models showed most agreement in the representation of
radionuclide transport in solution, whereas transport on solid material was
represented in many different ways. This is important since radionuclide
transport on solid material can be an important process for certain
radionuclides and exposure pathways.

• There are several different ways of representing irrigation of, and interception
by crops. The origins of many of these mathematical formulations are not
well documented. A review of the mathematical representation of irrigation
and interception is required. This would help to improve transparency of
models. In general greater transparency in all aspects of model
representations is to be desired.

• Transport modelling which explicitly takes mass balance for water and solid
material movements into account explicitly has distinct advantages especially
when probabilistic modelling techniques are used. It allows some unphysical
situations to be quickly identified. Only a few of the participating models
employed mass balance.

• Representational uncertainty in the transport and exposure pathway sub-
models was found to be similar in magnitude for poorly sorbing species, but
for more strongly sorbing radionuclides, representational uncertainty in the
transport sub-model dominates. This implies that equal effort is required in
the representation of exposure pathways as is devoted to the representation
of radionuclide transport, particularly for poorly sorbing radionuclides.

• The stochastic phase of the exercise showed that parametric uncertainty is
more important than representational uncertainty and again the relative
importance of radionuclide transport is increased for more strongly sorbing
radionuclides.

A number of items requiring future attention have been highlighted by the study.
These include: the need for more experience on the application and analysis of
probabilistic techniques for uncertainty and sensitivity analyses; and the need for a
review of parameter values for use in such studies.

4.6 Reference Biospheres

Biosphere modelling for radioactive waste disposal involves giving consideration to
radionuclide migration and potential radiological exposure pathways for times far
into the future. It was suggested at the outset of BIOMOVS II that the uncertainties
associated with such time scales warranted the development of an internationally
agreed set of 'reference biospheres', thereby providing a consistent basis for
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comparison of performance assessments for alternative disposal facility designs and
locations. The Reference Biospheres Working Group was established to respond to
this challenge.

The Working Group noted that there are significant differences between existing
modelling approaches, concluding that any reference model would need to be based
on a systematic justification of its composition and structure. It was therefore
concluded in the early stages of the work programme that adoption of an agreed
'reference methodology' for developing biosphere models was critical to achieving
harmonisation in modelling approaches. The overall goal of the Working Group was
therefore to define an 'audit trail', geared towards demonstrating that a biosphere
model is fit for its intended purpose. The basic features of the methodology are
shown in Figure 10.

The basis of the methodology is an initial formulation of the problem to be
addressed, expressed in terms of the three components indicated at the top of Figure
10.

• The Assessment Context sets out what the model has to achieve, for example
in terms of the assessment purpose and related regulatory criteria, as well as
information about the repository system and the mode of release from the
geosphere (including aspects of the geosphere-biosphere interface).

• The Basic System Description includes the fundamental premises, both
qualitative and quantitative, about future environmental conditions and
human behaviour; these are, to a significant degree, beyond prediction.

• The International FEP List provides a generically relevant catalogue of
Features, Events and Processes that are potentially important to biosphere
modelling.

Qualitative aspects of the assessment basis, including the generic FEP List and Basic
System Description, are next considered together with the Assessment Context in
developing a conceptual model for the biosphere. Development of a conceptual
model involves an initial screening of the FEP List to exclude those items that do not
apply to the specific situation for which the model is being developed. This allows
the domain of the model system to be defined and relationships between potentially
relevant FEPs to be identified. A software tool (BIOFEP) has been developed by the
Group for use in maintaining and extending the International FEP List. Throughout
the process of model conceptualisation, the assessment team is called upon to
explain and record the basis for decisions made as screening is carried out and the
model is assembled.

In this way a relational version of the FEP List is created, which can then be used to
generate a textual description of the way in which the biosphere system is
conceptualised. The conceptual basis can then be translated into a mathematical
description of the biosphere model, and then into an assessment tool, taking into
account more quantitative aspects related to the system description and system
FEPs.
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Figure 10: Basic Features of the Reference Biospheres Methodology

It has also been noted that detailed assumptions regarding the migration and
accumulation of radionuclides in biosphere media with which humans interact will
be strongly dependent on assumptions that have to be made about the individuals or
population groups for whom radiation doses are being assessed. The Working
Group has therefore reviewed these 'critical group' assumptions and found
considerable variability in both the degree of prescription by regulatory authorities
and in the assumptions made in performance assessments designed to meet
regulatory objectives. Consistency of approach in regulation and assessment is to be
desired, and aspects of this problem have been addressed by the Working Group.

The results of the Working Group are set out in full in Technical Reports 2 and 6.
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The final report includes an example illustration of application of the methodology.
This used the case description adopted by the Complementary Studies Working
Group in order to provide a trial assessment basis. Several approaches were
evaluated for developing a conceptual model, starting from the existing information
on the biosphere system to be represented, the assumed assessment goal and the
generic FEP List. Ultimately, the RES Interaction Matrix methodology was adopted
and tested in some depth by the Working Group. This was found to be effective in
helping to define the domain of the model system, its components and the
interactions between components. It was also found to form a useful basis for
distinguishing between more and less important FEPs to be included in the model.

In conclusion, the Working Group has recommended a number of future activities
involving testing and augmentation of the methodology, as follows:

• to develop further the principles for defining critical groups relevant to
long-term radiological assessments;

• to develop principles for applying field and other data to parameters used in
biosphere assessment models for radioactive waste disposal;

• to apply the methodology in the light of a range of basic system descriptions
and alternative assessment contexts; and

• to develop more fully and formally a set of conceptual models according to
the methodology, including clarification of the ways in which FEPs are
represented and defining the corresponding databases.

It was proposed that a number of these activities should be pursued within future
international biosphere modelling programmes.

5. Overall Conclusions and Suggestions for Future Developments

BIOMOVS II has been an international cooperative study to test models designed to
quantify the transfer of radionudides and other trace substances in the environment.
It has been a collaborative and cost effective effort which has brought together a
wide community of individuals and organisations with common interests in
modelling, experimental studies, regulation and operation. During the course of the
study a great number and variety of issues have been examined involving short,
intermediate and long term processes in many different environmental media (see
Section 4). This section examines the extent to which the main objectives of the
study have been fulfilled, assesses progress in generic aspects of biosphere
modelling, summarises overall conclusions and implications, and provides
suggestions for further work.

5.1 Fulfilment of Overall Study Objectives

As stated in Section 2, there were four important objectives in the BIOMOVS II
study. The first of these was to test the accuracy of model predictions. One way to
do this is by comparing model predictions with data sets derived from experimental
or field sampling programmes (Approach A). A number of scenarios based on this
approach were successfully developed by the following Working Groups: Use of
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Post-Chernobyl Data; Special Radionuclides (C-14 and tritium); and the Lysimeter
Data sub-group of Uncertainties and Validation. Through comparisons of
predictions with the independent data sets, participants were able to assess their
confidence in their models and improve predictions by refinement or incorporation of
relevant processes. Participants from all working groups benefited from the rigorous
scrutiny of their models and the correction of coding or conceptual errors. However,
since the model test scenarios, using both Approach A and Approach B (model
intercomparison against agreed scenarios), involved various radionuclides and trace
contaminants and many different processes over different timescales, it is not
possible to derive general conclusions on model accuracy for all these aspects.
Conclusions for specific scenarios are given in Section 4 and the individual Technical
Reports. Important observations concerning model development, model comparison
and the determination of uncertainties are summarised in Section 5.2.

The second overall objective was to explain differences in model predictions due to
differences in model structure, modelling approaches and differences in selected
input data. This was accomplished by all participants throughout the study since
Working Group activities and meetings were always focussed around this objective.
The use of both Approach A and Approach B in scenario definition and model
calculation intercomparisons resulted in a greater understanding and appreciation of
how differences in codes and modelling approaches affect results, and in the
importance of the use of appropriate data or expert judgement in the selection of
parameter values. The reasons for differences in the predictions of models
participating in a given scenario are discussed in the individual Technical Reports.

The third objective, namely to recommend priorities for future research is discussed
in Section 5.4. However, the generic point can be made that each participant gained
an awareness of the important issues connected with each of the Working Groups
and as a result was able to provide feedback and input to their respective
organisations and national programmes concerning relevant priorities.

The fourth objective of the study was to act as a forum for the exchange of ideas,
experience and information to improve confidence in assessments of the
environmental behaviour of contaminants. The level of participation in the
programme and the number of institutions and countries represented (Section 1)
attest to the great success of this objective. As the programme developed and
started to achieve results, many new participants joined with those who had
participated from the beginning. In addition, certain scenarios have been used in the
teaching of students. It is evident that not only have individuals benefited from the
experience gained and the exchange of ideas as a result of meeting with colleagues
from other institutions and countries, but also the organisations themselves have
benefited from supporting their representatives. Indeed, it is an evident measure of
success that BIOMOVS II continued after the first phase of BIOMOVS and that there
is now a firm plan to continue for a further five years with another international
biosphere modelling assessment study, called BIOMASS, under the auspices of the
IAEA and with funding commitments from many key organisations throughout the
world [IAEA, 1996a].

In addition to these generic objectives many of the Working Group specific objectives
referred to in Section 2 were also fulfilled, for example, the development of the
reference biospheres approach.
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5.2 Progress in Biosphere Modelling and Assessing Uncertainties

1. Valuable experience and confidence in testing, applying, verifying and, where
possible, validating models has been gained as a results of BIOMOVS II. This
has benefited both BIOMOVS II participants and the wider scientific
community. Key areas where progress has been achieved are in the:

• development and specification of scenarios;

• development of methods for determining conceptual models for
different assessment contexts;

• application of models to different scenarios;

• recognition of important and relevant processes and of the manner in
which important processes are simulated in different models;

• interpretation and comparison of model results;

• application of methods to assess uncertainties and the evaluation of
those uncertainties;

• recognition of the need to provide a traceable record of decisions and
assumptions made; and

• dissaggregation of different sources contributing to uncertainty.

As a result, participants and others are now in a better position to undertake
assessments of all kinds including those for routine releases, accidents,
existing situations, and for solid waste disposal.

A greater degree of maturity has been achieved in assessing and evaluating
different types of problems involving the presence of contaminants in the
biosphere. There has been a move from the use of models per se, towards the
use of a consistent assessment approach, incorporating the use of models as
and when appropriate.

2. Twelve different scenarios requiring model calculations were developed by
five Working Groups. Each scenario has required the consideration and
modelling of many different biosphere processes. The result has been that
participants have made many improvements, both large and small, to their
models.

3. As recommended under the first phase of BIOMOVS, the study programme
was extended to consider new issues such as biosphere modelling of the
migration of radioactive and non-radioactive contaminants from uranium mill
tailings, tritium and C-14 releases, and the assessment of doses to humans.
One scenario within the Post-Chernobyl Working Group also considered
exposure of non-human biota.

4. The study has resulted in the development and testing of a consistent and
rigorous methodology to derive the type of models to be used to analyse long-
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term radionuclide behaviour in the biosphere and the associated exposure
pathways. A major achievement has been in the resulting international
consensus on the approach to be used. The methodology is proving to be a
useful tool for enhancing the credibility of assessments for which comparison
with observational data is not possible. Although it was developed for
application to long term releases from waste repositories considered by the
Reference Biospheres Working Group, there is also the potential to apply it to
future situations of accidental and routine releases from other types of
nuclear installations.

5. Early in the studyy guidelines were produced to help with uncertainty
analysis and comparison of model predictions (Technical Reports 1 and 3).
Various Working Groups used these guidelines in their calculations and
analysis of results. The guidelines also provided a focus for the wider
discussion of uncertainty and validation issues by the participants.

6. Work in BIOMOVS II recognised that there are a number of different types of
uncertainty including those due to parameter values, model formulation and
scenario description (especially for long term assessments) and user
interpretation. Most Working Groups considered the first type and as a
result participants now have more experience and confidence in using
methods for quantifying and analysing parametric uncertainty. Participants
have also recognised the need to consider the latter two types of uncertainty
and some effort has been made to investigate them in the Model Complexity
and User Interpretation sub-groups of the Uncertainties and Validation
Working Group, as well as in the Reference Biosphere Working Group. As a
result, a better understanding of how to treat the different types of
uncertainties has been achieved. This helps in the process of gaining
confidence and credibility in assessments.

7. Overall, there was less variation in model predictions than was found in the
first phase of BIOMOVS and many results varied by less than one order of
magnitude. There has also been a better understanding of the reasons for
variability. These improvements result from:

• tighter and clearer specification of scenarios;

• iteration of the scenario definitions and model predictions;

• greater familiarity with uncertainty analysis tools; and

• greater understanding of the models applied to the scenario problems.

The greatest variation in results and in uncertainty estimates was
demonstrated in the User Interpretation exercise. However, this was due in
part to the fact that the protocol for the exercise required each participant
not to discuss the scenario, the choice of parameters, or intermediate results
with other participants.

5.3 General Conclusions

1. Models can rarely provide precise predictions, especially when applied to
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long term assessment issues. This is due to a number of reasons such as their
inability to represent all processes and their spatial and temporal variation.
Thus output from models should be seen as providing illustrative estimates
rather than predictions of reality.

2. It is recognised that the models used in exercises such as BIOMOVS II should
be used as a means to an end, rather than as an end in themselves. They are
useful tools which can be used as one of several inputs to the decision making
process; they should not be seen as the sole input.

3. Collaborative, multi-disciplinary efforts such as BIOMOVS II play a vital
part in providing a context for identifying problems and for developing
solutions. This applies as much in terms of broad methodology as in details
of interpretation of data and understanding of processes. Such efforts
should be seen as a mechanism for identifying and resolving points of
difference, not as a route to consensus for its own sake. Accordingly, an
open framework for discussion and debate such as that provided within
BIOMOVS H is useful.

BIOMOVS II has built on the work of BIOMOVS' first phase and ensured that
a wide range of people with differing expertise (eg, experimentalists and
modellers) and perspectives (eg, researchers, regulators and operators) have
contributed to the development of consensus. The study has also provided
participants with the opportunity to explain and justify their models to a
diverse audience, a procedure that has often identified significant issues of
concern.

4. At the beginning of BIOMOVS II a glossary was developed and published for
use by participants, largely based on a document produced within the first
phase of BIOMOVS [BIOMOVS II, 1993]. However, experience within
BIOMOVS II and elsewhere has shown that, for a variety of reasons,
consistent international use of terminology is very difficult to achieve. This
factor contributes to difficulties in interpretation not only of the assessment
problem, but also information and data available for solving the problem,
and presentation and explanation of the assessment results.

5. In most multi-pathway, multi-contaminant scenarios (eg, Uranium Mill
Tailings and Complementary Studies scenarios), exposures were not
dominated by a single pathway or radionuclide. Multiple pathways and
radionuclides must be considered, at least at the screening stage of
assessment calculations.

6. In common with the findings of the first phase of BIOMOVS and other
international exercises such as VAMP [IAEA 1995, 1996b], the use of more
complex models does not necessarily provide more "accurate" results, nor
does it necessarily reduce the uncertainties associated with the results. The
experience of the user of the model and the checking and application of
relevant data at all stages are also important.

7. Blind testing of models or submodels against field data (Approach A) is
necessary for the evaluation of model validity and to avoid premature
consensus regarding modelling approaches. Testing of as many model
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intermediate results and endpoints as possible also permits the identification
both of compensatory errors in the model and of areas where the state of
knowledge should be improved.

Although the validity of a model can be better established as more supporting
data become available, the validation will only be applicable to the
conditions to which the data relate. Beyond these conditions, the model
cannot be considered to be validated, especially if it is empirically rather than
physically based.

In the absence of comprehensive testing over the entire potential domain of
model application, the results of specific test exercises contribute to the
information base, and can be used to update the uncertainty statements in
new (future) model applications to other (or future) situations. Uncertainty
analysis should be emphasised as a quantitative indication of the state of
knowledge.

In circumstances in which validation is usually not possible, for example the
prediction of the long term impact of radionuclides released from deep
repositories, it is more appropriate to consider model verification and
confidence building through model intercomparison exercises and the
application of a rigorous and systematic approach to the assessment.

8. Evaluation of uncertainties involves a significant element of subjective
judgement. This judgement is required in interpreting the exercise, developing
conceptual models and dealing with conceptual model uncertainty as well as
in dealing with parameter uncertainty. Despite this subjective element,
uncertainty analysis can be undertaken in a way that will provide meaningful
and useful results. Modellers should be familiar with the techniques that are
available, and choose an approach that is consistent with the purpose of the
model, the quality of the data, and the nature of the application. They
should ensure that the uncertainties are quantitative estimates of the
subjective state of knowledge and that uncertainty estimates are reviewed for
each assessment endpoint.

9. The uncertainty estimates provided by participants with their model
predictions almost invariably reflected parameter uncertainty only. Better
methods for estimating uncertainties due to conceptual model formulation
and user interpretation should be developed and routinely applied.

10. A variety of steps can be taken to reduce uncertainties.

• It should be ensured that the questions to be addressed have been well
defined. Improvement in scenario definition should include not only
the nature of the particular radiological or other endpoints to be
determined but also the characterisation of the system being assessed.
This will reduce the uncertainty due to user interpretation and help to
provide meaningful results. It follows that definition of scenarios for
model intercomparison purposes should be carried out in an iterative
fashion, so as to provide opportunities to remove ambiguities and
inconsistencies.
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• More broadly, programmes such as BIOMOVS can build greater
consensus concerning the nature of the modelling and assessment
process. This should lead naturally to development of greater
consensus on the corresponding solutions and to reduction in
uncertainty. Thus, improvements will be made both in the uncertainty
estimates themselves and in their presentation and interpretation.
Such programmes can also help reveal deficiencies in the state of
knowledge and highlight the need for greater understanding of key
processes.

• Greater clarity and consistency in regulations and assessment
guidelines would lead to models with greater similarity in goals and
endpoints. It would then be easier to compare and verify such
models.

• Collating accurate, site-specific information on the most sensitive
parameters for the system in question will reduce parameter
uncertainties. Where some relevant information exists, parameter
values and distributions can be determined by a process of expert
elicitation if required.

11. As noted in the first phase of BIOMOVS, it is important to ensure that any
particular modelling project is not carried out in isolation, ie, one model being
used by one person. This is likely to introduce bias and limit credibility of the
model and its results. The independent use of two or more models and
intercomparison of results will help to reduce these problems. Such problems
can be further reduced by ensuring that:

• a multi-disciplinary team is used, including those providing system
characterisation data, those developing models, and those applying
the models;

• the modelling team is familiar with the models being used; and

• an iterative rather than a once through approach to modelling the
situation is adopted allowing for extensive review and evaluation to
be performed and key features, events and processes to be identified
and investigated in more detail.

5.4 Suggestions for Future Work

1. BIOMOVS II has promoted better methods for biosphere modelling and
evaluation of uncertainties. It is suggested that future work should be
directed to implementing and improving such methods. In particular,
continuing emphasis should be given to:

• explanation and justification of the models;

• methods to assess all sources of uncertainty;

• greater understanding of the effects of user interpretation;
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• protocols for replicating assessments to reduce the subjectivities
introduced by individual modellers;

• presentation and interpretation of results so that a wide range of
audiences (eg, scientists, regulators, operators, public) can better
understand the implications; and

• development of new methods for key model parameter estimations
(eg, sorption coefficients, transfer factors and accumulation factors)
on the basis of updated knowledge of the processes affecting these
parameters.

2. The Reference Biospheres methodology was successfully developed and
partially tested in cooperation with the Complementary Studies Working
Group, and an important degree of international consensus on methodology
has been reached. Further work has been suggested:

• to develop further the principles for defining critical groups relevant to
long-term radiological assessments;

• to develop principles for applying field and other data to parameters
used in biosphere assessment models for radioactive waste disposal;

• to apply the methodology in the light of a range of basic system
descriptions and alternative assessment contexts; and

• to develop more fully and formally a set of conceptual models
according to the methodology, including clarification of the ways in
which FEPs are represented and defining the corresponding
databases.

3. A variety of specific environmental transport and accumulation processes
has been identified within BIOMOVS II for which further experimental and
modelling studies would be warranted. These include:

• Iysimeter studies to help to understand the role of various soil
processes in the upward migration of contaminants and uptake into
plants;

• the interaction of contaminants with vegetation as a result of
irrigation;

• the long-term behaviour of continuous tritium releases, and specific
processes such as OBT formation and re-emission from plants and
soil;

• contaminant migration from uranium mill tailings, including behaviour
in aquatic ecosystems;

• chemical transformation of contaminants in environmental media (eg,
soil or water) and migration processes of different chemical forms in
these media;
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• the behaviour of C-14 releases in the terrestrial environment;

• the collation of data to facilitate the comparison of human health
risks from radioactive and non-radioactive contaminants, for
example, data relating to the dose-response function;

• the assessment of exposures and risks to non-human biota; and

• the evaluation of remediation methods to ensure, for example, the cost
effectiveness of solutions with respect to the reduction of risk.

4. A greater understanding of certain environmental transport and accumulation
processes has been achieved, for example, the bioaccumulation of
contaminants in a range of biota. Where appropriate, increased
understanding resulting from BIOMOVS II and other programmes could be
used to recommend changes and/or updates to handbooks of parameter
values.

5. Simplified versions of certain scenarios have already been prepared and used
for training students. Further simplified scenarios could be prepared, based
on those used in BIOMOVS II, and other model testing programmes (eg,
VAMP), and included in a student text book to assist in the training and
development of students.

For many of the above suggestions it can be seen that there is a continuing need to
provide a forum to bring together all the different types of expertise and disciplines
involved or interested in radiological and related assessments, including
experimentalists, modellers, regulators, and operators. It is envisaged that the
BIOMASS programme [IAEA, 1996a] will provide such a forum. Bringing together
the different types of expertise and disciplines was one of the great successes of
BIOMOVS II and such collaboration resulted in an improved understanding of many
biosphere processes. The successes were attributable to the hard and dedicated
work of all participants who assisted each other in a very generous way. Such a
collaborative spirit will help ensure the success of any future study, such as
BIOMASS.
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