
SE0000308

TECHNICAL REPORT No. 12

Biosphere Modelling for
Assessments of Radioactive

Waste Repositories

Final Report of the Complementary Studies
Working Group

"3:1/ September 1996

BIOMOVS - an international study to test models designed to predict the environmental
transfer and bioaccumulation ofradionuclides and other trace substances



Please be aware that all of the Missing Pages in this document were
originally blank pages



BIO MO VS II
TR12

BIOMOVS II

Preface

BIOMOVS (BlOspheric MOdel Validation Study) is 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. The second phase, BIOMOVS II, covers the period from 1991-
1996.

The BIOMOVS II study is jointly managed by five organisations:
• The Atomic Energy Control Board of 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 are 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 is 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.

Two different approaches are used within BIOMOVS for fulfilling these objectives.
One approach of testing (Approach A) involves 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) involves the comparison of model predictions
and associated estimates of uncertainty for specific test scenarios selected on the basis
of assessment priorities.

This report is one of a series of Technical Reports produced within BIOMOVS II and
uses Approach B to address the modelling of the long term migration and dose impacts
of radionuclides released from a waste repository into the biosphere. The report has
been developed in an international context and does not necessarily present the position
of the individual organisations represented by contributors.

The lead author of the report and the leader of the Complementary Studies Working
Group was Dr Richard Klos of the Paul Scherrer Institut, Switzerland.
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EXECUTIVE SUMMARY

BIOMOVS II has the aim of building confidence in techniques for modelling a broad
range of topics related to the behaviour of contaminants and particularly radionuclides
in the biosphere.

The Complementary Studies exercise builds on the success of the first phase of
BIOMOVS in that it takes a closer look at the models used in the assessment of the
radiological impact of repositories for radioactive waste. Although models for such
applications were investigated in the first phase of BIOMOVS II, the overriding con-
cern in BIOMOVS II's Complementary Studies exercise has been to look at calcula-
tional end-points and to investigate model results in the context of performance as-
sessments for waste disposal. This means that the radiological doses to hypothetical
inhabitants of an example biosphere have been calculated. This is in contrast to the first
phase of BIOMOVS which focused mainly on radionuclide transport and accumulation
in the biosphere. Radionuclide transport and accumulation are also covered in
Complementary Studies, but only as intermediate stages in dose assessments.

The aims of the Complementary Studies Working Group were:

• to investigate and explain differences which exist between contemporary models
with respect to how, for a given test case, they represent the modelled Features,
Events and Processes (FEPs) and how the nature of these representations affects the
calculational end-points;

• to determine the most appropriate ways of representing key FEPs;

• to identify where knowledge needs to be improved to give better representations of
these key FEPs in the future and where simplifications of existing formulations
might be possible;

• to show that the modelling undertaken is suitable for purpose, in that it is robust and
that it is unlikely that the radiological consequences calculated by the models would
be underestimated (so that any conservative bias in the models is justified);

• to build confidence in the available modelling tools;

• to extend the work undertaken in the first phase of BIOMOVS to include consid-
eration of radiological dose.

Ten modelling groups from Western Europe and Canada have participated, revealing a
variety of representations of radionuclide transport processes and techniques for cal-
culating dose. The exercise has focused on the ways in which key FEPs are represented
with the intention of determining the robustness or otherwise of existing repre-
sentations. This has been achieved by applying a well defined dataset representative of
a Central European inland valley. Human habits and lifestyle are chosen to be
representative of a subsistence agricultural community. Climatic conditions are those of
the present day.

Thus, the scope of the exercise has been intentionally complementary to the earlier
work in BIOMOVS. Despite this, many of the conclusions (summarised below) have
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relevance beyond the immediate concerns of the Central European biospheres and,
although care should be exercised when terms of reference differ greatly from the
system detailed here, much has been learned which has wider applicability.

The exercise has successfully compared not only the behaviour of biosphere models for
waste disposal assessments, but has also provided the opportunity for an in-depth
comparison of the FEPs included in the conceptual models for a terrestrial biosphere in
a temperate climate state. The comparison of the FEPs has also investigated the
mathematical representations.

There is generally good agreement between the models when the maximum total dose
over all exposure pathways. Other intermediate quantities show, individually, greater
variation, and this can be understood in terms of the structures of the participating
models. The conformity of model results is better than in the corresponding test cases
in BIOMOVS I because of:

• tighter specification of the test case than in the first phase of BIOMOVS;

• the influence of the first phase of BIOMOVS, in which experience was gained in
representing biosphere transport FEPs. This experience was used to update mathe-
matical models in the time up to the inception of BIOMOVS II;

• convergent evolution of the models. There is consensus about which FEPs should be
included in this kind of biosphere and these are then represented in similar ways
(e.g., transport in solution).

However, when the details of the mathematical representations of the FEPs are
examined, considerable variation is soon encountered. It arises from differences in the
conceptual bases for the models and is seen in

• the influence on the model structure;

• where the most detail is found in the model;

• the degree of conservatism applied to the model.

Representational uncertainty has been shown to be present in both the transport and
exposure pathway sub-models, and the relative importance of the sub-models in con-
tributing to the uncertainty varies between radionuclides. The implication is that, in
general terms, improvement to modelling techniques should be applied equally to each
of the sub-models. A clear distinction can be drawn between the modelling of low kd
radionuclides compared to those with higher ks- For poorly sorbing nuclides, the un-
certainty in the representations of the exposure pathways is similar in magnitude that in
the transport sub-model. The effect of higher ks is to place more emphasis on the
representations in the transport sub-model.

The importance of irrigation is clearly seen in this exercise and there are a range of ca-
pabilities seen in the models. Some can irrigate from a well in an aquifer, others treat
wells and aquifers as part of the geosphere and therefore do not consider irrigation
from such sources directly. The mathematical representation of the interception of ir-
rigation water by crops and the subsequent retention of radionuclides is treated in a

iii
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variety of ways in the models. However, the bases for the representations is not always
clear and a fundamental review of the process, including what suitable experimental
data are available is to be recommended. This has particular relevance for the modelling
of climates which require more irrigation than has been the case here.

The maximum annual individual dose over all exposure pathways is a useful perform-
ance indicator. On the basis of the results presented here, this quantity is robust to dif-
ferences in representation for both deterministic and stochastic calculations, i.e., the
many different representations do not change the value greatly despite differences in
model structure and representations of FEPs. Where model structure has the greatest
influence, it is on the time-evolution of the model responses.

Deterministic and stochastic dose calculations have also shown that it is important to
consider the contribution of multiple exposure pathways; assuming that drinking con-
taminated water gives rise to the highest dose is not always valid. Indeed, the results
show that there is no one dominant pathway for all radionuclides and all release types.
It is important therefore, at least initially, to consider a range of exposure pathways in
any assessment of radioactive waste disposals.

The probabilistic modelling phase in the exercise indicated the broad range of experi-
ence in the participants. For some it was the first application of the use of stochastic
techniques, others use them routinely. The exercise used a large number of parameters
for which distributions were specified and looked in detail at the uncertainties in the
data for the exposure pathways sub-model. Overall, uncertainty in the results from the
parametric uncertainty was greater than that from the representations of the FEPs.

An important goal of Complementary Studies has been to investigate the possibility of
simplifying biosphere models for waste disposal assessments. Opportunities for revi-
sions are indicated as a result of the study, but radical simplification does not appear to
be a realistic option. In general, the level of detail in models can only be reduced when
there are good grounds for believing that the pathways are limited or there are few
dominant radionuclides. This can only be achieved by performing scoping calculations
based on more detailed generic models. As more site specific data become available,
the level of detail for a smaller number of pathways might also be expected to increase
with the better knowledge of the biosphere conditions.

Considerable effort has gone into the analysis of the vast number of results from the
Complementary Studies exercise. Even so, there is still scope for further analysis of
database of results. Such analysis would help clarify some of the still unexplained
discrepancies in results and would identify areas for future investigation. It would also
be useful to extend the exercise to include consideration of:

• a wider range of radionuclides;

• a more realistic source term;

a wider range of biosphere climatic and site characteristics - this could incorporate a
review of appropriate parameter values for alternative sites and/or climate states.

IV
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1. Overview of the Complementary Studies exercise

1.1 Background

Demonstration of the long-term safety of disposal options for radioactive waste often
requires illustrative calculations of the impact of any potential release of radionuclides
to the human environment (biosphere) to be assessed using mathematical models.
Such models use the same basic principles as models for dealing with the immediate
aftermath of nuclear accidents or for assessing the environmental impact of routine
emissions of radionuclides from existing plant. However, the timescales of interest are
totally different. The design of repositories for radioactive waste is such that any re-
leases to the biosphere which are likely to occur are expected to be at least several
centuries into the future, and in the case of deep disposal beyond even that.

The difficulties of dealing with events at far future times are considerable. Potential lo-
cations where contaminant bearing groundwaters might interact with the near surface
environment can be approximated with varying degrees of accuracy on the basis of the
local and regional geological conditions. What cannot be known is what kind of sur-
face environment will exist at the release point at time of the release: precise
predictions of climate, surface morphology and lifestyle of inhabitants near to the
potential release points are impossible. Nevertheless, the potential radiological impact
can be assessed - not on the basis of a prediction of what will happen in the future - but
based on extrapolations of present day human activities, reasonable representations of
the biosphere, and of the likely habits of the inhabitants can be set up which will help
to place limits on the potential radiological exposures.

1.2 Aims of the Complementary Studies exercise

Two aspects of the definition of the representative biospheres require careful attention.
The first is the identification of the those features, events and processes (FEPs) which
are required for the satisfactory modelling of the representative biospheres. This
should be comprehensive so that no potentially significant mechanisms which could
lead to exposures of the population are excluded. The second aspect is the way in
which these FEPs are modelled in assessment tools. The Reference Biospheres Work-
ing Group of BIOMOVS IT has reviewed the methodology for combining biosphere
FEPs into conceptual models [BIOMOVS n, 1996a]. It was the primary aim of the
Complementary Studies Working Group to investigate and explain differences which
exist between contemporary models with respect to how, for a given test case, they
represent FEPs and how the nature of these representations affects the calculational
end-points.

Additional aims were:

• to determine the most suitable ways of representing key FEPs;

• to identify where knowledge needs to be improved to give better representations of
these key FEPs in the future and/or where simplifications can be made to existing
implementations;
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• to show that the modelling undertaken is suitable for the purpose, in that it is
robust1 and that it is unlikely that the radiological consequences calculated by the
models would be underestimated (i.e., so that any conservative bias in the models
is justified);

• to build confidence in the available modelling tools and to identify where and how
enhancements could be made;

• to extend the work undertaken in the first phase of BIOMOVS to include
consideration of radiological dose.

1.3 Case specification

It was decided that these aims should be achieved by a set of model intercomparisons
using a common dataset, followed by an in-depth review of the mathematical represen-
tations of the FEPs in the models taking part. The test cases studied in the Complemen-
tary Studies exercise comprise a set of modelling scenarios2 for the assessment of the
radiological consequences of the release of radionuclides to a terrestrial (i.e., inland)
biosphere comprising of soil, river and a near surface aquifer. The exposure pathways
specified were: drinking water (from river or well depending on release type), the
consumption of crops (grain, root vegetables, green vegetables), the consumption of
animal products (meat, milk, fish), and doses from contact with contaminated
environmental media (external y-irradiation, and inhalation of contaminated
particulates). These are common to many of the participating models.

Both deterministic and stochastic phases of the exercise were specified. These are
described in full in Appendices A and B. The former allows a detailed comparison of
the mathematical representations of the FEPs and so allows an understanding of the
modelling differences (Chapters 2 and 3). The latter indicates the role of parameter
uncertainty in determining the spread of results (Chapter 4). The stochastic results also
provide for a parameteric sensitivity analysis which enables a classification of the
parameters used by the models based on their sensitivity, relevance and quality.

The Complementary Studies database has been taken broadly from the representation
of a valley in the centre of Switzerland [Nagra, 1993, Klos et al., 1995]. This database
is primarily relevant to present day conditions. The correspondence between the data
provided in the Complementary Studies case specification and the data required by the
participating models is generally very close. Some additional parameters were required
by the participants and it was encouraged that, where additional parameters were

The concept of robustness as used here is indicates the degree of model sensitivity to changes in
boundary conditions and input data. A model can be said to be robust if its response to relatively large
changes of inputs is only a small change in output. Similarly, a calculational end-point is robust to
different model representations if, for the same input data, its numerical value does not change
significantly.

The term scenario is used here to denote a distinct set of input conditions for the model. For a given
model, this can be thought of as a unique vector of input data which has corresponding output vector of
model results.
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required, the defaults from the participating models should be used, as this would shed
light on the way the common FEPs, and/or how additional FEPs, were modelled.

Three release scenarios were considered in the deterministic case:

• release to a near surface (biosphere) aquifer;

• release to deep soil;

• release to a river.

These were primarily chosen to correspond to those investigated in the first phase of
BIOMOVS [BIOMOVS, 1993]. There are other advantages to considering the three
release types since they each provide probes of different parts of the modelled system
and the geosphere/biosphere interface. The releases to the aquifer and to the deep soil
are aspects of the same situation - release from deep groundwater and even the release
to the river water is not completely unrealistic. It also provides a test of the aquatic
transport mechanisms included in the models. Only the river release was considered
for the stochastic case.

Four radionuclides have been considered in the Complementary Studies case. 129I was
chosen because it is a single (i.e., it is not a member of a decay chain), relatively
mobile radionuclide which can also be considered as a special radionuclide in that
alternative, non-generic models for its behaviour in the environment and the exposure
pathways model can be considered. The 237Np chain was selected to see how the
models would deal with a decay chain, the members of which (233U, 229Th) are
relatively immobile in the environment.

Originally it was intended that the case would look at a broader range of radionuclides
than have been considered (see the case specification in Appendix A). This was not
carried out for two main reasons. Firstly, the detailed understanding of the
implementation of the FEPs assumed a greater importance during the course of the
exercise relative to a pure comparison of the ranges of model results for this particular
biosphere scenario. This was a result of the interaction between the Complementary
Studies and Reference Biospheres Working Groups. Secondly, by the time that runs for
the additional radionuclides were due, it was realised that they were no longer essential
to the fulfilment of the objectives of the exercise.

A source term in the form of a top-hat function was used in the exercise. 106 Bq y"1 of
l29I and 237Np were assumed to be released to each of the three biosphere receptors
(river water, aquifer and deep soil). The cut-off of the top-hat function was at 104

years. It was assumed that the daughters of the 237Np chain would grow-in in the
biosphere during the time-span of the calculations, which was set to be 105 years. The
handling of chains could therefore be investigated in the participating codes, and the
response of the numerical engines in the codes could be further investigated by the
sharp edge of the source term.
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Table 1-1: List of participating organisations and biosphere models and/or codes.
The extension "-CSB" to the name of the code indicates modifications to the basic
model structure and/or the use of a generic solver for which a case specific model
structure was developed.

Participant

PSI, Switzerland

RIVM, Netherlands

ANDRA, France

SCK/CEN, Belgium

Studsvik, Sweden

AECL, Canada

CIEMAT, Spain

1PSN, France

NRPB, United
Kingdom

AEA, United Kingdom

Model/Code Name

TAME

RIVM MiniBIOS-CSB

AQUABIOS

BIOSPHERE-CSB

BIO PA TH- CSB / PRISM

BIOTRAC-CSB

SACO (deterministic)

Amber-CSB (Stochastic)

ABRICOT

NRPB MiniBIOS-CSB

BIOS 3a

Reference

Klos et
al. [1996]

Uijt de Haag
[1993]

ANDRA
[1994,1995]

Zeevaert et
al. [1995]

Bergstrom
[1982,1995]
Gardner et
al. [1983]

Davis et al.
[1993]

Little et al.
[1996]

Brice &
Mortimer

[1996]

Santucci
[1995]

Martin et
a/.[1991]

Martin et
al [1992]

Contact
Person

Richard Klos

Paul Uijt de
Haag

Catherine
Valentin-Ranc

Theo Zeevaert

Ulla Bergstrom

Keith Reid

Inmaculada

Simon

Pascal
Santucci

John Titley

James Stansby
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Table 1-2: Summary of contributions to the Complementary Studies intercompari-
son. Results for the three release types are indicated by 1 (river water), 2 (shallow
aquifer), 3 (deep soil). Stochastic results are denoted by S. The shaded regions indicate
that not all end-points could be calculated by the participating codes. Similarly, the
asterisk denotes the absence of the results for some of the requested time-points.

Participant

PSI, Switzerland

RIVM, Netherlands

ANDRA, France

SCK/CEN, Belgium

Studsvik, Sweden

AECL, Canada

CIEMAT, Spain

IPSN, France

NRPB, United
Kingdom

AEA, United
Kingdom

ID

A

B

C

D

E

F

G

H

I

J

Model/Code name

TAME

RIVM MiniBIOS-
CSB

AQUABIOS

BIOSPHERE-CSB

BIOPATH-CSB

BIOTRAC-CSB

SACO
(deterministic)

Amber-CSB
(Stochastic)

ABRICOT

NRPB MiniBIOS-
CSB

BIOS 3 a

Complementary Studies
end-point

doses
(c)

1,2,3,5

1,2,3,5

1,2,3,5

1,2,3,S

1,2,3,5

1,2,3

1*,2*,3*,

5

1,2,5

1,2,3,5

1,3

foodstuff
cones.

(b)

1,2,3,5

1,2,3,5

1,2,5

1,2,3,5

1,2,3,5

1,2,3

1*,2*,3*.

5

1,2,5

1,2,3,5

1,3

biosphere
inventories

(a)

1,2,3,5

1,2,3,5

1.2.3.S

1,2,3,5

1*,2*,3*.

5

1,2,3,5

1in
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When looking at the work presented in this report, it is important to remember that un-
like some other model intercomparisons in the BIOMOVS II series, e.g., the Post
Chernobyl Studies Working Groups [BIOMOVS H, 1996b, c & d], there are no
measured values with which to compare the results of the modelling exercise and it is
not possible to say that any of the models participating in the exercise is better than
any of the others.

1.4 Participating organisations and models

The list of the ten participants and their associated models is given in Table 1-1, whilst
Table 1-2 summarises the results submitted and gives the identification letter for each
participant and their model. This code is used throughout the report.

As can be seen in Table 1-2, not all participants contributed all of the end-points. This
partly reflects structural differences in the models themselves. For example, Model J
did not include explicit representations of shallow aquifer, whilst Models C and H do
not include representations of the shallow aquifer, the deeper soil layers or the river
bed sediment.

It is difficult to do justice to the individual models in a brief summary but an overview
of the structures is useful in understanding the results presented in subsequent
Chapters (Figure 3-3 shows the different model structures). Full model descriptions
can be found in the references given in Table 1-1.

All participants have adopted a compartmental modelling approach in which it is
assumed that the biosphere can be represented as a series of compartments in which
radionuclides are uniformly mixed. A range of transfer processes (eg bioturbation,
erosion, advective water fluxes) result in the transfer of radionuclides between
compartments. Model F uses a compartmental model approach for the aquatic parts of
the model system3 but the transport in soils is based on a regression model which uses
four key parameters, fitted to results from a more detailed model which solves the
advection-dispersion equation for soils.

All participating models distinguish between the transport of radionuclides in the bio-
sphere and the calculation of the doses to members of the critical group arising from
the distribution of radionuclides in the biosphere. Moreover, all models calculate the
doses via a multiplicative chain, ultimately deriving the doses on the basis of equilib-
rium conversion factors from the environmental concentrations. Model F is the only
one of the models to distinguish between the modelling approach for different

Model F is configured for a representation of lakes rather than rivers. Data for some of the aquatic
processes (i.e., interaction with sediments) are taken from the default database for the model. These
additional data are well suited to the situations for which the model is intended, but it must be
recognised that these situations (lakes with low turnover times) are very different to the case described
in the Complementary Studies case specification (rivers with rapid turn over times). However, the
submitted results show that the aquatic processes involving the bed sediments have little influence on
the calculation of radiological exposure in the situations modelled here.
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radionuclides in the case - a specific activity model is used for 129I, all the other
models use a common formulation for all the radionuclides4.

Compared to the exposure pathway sub-models, much greater diversity is shown in the
representation of transport5. Details of the model representations are discussed in
Chapter 3. The key differences are summarised below.

• A multi-compartmental approach is used by Models A, B, D, E, G, and I which use
first-order linear kinematics to derive radionuclide inventories in soils, surface
water, bed sediment and the near surface aquifer.

• Model J is similar, but does not distinguish an aquifer, although it has a more de-
tailed structure for arable soils.

• Models B, F, I and J also have a multi-compartment representation of the aquatic
sediments, but the relevance to the Complementary Studies biosphere is limited by
the nature of the river.

• Models C and H have a single dynamic compartment (the soil in this case).

• Model F uses a regression model for soils and a compartment approach for the
aquatic environment. The two parts of the transport sub-model are kept separate
and the interface between them is modelled conservatively (in some cases with the
minor creation of mass in the system).

In addition to the use of a regression model for the transport of radionuclides in the
soil, Model F is also unique in that it has been specifically developed for the
assessment of HLW in the Canadian Shield [Davis et al, 1993]. Therefore many of the
FEPs in the model are tied closely to conditions relevant to conditions on the Canadian
Shield. This constrains the ability of the model to represent the Complementary
Studies case. Furthermore, the usual mode of operation Canadian assessments is
probabilistic rather than deterministic and this causes problems in selecting
appropriate parameters for a single model run when no corresponding Complementary
Studies value were given.

In contrast the European participants in the exercise used models which can represent
a range of biosphere conditions. This common European approach appears to have
started with the earlier BIOMOVS exercises [BIOMOVS, 1993], where it was
recognised that, at least in a European context, model flexibility was a useful
prerequisite for waste disposal assessments. Since the earlier BIOMOVS exercises,
many of the models which have participated in this exercise have been made more
flexible as a result of the experience gained in those exercises (for example Martin et
al. [1991]). Other models have been produced since then (for example Klos et
al. [1996] and Brice and Mortimer [1996]).

Other models can model 129I as special. The reason that this was not done in this exercise reflects the
information provided in the case specification.

This again reflects the comparatively strict definition of the exposure pathways in the case specification.
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2. Review of results from the deterministic phase

2.1 Annual individual dose

The starting point of the analysis of the results is the plots of annual individual dose as
a function of time. These are arranged by radionuclide for each of the release
scenarios. It should be noted that doses arise from parallel pathways from different
parts of the biosphere system simultaneously. It is the combination of these pathways
that gives the maximum dose, not the maximum of the individual pathways.

2.1.1 Annual individual dose for 129I

Figure 2-1 shows the results for the annual individual dose over all exposure pathways
for 129I in the three releases.

In all cases, there are striking similarities between the participants, both in magnitude
of the total dose and in the temporal response of the total dose. Model F however
shows different behaviour. Possible reasons for this are two-fold:

1. All other participants represented the soils in the system by compartments. In
Model F, radionuclide transport in soils is modelled by a regression equation, with
the results of the model fitted by four key parameters

2. For 129I, Model F uses a specific activity model to calculate the annual individual
dose (discussed in Section 3.8).

Of the other participants, the model results are in close agreement in the case of the re-
lease to river water - a factor of four covers the results. In the case of the release to the
irrigation source (shallow aquifer), the spread is greater - a factor of around ten. For
the release to the deep soil all participants are covered by a factor of approximately
eleven and this includes the results form Model F. Here the effects of Model F's soil
model are more evident - there is a longer delay until equilibrium is reached than for
the other participants and the end results is a dose which no longer stands out above
the rest of the group.
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Figure 2-1: Results for annual individual dose, summed over all exposure pathways for
129I arranged by release type.
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2.1.2 Annual individual dose for 237Np

At first sight the results for 237Np (Figure 2-2) show as much variation between the
models as do the results for 129I. However, caution should be exercised. The behaviour
of 237Np in the biosphere is likely to be dominated by its relative immobility compared
to 129I and the results here support this expectation.

Model F uses a similar approach to the other models for the calculation of dose from
237Np (and the other members of this decay chain). As a consequence, its results here
are much closer to the results from the other models, particularly for the release to
river water and the release to the irrigation source. However, the full story is not easily
discernible from such plots - the multiple, parallel pathways leading to the total expo-
sure can mask details of the modelling. There are many factors which have to be taken
into account - for example the assumption of a limited irrigation period of 176 years
for Model F1. This is prominent in the case of the release to river water, although not
for the other releases.

What is remarkable is the fact that the quantity most often used as an assessment end-
point - the maximum dose over all pathways - is so similar for all the models, although
the time-evolution of the modelled systems is so different, particularly for the release
to the irrigation source. This cannot be said of the result for 129I and so it is reasonable
to expect that this feature of the results is a consequence of the higher kjs of 237Np in
the modelled biosphere. However a full understanding can only be achieved by
considering the full representations of the relevant FEPs in each of the models
(Chapter 3 and Appendix C).

For the river water release, the range of maximum calculated doses is a factor of
around 6. For the release to the irrigation source, the range is much smaller - around a
factor of two. For the release to deep soil, the participating models are even closer,
except for Model F.

Likewise, the time taken to reach this maximum is almost the same in all cases. The
differences between the participating models are the dynamics of the approach to the
maximum.

Normally, this is one of the many distributed parameters in the dataset used by Model F. Davis et al.
[1993] cite a geometric mean of 100 years with a GSD of 4 for a truncated log-normal distribution. The
lower limit is 50 years (one human generation) and 104 years is the upper limit. The precise origin of the
value used here is not known, but corresponds to several generations and allows for significant build-up
in the soil.
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Figure 2-2: Results for annual individual dose, summed over all exposure pathways for
237Np arranged by release type.
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2.1.3 Annual individual dose for the decay chain daughters: 233U and 229Th

The decay daughters of the 237Np released to the system give rise to lower doses than
237Np. 233U and 229Th behave in a similar way to their parent and in this comparison of
the modelling approaches it makes sense to treat the daughters together, since the most
important distinguishing feature compared to 237Np is that they grow-in in the
biosphere. There are many different mathematical expressions representing the
transport of radionuclides in the biosphere (see Appendix C) but most of the
participating codes rely on numerical integration techniques. When the total quantity
of radionuclide is very small there can be numerical problems and this is the case in
Figures 2-2 and 2-3 at the early times after the start of the release, particularly in the
river water. It should be borne in mind that these calculated doses are very low.

It should also be remembered that the source terms used here are somewhat artificial.
In reality the 237Np would be released with its daughters which would have in-grown
during transport from the repository through the geosphere and there would also be
releases of the daughters arising from their initial inventories in the repository. The
doses from the chain daughters would then be more significant overall. Consequently
in the Complementary Studies exercise, it is not practical to compare consequences
across the radionuclides.

Results for 233U are shown in Figure 2-3 and the calculated doses are much lower than
for 237Np - by a factor of over a thousand in each of the three releases considered. The
gradients of the dose curves for 233U are steeper than their 237Np counterparts and it is
clear that the doses from 233U have not reached steady state at the end of the 237Np
source term at 104years, although there is evidence in the river water and the deep soil
releases that a point of inflexion has been reached.

In the river water release, there are very small amounts of 233U present in the system
at the earlier times and numerical problems are the most likely explanation of the
wiggles in the dose vs. time plots for the release to river water. Here the total amount
of 233U in the water is due to the decay of the 237Np in the water. This too is extremely
small as the release is to the river water and the initial dilution is high. There is little
233U in the soil and so transport from the soil to the river water cannot enhance the
water inventory to any great extent.

Accumulation and retention in the soils gives rise to the doses at the time of the maxi-
mum dose. The rate of accumulation in soils is similar in all cases. Model G gives
indications of higher doses at earlier times, but it is not possible to confirm this as the
contributed results start at 100 years. The end of irrigation at 176 years in Model F is
indicated by the plateau at this time. At later times ingrowth from 237Np possibly
accounts for the increase after 104 years (Model F), although all the other models show
the doses decreasing after this time, which corresponds to the end of the source term
for 237Np. Most of the peak doses arise at 104 years, and the range is around two orders
of magnitude between Model J and Model E.

12
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Figure 2-3: Results for annual individual dose, summed over all exposure pathways for
233U arranged by release type.
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A similar situation arises in the case of the release to the deep soil, the ingrowth of
233U does not appear to stop with the end of the 237Np source term at 104 years, with
equilibrium being reached at or after 105 years. Models F and J show an earlier dose
from 233U than do the other models, but Model J tends to a steady state around an
order of magnitude lower than most of the other models. It is not clear that the other
models are approaching steady state at the end of the 237Np source, but there is a slow
decay after 104 years. There is a very close agreement between Models A, B, D, E, G
and I, and this could be because all the models represent the dominant FEPs in a
similar way. This is further discussed in Section 3.4.

A factor of ten covers all the results in the case of the release to the irrigation source.
Again the temporal behaviour of Model F is different to the other models. In this case,
however, Models C and H, with one dynamic soil compartment each, also show some
individual characteristics. The models with many dynamic compartments (A, B, D, E,
G, I and J) all tend to behave in a similar manner and it seems that model structure
plays a major role determining the dynamics of the modelled system. This suggests
that an investigation of the dynamics of the top soil inventories would be enlightening
(Section 2.2 and 3.4)

It is again interesting to note that, of the models that participated in both the irrigation
source release and the deep soil release, the results for maximum dose are very similar.
This illustrates the importance of accumulation in the biosphere and indicates the
importance of kd as the model parameter which defines the retention in the modelled
system.

The comments for 233U are broadly applicable to the 229Th results (Figure 2-4). The
doses at the earliest times are naturally even lower (< 10~15 Sv y"1) because the 229Th in
the modelled systems has to grow-in from the U which itself initially is present only
in very small amounts. The multi-compartment models again behave very similarly,
with very little difference visible on these plots. Models C, F and H again show the
most obvious differences. As before, there is not a great deal of difference between the
results for the release to the irrigation source and the release to the deep soil.

2.1.4 Time of maximum dose

The dose vs. time curves in Figures 2-1 to 2-4 show a range of results for the time-to-
maximum-dose for the radionuclides in each of the three release scenarios. The time-
to-maximum dose for l29I is always much less than for the 237Np chain because of its
lower kd values.

For I29I, the time to equilibrium is always relatively short. Most models calculate less
than 10 years is required for the release to river water and upto twenty years for the
release to aquifer and deep soil. Models C and H, with only the soil treated
dynamically, reach equilibrium instantaneously. Model F calculates equilibrium at
around 200 years, and this is strongly connected to the response of the soil model and
because of the assumption of the irrigation period (see the discussion on page 10). In
this case, there is a distinct plateau reached around 80 years - well before the end of
the 176 year irrigation period

14
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Figure 2-4: Results for annual individual dose, summed over all exposure pathways for
229. Th arranged by release type.

15



BIOMOVSII
TR12

There is much greater uniformity in the result for the members of the 237Np decay
chain. This reflects the way in which k* in the biosphere acts as an integrating
mechanism by retarding the transport in the modelled system. Most of the results show
that the dose from 237Np peaks at 104 years, coinciding with the end of the source term.
Some of the models (C and J and to a lesser extent A, G and H) calculate equilibrium
reached before this time (5 - 9 x 103 years) in the case of releases to river water. More
uniformity is seen in the other releases - all models giving 104 years, except Model C
(3xlO3 years for the release to the aquifer). Model F calculates a peak dose from 237Np
at 2xlO4 years in the release to deep soil, with only slow decay thereafter. This
indicates that, as modelled, there is a timescale for upward transport which operates on
at least the order of 104 years. This is not the case in the other models, where the
response is much quicker.

Greater variation is seen in the results for the chain daughters. In the release to river
water, Model F calculates that the equilibrium is not reached before the end of the
calculation period at 105 years, indicating that 233U is continuing to grow-in2.
Otherwise the end of the source corresponds to the peak doses in the release to river
water (exceptions are Models C and J, neither of which have an aquifer and both of
which calculate slightly lower times to peak). There is less agreement in the case of the
ingrowth of 233U following the release of 237Np to the aquifer. Looking at the peak
values from the submitted results indicates 104 or 2xlO4 years but a consideration of
Figure 2-3 indicates that most of the models are approaching equilibrium at 104 years
anyway.

Similar comments apply to Th however there is a tendency to calculate peak doses
somewhat after the end of the 237Np parent because the 229Th has to grow in from the
233U. Thus, Model F's result for the release to river water similarly show that
equilibrium is not approached for this radionuclide.

2.1.5 Avenues for further investigation

It is always tempting, when analysing the results of modelling exercises such as
Complementary Studies, to draw conclusions which are too broad for the scope of the
exercise both in terms of the types of model used and the modelling database. This is
an easy fallacy to commit at this stage having completed a brief overview of the model
results, focusing on a single output quantity - the annual individual dose overall
pathways.

A number of avenues for investigation are suggested by this review of the results:

• What is the source of variability seen in the results (e.g., the spread in the doses in
the release of I29I to river water)? What is the relative balance between the
variability due to the representation in the FEPs in the transport sub-models as com-
pared to the exposure pathway sub-models? A comparison of the results for both

It should be noted the time points requested in the Complementary Studies questionnaire (Appendix A)
have an influence on the results for the time of maximum dose. A more uniform spread of output times
might have been more useful here.
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the distribution of the radionuclides and the resulting doses in the environment is
made in Sections 2.2 and 2.3 respectively.

What are the dominant pathways and FEPs contributing to the doses? A review of
the contributing pathways is required (Section 2.3).

What features of the models gives rise to the greater spread in the doses for the
chain daughters (233U, 229Th), c<
parent (237Np) - see Section 2.3?

• The potential for the treatment of certain radionuclides as special is clearly seen.
The particular features of Model F's specific activity approach for I29I which lead to
the comparatively high doses should be reviewed (Section 3.8).

Within the context of biosphere modelling as given in the Complementary Studies case
specification, this analysis should indicate where simplifications in the FEP
representations are possible, without affecting the robustness of the models.

2.2 Distribution of radionuclides in environmental media

To simplify the analysis of the Complementary Studies deterministic results, it is
useful to choose a single time point for detailed investigation. Section 2.1.4 indicates
that the calculated doses at 104 years are suitable for further analysis. However, in
some of the models it is clear that the submitted results at 104 years are not suitable for
this analysis because in several cases the calculated doses at this time are less that
those at the earlier time point (9xlO3 years). This is clearly a numerical effect arising
from the sharp edge in the source term at 104 years. The ensemble of FEPs and their
mathematical representations give no reason for this behaviour and it must be
concluded that some of the integrating routines used in the models should be
implemented more carefully around edges. What seems to happen is that the codes
attempt to average over the time points near the edge, and so end up underestimating
the results at the time of the final source time point. One possible cause of this
problem is the spread in the time points requested in the case specification. A more
even distribution in log-space might have been less prone to this behaviour.

Figures 2-5 to 2-8 show the inventories at 9xlO3 years for each of the release scenarios
and for the radionuclides in turn. The inventories for the decay chain members are
compared in more detail in Figure 2-9. It should be noted that the variation seen in the
results presented here cannot be directly compared with that seen in Figures 2-1 to 2-4
because of the parallel nature of the exposure pathways. The environmental media
modelled in the transport are linked to the exposure pathway sub-model, but the
interface is not the same for all models.

Results are also presented for Np at 100 years. This sheds light in the distribution at
earlier times for radionuclides for which sorption is an important process. In fact, be-
cause the participating models treat all radionuclides in the same way3, the represen-

With the exception of Model F, which treats 129I as'a special case and calculates doses using a specific
activity approach.
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tations of the FEPs in the models can be compared both mathematically and numeri-
cally by taking a closer look at 237Np. The distribution of 237Np at 100 years is shown
in Figure 2-10.

The use of the inventory of the radionuclides in each of the environmental media4

identified in the case specification provides a useful basis for the intercomparison of
the transport models. The inventory in, say, the top soil is simply the total activity
within the physical volume of the top soil compartment, identified in the case
specification as the area of the cultivated land and the thickness of the rooting zone
soil. Some of the codes could handle this concept directly others were modified to
output the inventory, having first calculated the concentration in the media.

2.2.1 Results for 129I at 9 x 103 years

Figure 2-5 shows the range of environmental distributions for 129I. In the case for the
river water release, there is very close agreement between the results for the river
water, the top soil, sub-soil and aquifer inventories for all the models. There is a main
group of models (A, B, D, E, G, H, I) for which the top soil inventories agree to within
a factor of three. Models C (below the main grouping) and F and J (above) extend the
range to around a factor of ten.

The inventory in the river bed sediment shows the greatest range for the eight sets of
results. Model F utilises a conservative surface water compartment model designed
and calibrated for lake conditions on the Canadian Shield. This leads to Model F
having the highest inventory, although some of the assumptions (e.g., no loss of activ-
ity in the sediment downstream) are similar to the representations of the sediments in
the other models. The multi-compartment models, A, B, D and E, show close agree-
ment, but G and J, which are of similar structure, show two orders of magnitude be-
tween them. Interestingly, Model H, which calculates the bed sediment inventory on
the basis that the sediment contents would be in equilibrium with the river water, using
the ^-concept, achieves similar results to the multi-compartment models.

An important feature of the release to river water is that the majority of the activity
released to the system (1010 Bq in total) is lost downstream because of transport in the
river. For this release only a few 104 Bq remain in any of the models so that more that
99.999% has been lost downstream.

There is about a maximum factor of six variation in participants estimates of the
inventory in most compartments in the case of the release to the aquifer.

River water, river bed sediment, biosphere aquifer, rooting zone soil (also known as the top-soil) and
deep soil (the soil layer between the aquifer and the aquifer). Note the nomenclature in this report
(especially in Chapter 3) denotes the environmental medium by the use of a subscript. L = aquifer, D =
Deep-soil, T = top-soil, W = river water and 5 = river bed sediment. Appendix C gives the
Complementary Studies nomenclature in detail.
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As with the release to the river water there is greatest variation in the inventory for the
river bed sediment. The results for Model F are not shown. They were very low as a
result of the very small river water inventory (4.75x10"2 Bq). The high value from
Model A is believed to be due to the inadequacy of the representation of
intercompartmental diffusion in the model [Klos et ai, 1996].

For this release to the aquifer, up to 5xlO6 Bq is in the modelled biosphere at the end
of the source term, indicating that around 99.95% of the release is lost downstream.

Figure 2-5 (c) indicates that, for those models which explicitly modelled an aquifer,
the results for the release to the deep soil are similar to those for the release to the
irrigation source because, like the release to the irrigation source, the activity released
to the deep soil finds its way to the aquifer, which is again the source of irrigation
water and so the resulting top soil contents are influenced by this. For Models A and
D, and to a lesser extent, G and I, the transfers from the more highly contaminated
deep soil to the top soil enhance the top soil inventory somewhat compared to the
release to the aquifer.

There is a relatively large spread (compared to the other two releases) in the top soil
inventory. Model F and J had no aquifer and it is interesting to compare these results.
With no aquifer, the activity in Model J seems to be transferred to the top soil, hence
the high concentration both there and in the river water. Model F implies less
interaction between the I29I released to the bottom of the soil column and the rooting-
zone layers hence the correspondingly reduced doses, even with the specific activity
sub-model. Again for Model F, the contents of the river water and the bed sediment
are very low, implying a small interaction between the soils and the river.

For the deep soil release, around 99.95% of the released activity is lost downstream.

2.2.2 Results for 237Np at 9xlO3 years

In general, the results given in Figure 2-6, show good agreement, with the greatest
variation (over an order of magnitude) being for the river bed sediment, as was the
case for I29L There are also a few differences, for example Model F's soil inventory is
consistently lower.

A number of general features in Model F go some way to explain this difference. The
area of cultivated land is divided into two parts - arable, i.e. a kitchen garden on which
crops for human consumption are grown and pasture, i.e., a forage field which is used
by cattle for grazing. Radionuclide concentrations in these two fields are calculated
separately and it is possible that the inventories calculated by model F are not derived
on the basis of the same assumptions as the other models. For example, the pasture
area is not irrigated in Model F. In fact there are two other areas of land - a peat bog
(not used in Complementary Studies) and a wood lot, which supplies fuel for heating
(giving rise to inhalation doses) and is the refuge of poultry. Such detail is not seen in
the other models, but it has the unfortunate side effect of making the model very
difficult to deconstruct.
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It is interesting to note the impact of kj upon the 217Np inventory in the soil and
sediment compartments. For example the top soil inventory is about five orders of
magnitude higher than the river water inventory (for I29I it is only about an order of
magnitude due to iodine's lower kj). Similarly the 237Np bed sediment inventory
exceeds the river water inventory by about three orders of magnitude, whilst the I29I
bed sediment inventory is a factor of three lower than the river water.

For this radionuclide, 99% of the total release to river water is lost downstream and
only 1% is stored in the modelled biosphere. This shows the importance of the kd (1
(Bq kg"1) (Bq m'3)"1) in the soils and aquifer in retaining radionuclides in the system cf.
the results in Section 2.2.1 for 129I, with kd - 1 xlO"4 (Bq kg"')(Bq m"3)"1 in the soils
and aquifer, where 99.999% of the total release is lost downstream.

The importance of retention is also seen in the case for the release to the irrigation
source around 60% of the 237Np released to the system is retained in the aquifer, with
only 1% in the soils and the remaining 40% lost downstream.

In the release to deep soil, the inventories in the deep soil are, as expected, much
higher than in the case of the release to the aquifer. Also to be expected, from the
above analysis of the I results, is the observation that the inventories in the aquifer
are similar to the case of the release directly to the aquifer, though slightly lower be-
cause of retardation in the soil. Again this shows that the downward transport of the
activity from the deep soil to the aquifer is considered to be a very significant process
here.

Although more of the released activity is retained in the soils, the fraction of the total
release lost downstream is similar to the release directly to the aquifer (around 1%).
This is because the inventories in the aquifer are somewhat lower.

For the deep soil release, around 50% of the activity is in the aquifer, 20% in the deep
soil, 5% is in the top soil and about 25% has been lost downstream. This means that
this release (which is unphysical if an aquifer is explicitly modelled) retains more of
the activity in the system than does the release directly to the aquifer.

2.2.3 Results for the decay chain daughters, 233U and 229Th at 9 x 103 years

Plots of the distributions of 233U and 229Th at 9xl03 years are given in Figures 2-7 and
2-8. Similar trends to those in Section 2.2.2 for 237Np can be seen. Perhaps more useful
in understanding the ways in which the decay chains are treated in the participating
models is Figure 2-9, which plots the ratios of neptunium to uranium, neptunium to
thorium and uranium to thorium in each of the compartments for each of the three
release scenarios.

The first point to note is that none of the decay chain members is in secular
equilibrium with the parent, the timescale for the release is not long enough to
overcome the effect of the source term of 237Np.
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The largest ranges are seen for the release to river water. This can be ascribed to the
fact that the downstream loss is very great in this case and what little 237Np remains in
the modelled biosphere can only give rise to very small amounts of the daughters.
Consequently the ratios of neptunium to each of the daughters in the river water are
higher than in any other case. Also of importance here is the observation that models
which model only the soil as a dynamic compartment (Models C and H) do not
calculate the concentration of the daughters in the river water (or the bed sediment
inventory, in the case of Model H). Model F calculates the results for both water and
sediment but, in contrast with the other models there is much more neptunium
compared with the daughters, in the case of the river water and the bed sediment. This
could potentially be non-conservative since, for some pathways, the daughters can
make a high contribution to dose. Model F's results for the ratio of 237Np to the 233U is
similar to the other models. Model J also stands out, generally having relatively less
229Th.

The ratios do not give the full picture for Model F. Figures 2-7 and 2-8 show that the
amount of both 233U and 229Th are insignificantly small5 (less than 10'3 and 10"6 Bq
respectively). The structure of Model F is such that the soil model is effectively
decoupled from the river water, in the sense that the river water interacts with the soils
via irrigation, but soils do not contribute to the content of the river.

2.2.4 Comparison of237Np results at 100 and 9xl03 years.

As well as the distribution of the radionuclides in the environment at times close to the
maximum dose, the time evolution of these distributions is also of interest. It would be
impracticable to investigate the full time dependence of each of the inventories for
each of the radionuclides and each of the releases. However, in each model, the
radionuclide transport sub-model is the same for all radionuclides and this suggests
that a single radionuclide can be used to investigate generic features of the modelling
of the transport FEPs. Np is selected for this, principally because it sorbs strongly
enough to make the effect of this process prominent in the results. To investigate the
way in which the representations of different processes influence the results at earlier
times, the distribution of 237Np at 100 years is chosen. Results are shown (Figure 2-10)
and a comparison with results at 9xI03 years is made (Figure 2-11).

In the release to river water the source term naturally dominates the inventory in the
river water and Figure 2-11 shows that both here and in the river bed sediment, there is
no change between 100 and 9xl03 years. The exception is Model J, for which there is
a large increase in the content of the bed sediment between the two times, albeit from a
low inventory compared to the other models, to a value which is still considerably
lower. This indicates the modelling of the aquatic sediments in this model is quite
different to the others, although it is unlikely that the influence on the annual in-
dividual doses would be great.

They are only of interest from a technical standpoint in that the codes are quite capable of dealing with
inventories and concentrations which are immeasurable in the real-world.
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The deep soil and aquifer inventories indicate that there is accumulation in deeper
parts of the biosphere over time and that this is primarily because of the time taken for
the activity reaching the soils in irrigation water to be transported downwards through
the system.

The results at 100 years show that the concentrations in the top and deep soils, of this
relatively strongly sorbing radionuclide, are not in equilibrium. About 104 years is
required to reach this condition. Model F, with its assumption of a limited irrigation
period, with conservative constant concentrations thereafter is close to equilibrium at
100 years.

At 100 years, a total of 108 Bq have been released to the biosphere, and the retention in
the modelled biosphere is around 1% for the release to river water. In the case of the
release to the aquifer and the deep soil, the figures is almost 100%, with most of the
radioactivity in the receiving compartments.

By 9xl03 years, the cumulative release is 9xlO9 Bq but, as Figure 2-11 shows, the
content of the aquifer is around half of the total release Models C and H show no in-
crease in the contents of the aquifer in time because the aquifer is not modelled dy-
namically (see Section 1.4). The lack of retention in the aquifer probably accounts for
the higher top soil inventories for these two models (see Section 3.4).

There is considerable increase in the deep soil content between the two times. Two
mechanisms could be responsible for this:

• At the earlier times, the use of irrigation water by passes the deep soil, and the top
soil has relatively high concentrations because the source is the aquifer water;

• The deep soil inventories at later times arise because of the upward movement of
activity from the aquifer as well as downward transport from the top soil.

The models which explicitly include recycling of activity in the biosphere (A, B, D, E,
G, I and J) would seem to give more satisfying representations of the biosphere, if only
for the fact that they include more FEPs. Furthermore, although the models without a
dynamic aquifer tend to give higher soil concentrations (and doses) at earlier times, the
results at the time of the peak total dose show agreement with the other models, both
for the soil inventories and for doses - see Figure 2-2 and 2-6. As discussed in Section
3.4, the reasons for this are:

• The non-representation of sorption in the aquifer in Model C and H - leading to
high concentrations in the irrigation water at early times,

• The effect of the soil kd is to equilibrate the soil concentration at the same level in
all models.

It is likely that if the effects of sorption in the aquifer were included in Models C and
H, the initial doses would be very much lower (and they would be anticipated to be
similar to the other models) but that the same equilibrium value would also be
expected.
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Figure 2-10: Distribution of 237Np in the environmental media at 100 years for each of
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It is also interesting to note that models with recycling calculate higher water
concentrations at the time of the peak dose because the soils are now acting as a source
term for the river water.

This begs the question of whether it is necessary to have dynamic compartments for
aquifers and soils other than the rooting zone, especially in the light of the sensitivity
analysis in Chapter 4 which indicates that of all the kj parameters in the model, the one
on which the dose is most sensitive s the deep soil kj]

As has been noted before, for many of the multi-compartment models, the release to
the deep soil is very similar to the release to the irrigation source. In this case,
however, Figure 2-11 shows that the change in inventories is less for the deep soil (as
the receptor) than for the aquifer. Similarly, for many of the models, the change in the f~
top soil inventories is less in this case than for the aquifer release - reflecting the
importance of the direct upwards movement of radionuclides from the deeper soils to
wards the surface. Interestingly, Model J appears to be closer to equilibrium at 102

years in this case for all compartments except the river bed sediment.

Model F shows a greater accumulation in this case because the top soil inventory is not
dependent on the application of contaminated irrigation water here. The processes
modelled deal only with the upward movement in the soil.

2.3 Pathway contribution to annual individual total dose at 9xlO3 years

In the preceding section the total dose over all exposure pathways has been compared.
The structure of the transport sub-model clearly plays a role in the time evolution of
this quantity. This section compares the results for the individual exposure pathways
and discusses the origins of representational uncertainty.

The Complementary Studies case specification was prescriptive in the definition of the
exposure pathways that were to be calculated. Most of the participating models ap-
proached these calculations in a similar way in that they used the information supplied
in. the case specification directly (see Figure C-l in Appendix C). In some cases minor
modifications were necessary, for example, in the case of Model A, the distinction
between dairy and beef cattle is not made and some way of combining the two types of
cattle was required. Model F has a more comprehensive approach to the doses received
by the inhalation of airborne contaminants and from external radiation exposures than
do the other models, and this is reflected in the additional data from the default data-
base for Model F which was used in the dose calculations.

The first stage in the analysis compares the results for the dose at 9xlO3 years by expo-
sure pathway and subsequently, by comparing doses calculated from the environ-
mental distributions shown in Figures 2-5 - 2-8 but with a common exposure pathway
sub-model (that of Model A), the variability seen in Figures 2-1 to 2-4 is addressed
and the balance between representational uncertainty in the two sub-models is investi-
gated, (see Section 2.4).
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The use of Model A's exposure sub-model is not to be seen as a comment on its
inherent suitability compared to the other approaches in the other models. The
usage here is purely as a common reference for the comparison of the representational
uncertainty arising from the transport and exposure pathway sub-models.

2.3.1 Exposure pathways contributing to the total dose from 129I

Figure 2-12 provides a deeper insight into the results for the doses from I29I at 9xlO3

years for each of the three release scenarios. The total doses from the models at this
time are compared on the left hand side and the fractional contributions of the eleven
pathways are given on the right hand side.

For the release to the river water, all but one of the calculated total doses lie between
10"9 and 10~8 Sv y"1. The results from Model F are higher by around an order of
magnitude. As can be seen from the distribution of the exposure pathways, the
dominant pathway for Model F is the consumption of vegetables6, and, whereas the
other models indicate that the dose from the consumption of drinking water is an
important contributor to the total dose, it is insignificant in the Model F results.

Models C and H have the highest contributions from the drinking water pathway, but
have the lowest overall doses - this is an indication that the representation of the FEPs
in the multi-compartment models can enhance the doses from pathways other than
drinking water consumption. Of the remaining models, Model D also calculates a
relatively high contribution from the drinking water pathway, and this model also
shows a relatively low total dose.

There is agreement between many of the models that, in this case, four exposure
pathways have a similar contribution to the total dose (drinking water, grain, root
vegetables and milk consumption), with a significant contribution from root
vegetables. However, there is still considerable variation: Model E calculates a much
greater significance for the milk consumption pathway, whereas Model G indicates
that grain is the maximum contributing pathway to the total dose. Similarly Model J
has a relatively high contribution from grain, and this contributes to the slightly higher
total dose from this pathway.

The majority of the doses in the release to irrigation source case are in the range
from 10"8 Sv y"1 to 10"7 Sv y"1 but again Model F gives the highest consequence. Model
E gives the second highest of the results7, and is less than a factor of ten below Model
F's value. Models C and H again give relatively low values, but Model G gives the
lowest result.

Model F does not distinguish between the different vegetables given specified for the case. The doses
have been calculated on the basis of a single generic and then partitioned according to the specified
consumption rates. The pathways for Model F should therefore be thought of as a combination of grain,
root vegetables and green vegetables.

Model E had a special edition of the irrigation process representation implemented with the intention of
investigating options for this FEP using the Complementary Studies database.
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Figure 2-12: Submitted doses for 129I at 9xlO3 years showing absolute values of the dose
summed over all pathways and the fractional contributions to the total dose of each of
the exposure pathways.
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There is, again, some variation in the distribution of the pathways. The dose from the
drinking water (the source being the well here, with implicitly higher concentrations)
is significant in many cases, but of only minor importance for Model F (as
anticipated). For Models C and H, it contributes to more than 50% of the dose, with
milk consumption also being important, as well as grain for Model H.

The results in the case of the release to the deep soil range from around 10"8 Sv v"1 to
10 Sv y" . Results from Model F again show the overwhelming dominance of the
vegetable consumption pathways, with a very small contribution from milk, but it can
be anticipated that the top soil inventory from Model F in this case would be below the
other participants, and this is confirmed by consulting Figure 2-5. It can be deduced
that irrigation is not significant here because there is no contribution from the green
vegetable pathway (cf. the river water and the irrigation source release). It may be that
there is irrigation in this case, but, as there is no biosphere aquifer in this model, the
irrigation demand is met from the river, with its very low concentrations8.

As before, Models A, B and I are very close, but there is a slight shift in the pathway
distribution from Model A. The results are very similar to the release to the irrigation
source. Model J, with a similar exposure pathway model, gives lower doses, but this
may be because the river water is used as the source of drinking water (as there is no
aquifer in this model). The drinking water contribution is thus lower and the
contribution from grain is higher.

Of the generic models, Model E, with the highest of the calculated doses, has the
lowest contribution from drinking water, with grain and milk dominating, indeed, it
seems that in Model E, iodine has an increased affinity for the milk pathway relative to
the other models, since milk features in all the release types.

Model G gives the lowest dose and the distribution of the pathways is slightly different
to the other similar models in that there is relatively less dose from the drinking water
and more from the grain.

2.3.2 Exposure pathways contributing to the total dose from 237Np

Figure 2-13 shows the dominance of the root vegetables in contributing to the total
dose. The root uptake factor in root vegetables is very high (see Table A-10, Appendix
A) and this clearly plays an important part in this result. Other mechanisms also play a
role and how they are implemented in the participating models is reviewed (with par-
ticular reference to this pathway) in Section 3.5.
In the release to river water, all but one of the annual individual doses are in the
range 10"7 - lO^Sv y"1. The dose from Model F is within a factor of ten lower than the
other models. The green vegetable pathway is key for Model F, but this is again due to
the partitioning of the doses from the single, generic crop pathway according to the
consumption rates in the case specification.

Representations of the aquifer in the performance assessments carried out by the organisation to which
this biosphere modelling group belongs are carried out under the heading of geosphere transport and so
they are a separate part of the model chain.
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One clear feature of this release is that the dose from the drinking water is very low
compared to the other pathways (less than 5% in most cases), although it is up to 20%
for Model J. This is despite the release occurring to the river water. The models are all
agreed, that the drinking water pathway here would not provide a good estimate of the
total dose, and that the analysis of other exposure pathways is essential - i.e., the root
vegetable pathway for this radionuclide. Grain consumption is identified as the second
most important dose, at around 15% in most cases. Very minor contributions come
from green, vegetables, dust inhalation and, for Models B and J, which used an alter-
native database to the one in the case specification, from external y-irradiation.

The reason for this is clear: in the release to river water, as discussed in Section 2.2.1,
most of the activity is rapidly lost downstream and only around 1% of the total release
remains in the modelled biosphere. 237Np accumulates significantly in the soils and
hence the contribution from the river concentration to the dose is relatively small.

A key indicator of the crucial importance of accumulation in the biosphere is seen in
the release to the irrigation source. In this case, the spread of doses is between 10"6

Sv y"1 and 3xlO"6 Sv y"1. The doses from drinking water contribute not more than 10%
to the total, and this is despite the initial high concentration in the aquifer porewater as
a result of the release to the aquifer (implicitly used as the source of irrigation water)
and the retention in the aquifer. This is a clear reminder that irrigation is very impor-
tant as a short cut for the released activity to reach the surface environment.

It has been suggested that the biosphere can be simplified to a single pathway, e.g., the
consumption of contaminated groundwater [Vienno, 1994]. This example shows that
this approach would potentially neglect the effects of retention, interception and ac-
cumulation. Although the groundwater concentrations in the aquifer are high, it is the
accumulation in soil and the interception of irrigation water which contribute most to
the doses in this release scenario. The use of a single pathway could give similar
results, but only if more conservative assumptions and parameters were adopted, com-
pared to those already in use in these models. However, when such conservative
parameters are to be used, the question arises as to what the appropriate level of
conservatism (or pessimism) is. In such a usage a drinking water dose can be made
arbitrarily high and the distinction between high enough to be on the safe side and
unnecessary conservatism is very difficult to judge. The use of a full biosphere
representation is therefore to be preferred.

Overall, the distribution of the doses is similar to that in the case of the release to river
water - because of the domination of the root vegetables and grain pathways.
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Figure 2-13: Submitted doses for 237Np at 9xlO3 years showing absolute values of the
dose summed over all pathways and the fractional contributions to the total dose of each
of the exposure pathways.
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The question is why, for this release, Model F is in good agreement with the other
models, when its top soil inventories (Figure 2-6) are much lower than the other mod-
els. It has been suggested that this is due to problems having arisen in the calculation
of the Complementary Studies calculational end-points (see Section 2.2). Section 3.5
and specifically Table C.7 (Appendix C) indicate why Model F's doses from this
pathway are comparatively high relative to the inventories in the soil. The reasons are
discussed in Section 3.7.

Model F's top soil inventories in the release to the deep soil are, once again, much
lower (Figure 2-6). Nevertheless, the doses from Model F are the highest in this re-
lease. However, from Figure 2-2, this appears to be mainly because the doses from the
other models are approaching their steady-state values whereas Model F's doses are
still increasing at a constant rate. This is a consequence of the soil sub-model in Model
F. In addition to vegetable consumption, Model F shows only a minor contribution
from the external y-irradiation pathway.

The other models, with results ranging from 10"5 Sv y"1 to 2xlO"5 Sv y"1 show grain as
making the second highest contribution (= 7.5%) with small contributions from dust
inhalation (~ 1%). Models B and J also show around 1% of the dose coming from ex-
ternal y-irradiation. Model E also calculates around 2% from well water.

2.3.3 Exposure pathways contributing to the total dose from 233U

In the transport sub-models, the decay chain daughters behaved in a very similar way
to the parent radionuclide, principally because the values of parameters affecting mi-
gration were similar in the database (mainly the kjs in the environmental media - taken
from Tits et al. [1996]). The main difference was that 233U and 229Th grew-in in the
biosphere as a result of the release of the parent, Np. The database values of pa-
rameters which affect uptake for the chain has more variation between the radionu-
clides and this is seen in the results for the distribution of pathways.

Figure 2-14 shows the results for the doses from 233U at 9xlO3 years. Models A, B, D,
E, G, H and I all lie in the range 10~n Sv y'1 to 5x10"'x Sv y''for release to river wa-
ter. The lowest of the results is from Model J, at around 5xl0"13 Sv y"1, and both Mod-
els F and C have results between this value and the range of the other radionuclides.
The pathways show a fairly high degree of unanimity - the inhalation pathway
(principally from contaminated airborne dust) gives more that 75% of the dose from
233U in the case of Models A, C, D, E, G and H. Model B indicates a relatively large
contribution from the milk consumption pathway, but this is only a minor component
of the doses in the other models.

The external y-irradiation pathway is a major component in the case of Model I («
17.5%), but this is only a very small factor in Models A, F and J. Together, the con-
sumption of grain and root vegetables contribute 10% to 15% in many of the models.
Model F again has the combined vegetable consumption pathway dominating the dose,
but this is possibly because the chain properties are set to the most conservative values
from all the decay chain members in the calculation. From Figure 2-3, the time evolu-
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tion for this radionuclide is obviously important for understanding the distribution of
results at 9xlO3 years. Only Model J calculates a significant contribution from the river
water concentration of 233U. In the other models, the ingrowth of 233U, mainly in the
aquifer - from the relatively immobile 237Np - is the most important source of 233U in
this modelled biosphere - see Figure 2-7.

The range of the results for Model A, B, D, E, G and I, in the release to the irrigation
source is 10"9 Sv y"1 to 3xlO~9 Sv y~'. Models C, F and H fall below this range.

Remembering that, for Models C and H, when the release is to the irrigation source, no
inventory is calculated in river water, and that transport from soils to river water is also
not calculated, it is not surprising that the distribution of pathways for these two
models is the same in the river water and irrigation source release scenarios. Similarly,
where the aquifer is modelled, these radionuclides grow-in there, and the doses from
the inventories of these radionuclides in the water give rise to 20% - 25% percent of
the total dose in Models A, B, D and I, although the contributions are less in Models E
and G. Model F has again very prominent vegetable consumption pathways.

Model B again shows its relative preference for the milk pathway, but the inhalation
pathway is again a very prominent contributor. It is not as important in this release as
for the river water release even though the overall top soil inventories (from which the
dust is derived) is a factor of ten higher. Thus, although the dose from this pathway is
higher in this case, the relative contribution is less because of the increased importance
of the aquifer water pathways.

Similarly the external-y pathway contributes relatively less for Model I, although the
absolute irradiation dose is higher in this case, compared to the river water release.

Most of the maximum doses from the release to the deep soil lie between 10"9 and
4xlO"9 Sv y'1. The time evolution of Model F's doses is again responsible for the value
seen here, but this is only around 10"8 Sv y'1. Model J gives a total dose of ~ 5x10"'l

Sv y"1. This is because of the lower top soil inventory for Model J (see Figure 2-7).

In this release Model F, shows the same distribution of pathways as for the release to
river water, although the absolute dose is over four orders of magnitude higher. This
suggests that, in this case, the mechanisms are probably the same. In fact the water in-

Oil

ventories of U in both releases are very low, and the only biosphere medium from
which the doses arise is the top soil. However, because of the use of a regression
model for transport in soils as used in Model F, the precise nature of the FEPs respon-
sible are hidden from view.

For the other models, the inhalation pathway is again indicated as being important,
with 50% - 75% of the total dose. Grain also accounts for around 10% and most mod-
els calculate some contribution from the drinking water pathway - Model J obtains
drinking water from the river, all the others use the well. Model B again has a rela-
tively higher contribution from milk consumption than the others and, as seen above,
Model I calculates a large contribution from external y-irradiation.
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Figure 2-14: Submitted doses for 233U at 9xlO3 years showing absolute values of the dose
summed over all pathways and the fractional contributions to the total dose of each of
the exposure pathways.
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2.3.4 Exposure pathways contributing to the total dose from Th

Many of the comments from the above discussion of the doses from 233U apply to
229Th (Figure 2-15), at least with respect to the total doses over all pathways. Where
the two radionuclides differ more significantly is in the distribution of the exposure
pathways contributing to the dose at 9xlO3 years.

There is strikingly good agreement in the distributions in the case of the release to
river water. Because Models C and H agree well (in terms of the relative contribu-
tions), this implies that the contribution from the river water is very small in all the
models. The relatively high dose per unit intake on inhalation of this radionuclide then
means that the inhalation pathway is dominant for a given concentration in soil (=
80%) with small amounts from the vegetable pathways. In this case Model B has a
higher contribution from the meat consumption pathway than has been seen in any of
the analyses so far and the external y-irradiation pathway is seen to be important in the
results from Model J. Model F has less than 20% from this pathway and Models A and
I have very minor contributions.

In the release to the irrigation source, the contribution of the direct consumption of
drinking water from the aquifer is quite high - around 30% for Models A, B, D and I.
Models E and G put the contribution at around 10% and Model F estimates a slightly
smaller contribution. Model C gives the same distribution as in the release to river
water, but Model H indicates a higher contribution from grain and a small contribution
from milk.

In the release to the deep soil, inhalation is again a dominant pathway for many of the
models - over 50% for Models A, B, D, G and J and around this value for Model I and
40% for Model E. Model E has a relatively high contribution from grain. Model F
indicates the vegetable consumption pathways with 20% from inhalation (despite the
additional mechanisms included in Model F. The external y-irradiation pathway gives
around 30% of the doses in the results from Models I and J, less than 10% from Model
F, 1% from Model A and does not feature anywhere else.

2.3.5 General comments on the distribution of pathways

As contributed, there is a broad range of pathways which contribute to the total dose.
Overall there is broad agreement about which the pathways are in important for each
of the radionuclides.

For the radionuclides considered, there are significant contributions to the total dose
from many of the pathways. The drinking water pathways (from the well and the
surface water) are usually not the highest contributors. Irrigation is an important
mechanism for transporting radionuclides to the soil. Inhalation pathways are
particularly important for the daughters of 237Np. These would probably be even more
prominent if a more realistic source term had been used (relating releases of 233U and
229Th in the source term to the amount of 237Np released - this can only be achieved by
imposing non-trivial assumptions about the associated geosphere transport conditions).
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Figure 2-15: Submitted doses for 229Th at 9xlO3 years showing absolute values of the
dose summed over all pathways and the fractional contributions to the total dose of each
of the exposure pathways.
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Most of the exposure pathways considered in this exercise involve the accumulation of
contaminants in soil9. To understand the results requires and understanding of how the
FEPs which determine this are represented in the models. Details discussed in detail in
Section 3.4 and Appendix C and this includes the representation of the exposure
pathways.

2.4 Representational uncertainty - transport or exposure pathway sub-models?

As the transport and exposure pathways sub-models are separate in all of the
participating models, it is possible to investigate whether the main source of variation
between the model results shown in Figures 2-12 to 2-15 arises from the transport
calculations or from the calculation of the doses.

The end-point of the transport calculations is the distribution of the radionuclides in
the biosphere as a function of time, either expressed as concentrations or inventories.
By using the contributed inventories at 9xlO3 years (cf. Figures 2-5 to 2-8) with a
common exposure pathway model (that of Model A) to recalculate the doses arising
from the distribution of radionuclides in the biosphere from each of the transport
models, results in the form of Figures 2-12 to 2-15 then show differences according to
whether the main source of variability is in the transport or the calculation of doses.
The results of this are shown in Figures 2-16 to 2-19.

2.4.1 Results for 129I

1 OQ

A comparison of the results for I (Figures 2-12 and 2-16) indicate that a large
proportion of the variability in the modelling of this radionuclide come from the
exposure pathway sub-model. This is particularly true for the release to river water,
where the recalculated doses are all in the range 3xlO"9 to 5xlO"9 Sv y"1 and the
distribution of the exposure pathways contributing to the total dose are virtually
identical with Models F and J indicate a very small excess in the dose from grain.

In the release to the aquifer, there is a greater spread in the results, with the environ-
mental distribution calculated by Model F leading to significantly lower doses com-
pared to the other models. This is to be expected because of the low inventories seen
in Figure 2-510. The other transport models give doses in the range 2xlO"8 Sv y"1 to
2xlO~7 Sv y'1. With the exception of Model F, the recalculated results all show an
identical distribution of pathways. The distribution of pathways from Model F indi-
cates a further reason why the recalculated doses are lower than the other participants.

9 This is a consequence of both the case specification and the FEPs already included in the participating
models. Had the inhalation pathways been left out of the case specification, what conclusions could have
been drawn? Valid questions are: what has been left out! and; can we be confident that there is
sufficient detail in the existing modeli The Reference Biospheres Working Group has addressed such
matters.

10 As discussed above, this is suspected to result from problems in calculating the top-soil inventory.
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As there is no inventory in the aquifer calculated by Model F, there can be no dose
from the drinking water pathway, and consequently the dose from the soil pathways
(grain and pasture - milk) are relatively more important. Models C and H which cal-
culate an implied inventory in the aquifer are also very close to the model with explicit
modelling of the aquifer, although, curiously, Model C is near the top of the range
whereas Model H is at the lower end of the main group.

For the release to deep soil, Model F is again low in comparison to the other recalcu-
lated doses and Model I is at the top of the range. The reasons for the recalculated re-
sult from Model F are similar to those in the case of the release to the aquifer. Of the
other models, A, B, D, E, G and H all show similar distributions of pathways. J is
different, and this is because of the lack of an aquifer - hence dose from fish
consumption is indicated whereas the dose from well water consumption is not.

2.4.2 Results for 237Np

The results for 237Np are clearly dominated by the root vegetable pathway, however
this is mainly because (as discussed in Section 3.4) FEPs other than root uptake are
switched of in Model A's representation. Nevertheless, the results do indicate some
generic trends in the modelling.

The use of a common exposure pathway sub-model reduces the range in the results for
the release to river - they are all in the range 10~7 - 10"6 Sv y"1 - but the effect on the
distribution of the exposure pathways is minimal. The dose from the Model F transport
model is now due mainly to drinking water from the river - grain and green vegetables
together contribute around one quarter of the total dose. This reflects the relatively low
contributed soil inventories.

The release to the irrigation source shows close agreement in the total dose for all
participating models (lxlCT6 - 4X10"6 Sv y"1) except Model F (less than 10"9 Sv y"1).
All models have a contribution from root vegetables of around 80%. For those models
which calculate the inventory in the aquifer water, the contribution from the drinking
water dose is around 10%. Otherwise, the common exposure pathway model gives
grain as contributing around 10% of the dose. In comparison with the full contributed
results (Figure 2-13), there is not a great deal of difference and so it is apparent that the
transport model dominates the variability in this case.

2.4.3 Results for 233U

The first impression in comparing Figures 2-14 and 2-18 is that the use of a common
model for exposure pathways reduces the variation in the contributing pathways, but
that there is still considerable variation not explained by the exposure models,
especially in the case of the release to the aquifer.
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Figure 2-18: Recalculated doses for 233U at 9xlO3 years showing absolute values of the
dose summed over all pathways and the fractional contributions to the total dose of each
of the exposure pathways.
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Figure 2-19: Recalculated doses for 229Th at 9xlO3 years showing absolute values of the
dose summed over all pathways and the fractional contributions to the total dose of each
of the exposure pathways.
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For Models A, B, D, E, G, H and I, there is not much effect to be seen on the magni-
tude of the doses calculated. Similarly Models C, F and J stand out from the others in
both cases. Doses calculated by the common exposure pathway model for the invento-
ries provided by Participant F are less than calculated from the Model F exposure
pathway sub-model, but doses from Models C and H, like their more closely grouped
coparticipants are barely altered. Comparing the distribution of contributing pathways
shows that the doses from Model B's milk calculation are reduced and, likewise, the
doses from the consumption of vegetables in Model F's results are reduced. Dust in-
halation is the dominant pathway in the common model. Only Model J shows a
significant contribution from the drinking water and this is true for both exposure
models, indicating the role of the transport sub-model.

The variation in the doses calculated in the case of the release to the aquifer is
slightly reduced, but more clearly the distribution of the exposure pathways in this
case reveals the structural differences between the transport models. Models A, B, D,
E and G show similar distributions, but Models C, F, H and I show almost identical
distributions. Here it is the lack of the drinking water dose from the consumption of
well water which allows the relative dominance of the dust inhalation pathway (which
is still significant for most models, even in Figure 2-14).

It is not unexpected that Models C, F and H should behave in a similar way, since
there is no accumulation of U in the aquifer, but Model I appears to have no
contribution from the well water consumption pathway in Figure 2-18. It is therefore
not clear how the well water dose in Figure 2-14 is calculated.

Model F again shows the greatest sensitivity to the exposure pathway model in the re-
lease to the deep soil. Otherwise, the common exposure model reduces the variation of
Models A, B, D, E, G and I. Model J is unaffected and again, this is linked to the ac-
cumulation of the radionuclides in the aquifer in the other models. The environmental
distributions calculated by the participating models give rise to very similar distribu-
tions of the exposure pathways. Models D and G show distributions which are very
similar in both cases. Again, Models F and I show similar distributions and, here, they
are joined by Model J.

2.4.4 Results for 229Th

In Figure 2-15, there is relatively little variation between the models but what there is
reduced further by the common exposure pathway model (Figure 2-19). Generally the
trends are the same as for 233U. Model F shows the greatest sensitivity to the
imposition of a common exposure pathway model. In the release to the aquifer,
Models C, F, H and I show a similar behaviour, whereas Models A, B, D, E and G
form a second, though looser, grouping. This observation is also valid for the release
to deep soil (the former grouping now including Model J, but not Models C and H).

It is interesting to speculate what would have happened had Models C and H been
used with a release directly to the soil compartment (assuming a deeper soil layer than
simply the top soil).
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2.4.5 Analysis of inter-model variability

The Complementary Studies results form a relatively large sample and this suggests a
way of quantifying the sources of this variability, using the results obtained from both
the submitted and the recalculated results. The statistic to be calculated is

Srecalculated ~ Scontributed ST ~ ST,E

~s Ts =7T7~
15recalculated T ^contributed ° r ^ J r . E

where the spread in the contributed results is denoted by sconlributed. This contains the
variability in the results due to both the transport and exposure pathway calculations
(i.e., sTE). The spread in the results from the transport models only (sT) is given by

the spread in the recalculated doses, sreca!cutated. Table 2-1 shows values of v, for three
measures of variability - the standard deviation, the full and the interquartile ranges.

The limiting values of the statistic v are -1, 0 and 1. When v = 1, the variability from
the combined models is insignificant, and all the variability in the results arises from
the transport models. Situations where v —> 1 are not expected because this would
imply that sT » sTE , which is unlikely since sTE must include the variability in sT.

This limit can therefore be discounted and the limiting value v = 0 is more important.
In this case the variability is mainly from the transport sub-model. The situation v = -1
arises when sT is insignificant in comparison to sTE, i.e. the variability introduced by

the transport model alone is small in comparison to the variability caused by the
different exposure pathway sub-models and the exposure pathway representations are
the main cause of the observed spread of results.

For I29I, Table 2-1 shows that the major source of variability in the release to river
water is the modelling of the exposure pathways. As determined by the standard
deviation and the full ranges, v = -1 clearly shows this. As measured by the
interquartile range, the value of v is -0.86, but this is still a strong indication of the
exposure pathway sub-model being important for this radionuclide. The indication is
less strong for the release to the aquifer, but the still quite high negative values of v
from the three measures of the range still clearly show that much of the variability seen
in the results for dose is due to the way in which the doses are calculated. However,
when the extremes of the ten results are excluded, the transport model is identified as
the cause of the variability. For the release to the deep soil, however, and in contrast
to the release to the aquifer, the transport modelling is seen to dominate.
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Table 2-1: Quantification of the source of model variability as it affects the maximum
total annual individual dose at 9xlO3 years.

arithmetic mean

standard deviation

full range

interquartile range

v(standard deviation)

v(full range)

v(interquartile range)

M7Np

arithmetic mean

standard deviation

full range

interquartile range

^standard deviation)

v( full range)

v(interquartile range)

233O

arithmetic mean

standard deviation

full range

interquartile range

v(standard deviation)

v(full range)

v(interquartile range)

M9Th

arithmetic mean

standard deviation

full range

interquartile range

v(standard deviation)

v{full range)

v(interquartile range)

Release Type

River Water

10 participants

recalculated

4.1xlO"9

1.6x10"'

6.2X1010

1.4xlO"10

contributed

3.0xl0"8

7.9x10"8

2.6x10"'

1.9x10"*

-1.00

-1.00

-0.86

recalculated

3.4x10"7

1.7xl07

5.4x10"7

2.5xlO"7

contributed

3.8x10"'

1.6x10"'

4.8x10"'

3.0x10"7

0.04

0.06

-0.09

recalculated

1.7x10""

1.1x10""

3.4x10"

1.7x10""

contributed

1.9x10""

1.3x10"

3.6x10""

2.6x10""

-0.08

-0.03

-0.21

recalculated

3.1x10"

2.2x10""

6.4x10"

3.7x10"

contributed

3.1x10"

2.3x10"

6.3x10"

4.1x10"

-0.01

0.00

-0.05

Irrigation source

9 participants

recalculated

5.9-xlO"8

3.9xlO"8

1.3xlO"7

2.1xI0"8

contributed

9.4xlO"8

1.5xl0"7

5.0xl0"7

2.3xlO"8

-0.59

-0.59

-0.06

recalculated

1.9x10"*

8.1XI0"7

3.0x10"*

6.6xlO"7

contributed

2.2xlO"6

4.4x10"'

1.4xlO"6

6.7x10"'

0.29

0.36

-0.01

recalculated

3.4x10"'"

2.0x10"'°

6.0x10"'"

3.1xlO"la

contributed

4.5xlO"l°

2.7xlO'1()

7.2x10"'°

5.7x10"'°

-0.14

-0.09

-0.30

recalculated

9.5x10"'°

6.4x10"'°

1.8xlO"9

l.lxlO"9

contributed

1.2xl0"v

9.1x10"'°

2.8xlO"9

1.6xlO"9

-0.17

-0.22

-0.18

Deep soil

8 participants

recalculated

4.5x10"8

3.8x10"8

1.3xl0"7

3.0xl0"8

contributed

4.4x10""

2.7x10"8

8.5X10"8

2.9xlO"8

0.17

0.21

0.00

recalculated

1.7xlO"5

7.4x10-*

2.4x10"3

6.0xl0"6

contributed

3.2xlO"5

3.6xlO"5

1.2X10"4

5.0x10"*

-0.66

-0.66

0.09

recalculated

1.4xlO"9

8.3xlO"10

2.3xlO"9

8.9x10"'°

contributed

3.1xl0"y

3.2xlO"9

l.lxlO"8

1.5X10"9

-0.58

-0.66

-0.26

recalculated

3.0xl0"9

1.8xlO"9

5.0xl0"9

2.1xlO"9

contributed

7.3X10"9

l.lxlO"8

3.6x10"*

1.5x10"

-0.72

-0.76

0.16
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Model F's results for I are scaled according to a specific activity models (see
Section 3.8) and this has a major influence on the calculated doses. The use of this
approach is acknowledged as being rather conservative [Amiro, 1996], This accounts
for these results standing out from the other models which use a generic representation
for all radionuclides. It is therefore interesting to see what the v-statistic shows when
Model F's results are excluded from the analysis. It this case the results for the release
to the river water have v « -0.8 for all measures - again indicating the exposure
calculations. For the release to the aquifer, the transport sub-model is indicated since v
~ 0. The same conclusion can be drawn for the release to deep soil. The reason for
these results is that, in the release to river water, the initial dilution is very large and
most of the activity is lost downstream - see Section 2.2. In the other two release types,
other FEPs become important.

The representation of the doses from 237Np and its daughters are similar in all of the
models. For 237Np in the case for the release to the river water, all values of v are
close to zero, indicating that the representations of radionuclide transport are more
important than those of the exposure pathways for this radionuclide in this release. In
the case of the release to the irrigation source, v determined by the standard
deviation and the full range is quite high, and this indicates that the exposure pathway
sub-model actually smoothes out the variability in the transport model. However this is
traced, in Section 3.4, to the choice of parameters in the Complementary Studies
database. Similarly, as measured by the interquartile range, the minor role played by
the exposure pathway calculations (v ~ 0) is again indicated. In contrast to the other
releases, the exposure pathways appear to have a greater role in determining the
variability in the results from the release to deep soil. This is perhaps because the
models with only a single dynamic compartment did not participate in this release, and
that the remaining models were all very similar in their representations of the soil
transport and accumulation (excepting Model F).

For 233U, the calculated values of v are all negative for all releases. The transport sub-
model is indicated in most cases, but increasingly from river to aquifer to deep soil, the
influence of the exposure pathway representations is seen. These results indicate that
the calculation of the doses from 233U is relatively more important than the transport
modelling in determining the representational uncertainty than was the case for 237Np.
Similar trends are seen in the results for 229Th. This is an important observation
because the exposure pathways for the chain daughters are not so dominated by a
single pathway as is 237Np (although the inhalation pathway is obviously very
important). Here the exposure pathway representations contribute more to the
representational uncertainty, but there is still more influence from the transport sub-
models.

2.5 Conclusions from the Complementary Studies deterministic results

Within the scope of the Complementary Studies exercise (temperate climate, inland
biosphere) the key conclusions from the review of the contributed results for the
deterministic phase are given below.
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The key conclusions of this review of the contributions to the deterministic phase of
Complementary Studies exercise are as follows.

1. In many models where a similar approach is used there is good agreement,
compared with the first phase of BIOMOVS, in the results submitted, especially in
the representation of biosphere transport. The reasons for this are three fold:

• tighter specification of the test case than in the first phase of BIOMOVS;

• the effect the first phase of BIOMOVS, in which experience was gained in
representing biosphere transport FEPs. This experience was used to update
mathematical models in the time up to the inception of BIOMOVS II;

• convergent evolution of the models. There is consensus about which FEPs
should be included in this kind of biosphere and these are then represented in
similar ways (e.g., transport in solution).

2. Deterministic maximum annual individual dose is a robust assessment quantity in
the biosphere, i.e., in general participants obtain similar results despite differing
model structures and FEP representations (model structure seems to affect the time
evolution of dose rather than the peak dose). This robustness is enhanced with
increasing sorption in the biosphere (compare the results for the implementation of
a common exposure pathway sub-model for poorly sorbing 129I and more strongly
sorbing members of the 237Np decay chain).

3. In the first phase of BIOMOVS a great deal of attention was paid to the modelling
of the transport of radionuclides in the biosphere, with relatively little work done in
on the calculation of dose. This exercise contains a fairly generic description of the
site characteristics which determine the transport and accumulation of radionuclides
in the biosphere. The way in which the exposure pathways are specified is more
prescriptive, with less freedom of interpretation by the participants. Nevertheless,
the results in Table 2-1 indicate that for certain radionuclides (in this case I29I) the
modelling of the exposure pathways can be a major source of representational
uncertainty. For other radionuclides (in this case 237Np) exposure pathway
modelling has less influence on the total representational uncertainty. In the release
to river water the exposure pathway sub-model is dominated by a single parameter
(root uptake) and so there is very little variability in the contributed results. For
other releases the exposure pathway sub-model is not so dominated by this single
FEP, but still the transport modelling is the main source of representational
uncertainty. For the chain daughters which grow-in in the biosphere the role of the
exposure pathways seems to be more significant. These results justify the
investigation of the exposure pathway sub-models here. With a less prescriptive
case specification, the types of exposure pathways as well as their representations
would be likely to have a greater impact on the overall modelling uncertainty.

4. It is of interest to understand what properties of the example radionuclides
contribute to the results presented here. The analysis of the mathematical
representation of the FEPs in chapter 3 and the analysis of the results from the
stochastic calculations indicate that the crucial factor here is the degree to which the
radionuclides sorb in the biosphere: For I29I, the choice of a standard, generic model
or a specific activity model to determine the concentration in the food chain could
be important. Beyond that, however, its low-sorption characteristics in the
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biosphere can also be important in determining the time to maximum dose, and the
amount of activity retained in the model system and the fraction of the total release
lost down stream. In this sense, the higher biosphere kjs for the 237Np chain are also
clearly significant, particularly with respect to the results seen in Section 2.2, where
large fractions of these radionuclides are calculated to accumulate at depth in the
aquifer. The biosphere scenario modelled here is one which is constant in time. In
reality, evolution of the biosphere could conceivable lead to these large deposits of
strongly sorbing radionuclides appearing at the surface.

5. The dose calculations have also shown that it is important to consider the
contribution of multiple exposure pathways; assuming that drinking contaminated
water gives rise to the highest dose is not always valid. Indeed, the results show that
there is no one dominant pathway for all radionuclides and all release types. It is
important therefore, at least initially, to consider a range of exposure pathways in
any assessment of radioactive waste disposals.

6. This exercise has investigated different ways of conceptualising the geosphere /
biosphere interface - a biosphere aquifer treated in a similar way to other parts of
the biosphere system or by assuming the near-surface aquifer is part of the
geosphere so that release occurs to the deep soil. Results from this exercise indicate
that in general the two representations give similar results, but that this is because
of downward transport leading to accumulation of radionuclides in the aquifers of
those models which include an aquifer. Whatever is chosen for a given assessment
task, the correct and consistent modelling of the interface is vitally important.

7. It is interesting to note that after more than ten years of BIOMOVS collaborations,
there remains a lack of commonality between the models as to which release types
can be calculated. All the participating models can deal with the case of a release of
radionuclides to surface water but the release to an aquifer which is the source of
irrigation water causes problems - particularly in the representation of the
concentrations in the aquifer water. As discussed earlier, an alternative to a release
to an aquifer is a release to deep soil, but again there are problems for some of the
participating models.

8. There is a general recognition (at least amongst the participants in this exercise)
that, because the biosphere is a complex system, any simplifications made in the
modelling for waste disposal assessments should be implemented with extreme
caution. Generic models therefore are by definition required to be all-encompassing
and so need to be relatively complex in order to take into account the many FEPs in
the biosphere operating in parallel and which include feedback loops. Many of the
models in this exercise fall into this category. Even the structurally most simple
include a detailed network of FEPs (Chapter 3). However, it should be noted that
such 'complex' models are very much simplified with respect to reality.

Such models as those involved in this exercise are often used for scoping calculations
or for assessments of generic sites. In such cases a large number of radionuclides need
to be considered and likewise the relevant FEP list can be very large. This can also be
the case for specific assessments where there are a large number of potentially
important radionuclides.
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Table 2-2: Biosphere models for specific applications.

Model type

complex, generic

detailed, specific

Function

scoping

generic site

many radionuclides

specific site

restricted number of pathways

few dominant radionuclides

In contrast, the distinction can be made of models for specific applications, for
example when a definite site is known. In such a case it may well be possible to rule
out certain FEPs because they are not relevant. This type of model might be less
complex in structure than the generic type, but it is conceivable that more detail would
be included in the representation of the biosphere. Simplifications can also made if
there is a less broad spectrum of potentially important radionuclides.

These observations are summarised in Table 2-2.
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3. The mathematical representations of FEPs in the participating
models

3.1. Conceptual and representational models

It is important to understand where the Complementary Studies exercise fits into the
overall scheme of biosphere modelling. Figure 3-1 shows the principle stages in the
development of models for performance assessment applications. In one way or
another, all of the participating models in the exercise have been developed according
to these stages.

The assessment context is crucial in defining the form of the representation of the
biosphere - e.g., the level of detail required in the model. The range of situations for
which it is intended to apply the model is also important - the more generic the
intended applicability, the broader the range of FEPs which need to be included. For a
given set of potential applications, a corresponding set of FEPs can be identified.
These should be screened against the assessment context, again to ensure that the
appropriate level of detail is implemented in the model1. The conceptual model for a
given application is therefore a description of the relevant properties of the site for
inclusion in the modelling, including the relationship between the FEPs.

The next stage is to represent mathematically both the FEPs individually and, equally
importantly, their interconnections. This in turn identifies the requirement of the model
database, i.e., the parameterisation of the FEPs. Ideally the parameters in a model
should be based on measurable or observable quantities. The combination of the
mathematical representations of the FEPs is the mathematical model (which
corresponds to the computer model in most cases). With a suitable database,
calculations can be carried out at this stage of model development, and these generate
the model results. Usually, interpretation of the results is required in the context of the
overall assessment purpose.

The appropriate level of detail is an ever present concern in modelling the biosphere for waste disposal
assessments. As discussed in the following sections many of the participating models have been adapted
from models for other purposes - most significantly from models for assessing the consequences of
radiation accidents. For such models the requirements of the assessment are surprisingly different to
those from waste disposal models. For example, the timescales of interest are not the same. In
radiological accidents, the purpose of the models is often to decide on appropriate countermeasures over
periods not longer than weeks or months, and often as short as days. For assessments of waste disposal,
annual averages are more often than not appropriate. The model detail required to calculate reliably
accurate radiation exposures following accidents is thus very different to that required in waste disposal
assessments. In accident consequence modelling accurate prediction is vital whereas in performance
assessments the overriding concern is that no FEP contributing to exposure has been overlooked and the
aim is to ensure compliance with regulatory guidelines so that some conservatism is not out of place. An
assessment of a disposal concept which gave high consequences as a result of minor conservatisms in
the biosphere representation would be extremely unlikely to proceed beyond initial investigations
without major changes repository design or siting.
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Figure 3-1: Stages in model development [Klos ef al.t 1996]. This stylised view illustrates
the scope of the BIOMOVS II working groups on Complementary Studies and Reference
Biospheres. A similar figure is found in the Reference Biospheres report [BIOMOVS II,
1996a] describing the methodology developed in that working group. This figure concentrates
more on the stages involved in the construction of existing models. This has often been a
tortuous business!
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In practice all of these stages are iterative. The first usage of a model might be as a
scoping study for the further refinement of the FEP list, for the investigation of the
representational detail of the FEPs, or as a test of the suitability or completeness of the
model database. BIOMOVS II itself is a further iteration. At this current stage of
biosphere model development, there has been considerable refinement in the
representation of the FEPs compared to the corresponding situations in BIOMOVS I.

The Complementary Studies case specification (Appendices A and B) provides a
detailed description of an inland, alpine valley biosphere with the added assumption of
subsistence agricultural practices2. The participating models therefore start from a
common point in that the biosphere site is well defined, especially concerning the
important features of climate, and agricultural practices. The behaviour of the human
inhabitants is likewise well defined. This minimises the conceptual uncertainties in
the definition of the site and the sub-set of FEPs is reduced in size. Differences in the
modelling results are then traceable to the different implementations used in the
exercise.

The Reference Biospheres working group has used this as an example in the devel-
opment of the Reference Biospheres methodology (BIOMOVS II, 1996a) and the de-
rived FEP-Iist for the case is given in Appendix E. Taken together (in the context of
case specification) the ensemble of FEPs from all models participating in
Complementary Studies is very similar to that derived from the Reference Biospheres
methodology, although individual models may not measure up so closely.

The conceptual models on which the computer models used in the exercise are based
are therefore very similar. However, this does not simply reflect the rigidity of the case
specification. Very few modifications to the participating models were required in
order to take part in the exercise indicating that the case is of generic interest to the
participants and when the Reference Biospheres working group used the case
specification as a test of the their methodology, the FEP list derived and conceptual
models that arose were very similar to those already in use - see Appendix E for a list
of the FEPs included in the models and Appendix F for the corresponding Reference
Biospheres FEP list.

This might be expected since there was a significant cross-over between the
membership of the two groups but the key point here is that no a priori knowledge
was allowed in the definition of the Reference Biospheres FEP list for the
Complementary Studies case and no mathematical representations were generated and
yet the conceptual basis turned out to be very similar. This contributes to confidence in
the existing models, demonstrating that their conceptual foundations are sound. It is
also instructive to compare the FEP list generated for Complementary Studies with a
more generic temperate, inland valley biosphere list.

Thus, the conceptual models in the exercise are broadly similar and the variations seen
in the results in Chapter 2 arise from the different representations of the FEPs in the

With inherent limitations and boundary conditions which stem from the original database for the site.
The role played by these background assumptions should not be overlooked.
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participating models. This chapter looks in detail at how key FEPs appear in the
participating models and how these can be used to explain the similarities and
differences seen in Chapter 2.

3.2. Basis for the inter comparison of FEPs

There is considerable scope for an analysis of the included FEPs, but because space is
limited, the focus is must be on the generic representation of those FEPs which
directly affect the total dose over all exposure pathways. Figure 3-2 shows how the
different parts of the biosphere are linked in the generic conceptual model of the
Complementary Studies biosphere.

All the participating models calculate dose in two stages. Figure 3-2 gives a generic
representation of the division between the two sub-models:

i. radionuclide transport: the distribution of the radionuclides in the biosphere is cal-
culated as a function of time following the release from the external source;

ii. the radiological exposure of hypothetical individuals is calculated on the basis of
the distribution in the physical biosphere.

The three release types in the Complementary Studies intercomparison are all aspects

«/3

l
C
a

Aquifer

River bed
sediment

River
water

sub-
soil

rooting
zone
soil

Figure 3-2: The division of the sub-models in the Complementary Studies exercise. The
transport sub-model deals with the aquifer, the soils, the river. The exposure pathway sub-
models deal with crops, livestock, humans and the use of water resources. Note that some
parts of the geomorphological biosphere are included in the transport modelling but do not
necessary have a direct link to the exposure pathway sub-model. All models calculate doses
on the basis of concentrations (inventories) in the three indicated biosphere components -
aquifer, rooting zone soil and river water.
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of the same problem. By choosing the most generic representations conclusions can be
drawn which have a wider relevance. Therefore, using Figure 3-2 as a basis, FEPs
from the transport model which lead to accumulations in, and losses from the top soil
(rooting zone) are investigated and from the exposure pathway sub-model the
calculation of doses from the consumption of root vegetables is selected for detailed
analysis.

The FEPS involved in these pathways are suitable for analysis because they include in
the transport sub-models

• irrigation from the aquifer (analogous to irrigation from river water)

• dilution and sorption in the aquifer (analogous to processes in the river)

• inter-soil processes (bioturbation, erosion, infiltration, run-off, etc.,)

• the use of contaminated aquatic bed sediments

• "interception by crops

•^-losses due to cropping

and in the exposure pathway sub-models

• root uptake

• interception and accumulation in crops

• translocation to edible parts

• external contamination and food processing.

These FEPs are common to other crops and also to pasture which is consumed by
cattle and so form the basis for the pasture - meat - human and pasture - milk - human
pathways.

For 129I in the case of the release to river water, only two of the models show the
drinking water consumption pathway as giving more than 50% of the total dose with
the average contribution being around 34%. The pathway contributing most is the
grain consumption pathway calculated using a specific activity approach by one of the
participants, but of the others (i.e., the generic representations), grain consumption
also features strongly with milk consumption also important (each contributing around
20%). A similar situation arises for the release to the irrigation source. In this case the
well water concentration is high and the direct consumption of this accounts for, on
average (excluding the specific activity model), 41%. Grain (22%) milk (22%) and
root vegetables (10%) follow.

In the case of 237Np released to river water the distribution of pathways (all models use
a generic formulation for transport and exposure pathway calculations for this ra-
dionuclide) shows 71% - root vegetables and 16% - grain with only 6% coming from
the consumption of river water. For the release to the irrigation source, the average
distribution shows only a small difference compared to the release to river water: 69%
from root vegetables, 17% from grain and 7% from the direct consumption of well
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water. The absolute magnitudes are greater in the case of the release to the irrigation
source however, by around an order of magnitude.

These results clearly show that, despite the different entry point of activity into the
biosphere, the representations of radionuclides transport and of the exposure pathways
sub-model lead to results which are similar in trend although different in magnitude.
This latter fact is directly attributable to the initial dilution in the biosphere. In the
release to the river water, the initial dilution is by a factor of 3.94xlO7 m3 y"1 whereas
in the aquifer, the initial dilution is 3.2xlO6 m3 y"1. For 237Np the difference between
the results from the two releases are even less - reflecting the greater propensity to
accumulate in the biosphere as a result of its relatively strongly sorbing properties.

In the numerical examples which are used later in the Chapter the release of 237Np to
the aquifer is used because:

1. 237Np is modelled generically by all models in the Complementary Studies case.
This is important in that representations for 237Np are also valid for many other ra-
dionuclides. This is in contrast to I29I which is treated as special in the sense that its
exposure pathway representation uses a specific activity approach. (This aspect of
the modelling of I29I is discussed further in Section 3.8).

2. 237Np sorbs fairly strongly in the biosphere and this is obviously an important fea-
ture of generic representations - how this feature influences accumulation in the
transport model and how sorption in the transport sub-model interacts with the
availability in the exposure pathway representations.

3. The high root-uptake factor for Np in the model database also can be used to
investigate the relative strengths of other FEPs in the generic representations of the
radionuclides.

4. As the initial dilution in the release to the biosphere aquifer (i.e., the irrigation
source) is less than in the release to river water, and the doses are higher, this case
is of interest. This is despite the fact that not all the participating models included
explicit representations of the biosphere aquifer. Alternative formulations were
given for this release and it is important for two reasons - the first is that the bio-
sphere aquifer is the physical interface between the geosphere and the biosphere
and its inclusion in biosphere models is strongly implied by the discussion in the
working group on Reference Biospheres. Secondly, two important mechanisms
compete directly in the accumulation of contaminants in the rooting zone for crops -
irrigation using contaminated well water and the direct upward transport through
deeper soil layers.

It was possible to construct a complete generic representation of the processes using
the mathematical representations of the transport, accumulation and exposure
mechanisms taken directly from the various published model descriptions as well as
from information provided by participants about the models (see Appendix C). These
representations of the participating models were implemented in spreadsheet form and,
together with the numerical data from the case specification direct comparisons of the
numerical results have been made.
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This is of vital importance in understanding the similarities and differences in between
the participating models. Comparing the mathematical forms of the models points out
the differences, but with the data attached, the consequence can be illustrated. The
numerical results alone illustrate how close the agreement is, but without the
mathematical formulations, numerical similarity could have arisen by chance. A
worthwhile intercomparison must combine the two.

3.3. Comparison of model structure

3.3.1. Transport sub-model

As only the transport sub-models deal explicitly with the time-dependence, it is im-
portant to compare the structures within the models which deal with this aspect of the
biosphere's response to the release of radionuclides. As mentioned in Chapter 2, there
are a number of different representations of the Complementary Studies biosphere used
by the participating models. These are illustrated in Figure 3-3.

Models A, B, D, E, G, and I include mechanistic descriptions of the interactions be-
tween the top soil, the deep soil, the aquifer, the river water and the river bed sediment
(modelled as a single compartment in Models A, D, E and G and as three com-
partments in Models B and I but these are basically the same model with local
modifications). Model J has the most complex structure - the model distinguishes
between arable and pasture top soil. The former is treated as a single unit (assumed
mixed on an annual cycle by ploughing) but there are five distinct layers making up
the pasture since this is assumed to be undisturbed. Although Model J does not include
a representation of the biosphere aquifer, it is otherwise similar to the other models of
this group. Two aquatic bed-sediment layers are distinguished.

Models C and H are alike in that the basic unit of the biosphere is the top soil - all
other components are assumed to be in equilibrium with this. This is a considerable
simplification compared to the other models and, although the interaction of this single
soil compartment with the inputs to the system is rather different to other models, it
should be remembered that the consequences for maximum annual individual dose are
rather small (see Section 2.1).

Model F uses a regression formulation for the interaction of the top soil with activity
deposited from above (i.e., irrigation) and from below, as a concentration in the water
table which implicitly underlies the deep soil (the 0.75 m below the top soil layer). The
aquatic part of the transport model is all but dissociated from the soil sub-model.
There is no return from the terrestrial side to the aquatic. The only interaction is when
the river/lake water is used as a source of irrigation (cf. release type No. 1 in the
Complementary Studies case specification). The surface water model is, like all the
other models with the exception of Models C and H, a compartment model.
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Figure 3-3: The different time-varying structures in the participating sub-models for
radionuclide transport. This figure illustrates how the specified biosphere components (top
soil, sub-soil, aquifer, river water and river bed sediment) have been represented in the
participating codes.
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Details of the mathematical formulation of the transport sub-models are found in
Appendix C. All participants use the formulation of compartment models, whether for
loss terms or intercompartment transfer coefficients. The transfer rates are determined
by

mass of contaminant moved from compartment i toy in unit time
'' total content of compartment i

Ns dt iy J

So that these expressions determine not only the amount of contaminant transferred in
unit time but also timescale of the transfers.

The regression formulation in Model F's soil model has nuclide and soil type specific
characteristic timescales determined by four model input parameters and these
determine the basic time dependence of the soil concentrations. Additional processes
are then added to take into account loss terms (see Appendix C for details). The loss
rates written in the form of Equation (3.1) and this is similar to the way in which all
the other models use the linear property of compartment models to combine FEPs, so
that

ZfVl- (3-2)
all FEPs

k

As is noted in Section 2.5, the model structure has more influence on the time
dependence of the total annual individual dose and apparently little influence on its
peak value. The important factors affecting the magnitude of the calculated dose are
therefore the individual FEP representations. By understanding how these compare
between the participating models the differences and similarities in the results
presented in Chapter 2 can be explained. Section 3.4 looks in detail at the
representations FEPs involved in the accumulation and loss from top soil. The
mathematical details for each of these is also given in Appendix C.

3.3.2. Exposure pathway sub-models

Little attention was paid to the modelling of exposure pathways in the corresponding
BIOMOVS I exercises. As the Complementary Studies exercise performed calcula-
tions up to the total dose over all pathways the case specification was somewhat more
prescriptive in what the intermediate- and end-points of the calculations were. Figure
C-l in Appendix C illustrates the exposure pathways specified and also shows how
they were linked in the majority of the participating models.

All models assumed steady-state conditions in those parts of the exposure pathway
model not already accounted for in the transport sub-models, i.e., as illustrated in
Figure 3-2, concentrations in crops and livestock are derived on the basis of
equilibrium with elements of the transport sub-model. Dose from a given pathway is a
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linear combination of multiplication factors, starting with the compartment inventory
from the transport sub-model.

Appendix C shows how the basic mathematical form of the exposure pathway sub-
model is implemented in all of the participating models. However there are consider-
able and significant differences of interpretation in the details of each exposure
pathway. Appendix C also gives the details of the pathways for exposure from the
consumption of root vegetables and these are discussed in Section 3.5.

3.4. Accumulation in, and loss from, top soil

3.4.1. DeconstructionofFEPs

Tables C-l to C-6 in Appendix C list the mathematical forms of the FEPs relating to
the accumulation and loss of radionuclides in the top soil, as included in the
Complementary Studies exercise. Of interest here is the representation of contaminant
transport. These tables show how this relates to the other properties of the modelled
system.

The FEPs divide naturally into four components:

• chemical sorption

• transport with water fluxes

• transport on solid material

• other processes

Each of these is clearly identified in the mathematical descriptions, although there is a
difference of emphasis between the participating models.

The three following tables give the numerical values of these FEPs in the
Complementary Studies exercise, using the example of 237Np in the case of the release
to the biosphere aquifer. Table 3-1 lists the values of the compartmental retardation
coefficients, Table 3-2 the values of the transfer coefficients to the top soil from the
aquifer, deep soil and river bed sediment and Table 3-3 shows the values of the loss
terms from top soil.

3.4.2. Retardation: the role of ka in the biosphere

Two equivalent formulations are possible for the retardation coefficient in
compartment / (see Appendix D for the usage of mathematical symbols). In the most
general terms used in the participating models, the two equivalent forms are

;. [-L 0.3)
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which gives the retardation of the content of the compartment relative to the total
compartmental inventory and

(l-e)
K H (3.4)

which gives the retardation coefficient relative to the contents of the pore water.

The equivalence of the two forms can be seen when the transfer rate for the solute
driven flux is written:

1 F 1
"^solute) _ J_ ___ _ ___

'J ~V's~V'

eivi

[y-1]- (3.5)

e,v,

This distinction is important because a precise definition of terms is essential in
understanding these representational differences.

Table 3-1: Numerical values of the compartmental retardation coefficients for 237Np in
the case of the release to the biosphere aquifer. See Appendix C for details.

Participant

A

B

C

D

E

F

G

H

I

J

compartmental retardation coefficient

aquifer

2120.2

1590.4

-

2120.2

2120.2

special

2120.2

-

1600.2

-

deep soil

1590.3

1590.4

-

1590.3

1590.3

1500.1

1590.3

-

1600.3

2650.0

top soil

1590.3

1590.4

1590.0

1590.3

1590.3

special

1590.3

1590.3

1600.3

2650.0

sediment

. 1325.5

not used

-

1325.5

not used

not used

1325.5

2

not used

not used

64



BIOMOVSII
TR12

Table 3-2: Numerical values for the transfer coefficients representing the transport of
radionuclides to top soil in the Complementary Studies exercise. Example data are for the
release of 237Np to the local aquifer. Details of the derivations are given in Appendix C.

Participant
A
B
C
D
E
F
G
H
I
J

A
B
C
D
E
F
G
H
I

J - arable
J - pasture

A
B
C
D
E
F
G
H
I

J - arable
J - pasture

transfer rate
with water flux

[y l]

transfer rate
with solid flux

[y1]

other transfer
rate (diffusion)

[y1]
total transfer

rate [y"1]

From aquifer to top soil
9.43X1CT6

1.26X10"5

l.OOxlO'1

9.43X10"6

9.43X10"6

9.43X10"9

1.26X10"8

0
0
0

-
-
-
-
-

9.44X10-6

1.26X10-5

1.00x10"'
9.43X10"6

9.43xl0"6

alternative formulation

1.82X10"5

l.OOxlO"1

1.25X10"5

1.82xlO"6

0
0

-
-
-

2.01xl0-5

l.OOxlO'1

1.25X10"5

not modelled

From deep soil to top soil
8.38X10"5

0
-

8.38X10"5

2.52x10"5

1.76xlO'3

l.OlxlO"3

-
1.68xlO"3

1.68xlO"3

9.80X10"6

3.92X10"6

-
4.90x10"6

1.49X10"4

1.85X10-3

l.OlxlO'3

-
1.77X10"3

1.85X10"3

alternative formulation

8.38X1O"5

-
8.33X10"5

2.30xl(T8

5.03X10"5

1.68xlO'3

-
1.68X1O"3

6.14X10"7

1.34xlO"3

-
-

9.80x10"6

1.91X10-5

1.91X10"5

1.76X10"3

-
U l x l O " 3

1.98X10"5

1.41X10"3

From river bed sediment to top soil
0 7.54X10'2

3.77x10"2

-
0

-
7.54x10'2

7.55X10"4

-
0
-

1 in some runs

7.54X10"2

-
7.55x10"2

2.51xl(r5

5.48X10-2

-
-
-
-
-
-
-
-
-
-
-

7.54x10"2

3.77X10-2

-
7.54X10-2

7.55X10-4

-
7.54X10'2

-
7.55x10-2

8.36x10'

1.82X105
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Table 3-3: Numerical values of loss terms from top soil to other compartments in the
Complementary Studies exercise. Release of 237Np to the biosphere aquifer. See Appendix C
for details.

Participant

J

J -

J

J-

A
B
C
D
E

F

G
H
I

- arable
pasture

A
B
C
D
E

F
G
H
I

- arable
pasture

transfer rate
with water flux

[y-1]

transfer rate
with solid flux

[y1]

other transfer
rate (diffusion)

[y1]

total transfer
rate [y'1]

From top soil to deep soil

1.71X10'3

1.46X10-3

1.46xlO"3

1.71X10"3

1.09X10'3

5.28X10"3

3.02x10"3

-

5.03X103

5.03X103

2.94x10"5

1.18X10"5

-

-

4.47x10"4

implied transfer

1.46X10"3

1.13X10"4

1.09X10"3

9.26X10"4

1.54xlO"3

5.03x10'3

-

5.03X10"3

4.02x10"3

6.70xl0"3

-
-

2.92xlO~5

-
-

From top soil to river water

0 2.52X10"4

1.51X10"4

-
-

not modelled (conservative assumption)
- 2.52X1Q-4

2.52x10"4

-
-

not modelled (conservative assumption)

0 2.52X10"4 -

not modelled (conservative assumption)

2.52x10"4

2.52X10"4

2.52X10"4

-
-
-

7.02x10"3

4.49X10-3

1.46xlO"3

6.74X10"3

6.57x10"3

6.49X10"3

1.13X10-4

6.15xlO"3

4.95X10"3

8.24X10"3

2.52X10"4

1.51X10"4

2.52X10-4

2.52X10"4

2.52X10"4

2.52x10"4

2.52x1 Q-4

2.52x10"4
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Table 3-3 (continued): Numerical values of loss terms from top soil to other
compartments in the Complementary Studies exercise. Release of 237Np to the biosphere
aquifer. See Appendix C for details.

Participant

A

B
C
D
E
F
G

H
I

J- arable
J - pasture

transfer rate
with water flux

other transfer
rate (cropping)

[y1]

total transfer
rate [y"1]

From top soil to elsewhere (pure loss terms)
-
-
-
-
-
-

1.26xlO"3

-

-

-
-

-

-

5.74XKT4

-
-

1.67x10"*
-

6.90xl0"5

-

7.25x10"5

1.36X10"3

-

-

5.74X10"4

-
-

1.67XKT6

1.26X10"3

6.90X10"5

-

7.25X10'5

1.36xlO"3

In Table 3-1, the numerical values are calculated for the form of Equation (3.3). As
written in Appendix C, almost all the models use this form. In many cases the use of
the volumetric moisture content is a new feature included in the Complementary
Studies calculations because it was discussed in the case. This prompted the enhance-
ment of the models.

Similarly, only a few of the models were able to handle different properties in the dif-
ferent layers of soil. Numerically it is not apparent because the specified values are
similar in all cases and so the models which assumed, as default, that the deep soil
parameters were suitable both for the aquifer and the top soil give slightly different
results (e.g., the retardation coefficients in the aquifer and the deep soil for Models B
and I.

Some of the participants modified their default representations to cope with the infor-
mation in the Complementary Studies dataset. In some cases (e.g., Models I and F)
data structures of the models imply the use of a hard wired soil porosity since the den-
sity used in the derivation of the retardation coefficient is

(3.6)
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The bulk density used by Model I is 1600 kg m"3 and model F's is 1500 kg m~3 (cf.
Table 3-1. This implies different values for the soil porosity. Model B used the full
form of Equation (3.3), but did not include the volumetric moisture content, using the
porosity instead. This implies that the modelled media are saturated and prevents the
model from being more generally applicable, say to arid conditions.

The usage of retardation parameters in Model J is rather inconsistent. The retardation
factor is simply quoted as eD +pDKD but elsewhere the bulk density is calculated as

(3.7)+ (l -

which takes into account the total mass of water in the compartment, as well as
assuming that the medium is saturated. This density is used in the calculation of the
bioturbation velocity (see Table C-2 and Section 3.4.4 below).

As can be seen in Table 3-1, the numerical differences are limited to the fourth deci-
mal place because the retardation factor is so relatively high in this example. For 129I
the relative differences are much greater.

In order to be sure what is meant in the different representations it is necessary to look
at the derivations from first principles. The lack of such fundamental documentation
has been a major difficulty in the comparison of the representations. The derivation of
the retardation coefficient for compartment models is given in the documentation of
Model A [Klos et ah, 1996] and so the origin of Equation (3.1) is known. Model B's
form is clearly closely related to this but without the volumetric moisture content and
that of Model J is more detailed, but whether it is also more appropriate or not is open
to debate.

A review of the mathematical representation of this key concept would benefit each of
the participating models. Furthermore, as the models all have similar numerical values
here, it would be useful to extend them a little more. This should be done as realisti-
cally as possible and should take the form of an application of existing models to
alternative sites and climate states. This would help introduce new concepts from the
Reference Biospheres FEP list in realistic ways and would probe those parts of
parameter space which have not yet been investigated, even in a probabilistic context.

3.4.3. Radionuclide transport in solution

The retardation coefficient influences the transport of radionuclides in solution as
described in Equation (3.5). It is here that the effects of the representations are
important.

The mathematical forms of the transport of radionuclides in solution show close
agreement. The retardation coefficient is used to determine the amount of the activity
in the compartment which is actually in solution. The transfer coefficient then is typi-
cally given by
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1 F.
^(solute) U_ r.,-1-1 / o o ,

'' ~ R.' V. y ( ^

with Fu [m3 y"1] the annual transfer of water from compartment i to compartment j ,

and Vf [m3] the volume of the compartment. In many situations this quotient can be

written as an effective annual water velocity dtj [my"1] and the thickness of the com-

partment (/,. [m]), where the area is known.

Obviously the two forms are identical but the representations hint at a difference of
approach. Models employing mass balance (i.e., A, G and indirectly I) must calculate a
matrix of water fluxes, each one based on either model input data or on combinations
of other water fluxes derived from input data: i.e., in the case of the aquifer to top soil
transfer (Table C-l)

Model A: -fL = ^ r = 0.3 my"1

Af
F (3-9)

Model G: -jL = dLT+drain-ETP = 0.3 +0.78 -0.5 = 0.58 m y"1

Af

or the transfer from the top soil to the deep soil (Table C-4)

A: ^jL = dwin-ETP + dLT+dwr+dcapil =0.78-0.5 + 0.3 + 0.1 = 0.68 my"1

/ (3-10)
G: -j^=-drain-ETP + dLT+dwr =0.78-0.5 + 0.3 = 0.58 my"1

A

Note that although it might be expected that these representations be identical, there
are differences. These probably arise from the sequence in which mass balance in the
different compartments is derived. The application of mass balance needs to be further
investigated.

The other Models use the given parameters directly and, although mass balance is im-
plied, it is not applied so rigorously to the whole system. In the deterministic data set
this posed no problems.

Numerically, this difference of emphasis is of no consequence. However, the use of
mass balance gives benefits in ensuring that the representation of the biosphere is
physically reasonable (see the comments from Participant A in Chapter 4). The direct
use of input data such as rainfall, ETP, capillary rise, etc., without thought as to how
they can combine in the real biosphere can lead to problems.

Incidentally, the use of mass balance explains why, in the case of 129I for the release to
the river water, Model A obtained slightly lower river water concentrations than the
other similar models. The volumetric flow into the river is given in the case specifica-

69



BIOMOVSH
TR12

tion as 3.94X107 m3 y"1, leading to a river water concentration of 2.54x10"' Bq m"3.
Model A uses the total flow to the river and this includes additional flow from the
soils and from the aquifer, as well as losses from irrigation of crops. The volumetric
flow is 4.00xl07 m3 y"1 and the initial dilution of the release flux is 2.50x10"' Bq m"1.
Consider the effect of additional exfiltration from the aquifer or, conversely, infiltra-
tion of the river into the aquifer or increased irrigation demand. These matters are
relatively unimportant here but in the stochastic case (see Section 4.3.2) a strong influ-
ence was felt.

The detail given in Tables in Appendix C clearly shows where the differences in repre-
sentation arise. It is interesting to note that in Table 3-2, where the models include the
same sets of FEPs values for the transfer coefficients are all within a factor of ten of
each other. Appendix E lists the FEPs included in the transport sub-model and shows
how they were linked. The transfer rate from aquifer to top soil (irrigation with well
water) is typically 10"5 y"1 for 237Np with KL = 1 [(Bq kg"')(Bq m"3)"1]. Models C and
H have different values because in the Complementary Studies they did not take sorp-
tion in the well water into account. This explains why (for these models) the initial
doses for 129I and 237Np are much higher in Figures 2-1 to 2-4.

Model B's transfer coefficient from aquifer to top soil is different because the proper-
ties of the top soil were also used to represent the aquifer (i.e., the model structure
does not distinguish different properties in the different compartments). Similarly, the
result from Model I is almost the same since the bulk density used in the aquifer is
equivalent to the value in the soils not the aquifer. Such modeller dependent choices
have a clear resonance with the Uncertainty and Validation working group on Mod-
eller interpretation [BIOMOVS II, 1996e].

In the transfer from deep soil to top soil, the representation used by Model J takes the
relative areas of land devoted to arable and pasture into account. In the Complemen-
tary Studies biosphere, the area of arable land is very small in comparison and the
transfer coefficient for the pasture land is similar in magnitude to the total transfer cal-
culated by the other participants because the total area is virtually the same as the pas-
ture area. Model F also takes such considerations into account. There is general
agreement that for 237Np the transfer coefficient is between 2xlO"5 y"1 and 9xlO"5 y"1.
Models A, D and G use identical representations because the only FEP involved is the
capillary rise, for which a value is specified. Model B does not include this process
and it is implicit in Model F's regression model. Model I uses an identical representa-
tion to Models A, D and G but the numerical value is slightly different because of the
use of a different bulk density (see Section 3.4.2). Model E's transfer coefficient is

[y"1]. (3.11)

The reason for this usage is not clear.

Transfers from the river bed sediment are not modelled in terms of transfers of water.
The expressions for the transfer used by Models A, D, E and G have zero value and
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the associated water fluxes in Models A and G are set to zero. This probably reflects
the vagueness of the case specification which described an effective transfer from the
river bed to the soil essentially as a balance for erosion from soil and so that there
would be no downstream loss of bed sediment materials (intended as a conservative
boundary condition). These considerations are more closely linked to the modelling
philosophy of Model A than they are to reality and, at least in this case, have had a
clear influence on the model representations. According to the Reference Biospheres
FEP list, the transfer of aquatic bed sediment material to land can arise from human
actions (dredging as expressed here) or as a result of flooding (see Appendix E). In
both cases some water transfer might be expected, and in the case of flooding this
could involve significant amounts of water, but in such cases the distinction between
bed sediment and suspended sediment load is not clear. Flooding episodes and their
modelling should receive attention in future for such biosphere site as modelled in this
exercise.

Models B, I and J (which are closely related) model the total transfer from bed sedi-
ment to soil. This is discussed in the section on solid material transfers (Section 3.4.4).

Model F usually runs in a probabilistic environment. In some of the model runs all of
the bed sediment is converted to soil. This is also implemented as a conservative
assumption.

The transfers from the top soil in the Complementary Studies representations are given
in Table 3-3. All of the models include the transfer to the deep soil, whether directly in
the model structure (A B, D, E, G, I, J), as a loss term (C and H) or implicitly (F).
Three groupings of models give the same results: A and D; B, C and G; and E and I.
Models H and J give other values.

Model A's mass balance scheme arrives at exactly the same expression as Model D
without a formal mass balance scheme (see Table C-4):

+dm +dcap(l)Af = 6.8X105 m3 y1 . (3.12)

Models B, C and G each have a slightly different representation of the water flux.
Model B uses a factor which partitions the infiltrating rainfall between flows to the
river and flows to the deep soil, but, because of the case specification, only the down-
ward transfer is non-zero, and this is based on the net infiltration. Models C and G use
the same form of the total water flux involved:

4oC-G) = {drain ~ETP + dLT + <*HT)A/=5.8xlO5 m3 y1. (3.13)

Note that they achieve the same results despite having different ways of calculating the
retardation coefficient. This illustrates how relatively high kdS can mask underlying
representations of processes and can lead to converged results, and also that these three
models have arrived at the same results using different bases. This goes some way to
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explaining the differences in model response between I29I (very low sorption) and the
237Np chain (moderate sorption).

Models E and I also use Equation (3.13) to calculate the water flux but again Model E
uses a form for the transfer coefficient as in Equation (3.11), with an extra factor for
the volumetric moisture content.

Model H uses F^] ={dra!n-ETP + dcapil)Af [m3 y"1] as the water flux and Model J

uses yet another form. Model F has an implicit transfer as the result of fitting a regres-
sion model to the output from a solution of the advection dispersion equation.

As with the sediment to land transfer, the representations top soil to river water trans-
fer are heavily influenced by the case specification. None of the models include a
water flux from top soil directly to the river, although it is allowed for in Model B3.
Again, many of the models calculate a combined transfer rate from the soil to the river.

3.4.4. Radionuclide transport with solid material

A rigid implementation of mass balance in Model A leads to the representation of
radionuclide transport of suspended solid material moving with the water flux between
compartments. Model G also takes account of this form of transport in its mass bal-
ance scheme. This is apparent in the case of the transfer of solid material from the
aquifer (with suspended solid load aL [kg m"3]) to the top soil. Both Models A and G4

use

MLT = aLFLTfrzy-1], (3.14)

with the generic form of the solid material transfer coefficient in the mass balance
scheme given by

(solid •) i KM-

A \ material I ( V r.r~li /o i £-\

>• T7 n — Ly J- (3.15)

However, the transfer coefficients in Table 3-3 are not the same because of the differ-
ent ways the two models calculate the total volume of water transferred annually.

Model B is the only other code to calculate this transfer and here the expression is

- [y-1]. (3.16)

Similar comments apply to Model I, since both are MiniBIOS, however there were significant
differences of interpretation between the two participants.

Actually, Model G appears to use the river water suspended solid load ccw, but the numerical values are

the same in the example calculations. Some misinterpretation of the case specification may have
occurred.
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As with the derivation of the retardation and solute-borne-transfer coefficients, the
derivation of Equation (3.15) is given in detail by Klos et al. [1996]. The precise deri-
vation of Equation (3.16) is unknown.

As can be seen in Table 3-2, the representation of solid material transport is of vital
importance to models which have moderate to high biosphere k^s. In comparison with
the water flux driven transfer coefficients the transport on solid material is around a
factor of up to 20 higher. For such radionuclides sorption onto solid material and sub-
sequent transport is an extremely important process. However it must be pointed out
that the representation of the transport between the deep soil and the top soil shows
considerable difference from model to model.

The FEPs actively involved in the model representations are:

• erosion (A)

• bioturbation (A, B, D, E, G, I and J)

• suspended solid material transport (A)

• an unidentified process (Model F)

Model A assumes that the capillary rise from the deep soil to top soil carries with it
suspended solids from the deep soil and so this process is included here. However the
inclusion of an erosion term is more controversial. The origin of this is the need to
conserve mass and hence volume in the models compartments. Klos et al. [1996] give
a full description.

All models agree that the bioturbation should be modelled, but there are differences of
interpretation. There is general agreement that the biomass density, mD [kg m'2], and
the number of round trips from the deep soil to the top soil annually, wD [y"1], should
be combined but there are almost as many different ways of expressing the transfer co-
efficient as there are participating models. Note that Model G and Model A use a
similar format and that Models B, D, E and I use what is described by Martin et al.,
[1991] as a bioturbative process (see Section 3.4.5 below) but the justification for this
is rather tenuous. Details are given in Table C-2. However, as was found for the water
borne transfers, the range of numerically results is very small, despite the differences
of approach: 1.01xl0~3to 1.6xlO~3y'.

In Model F it is claimed that the processes are implicit, but without a detailed analysis
of the SCEMR1 model this is not possible to verify. However, the evidence from
Figures 2-2 to 2-4 is that it there is, in the case of the release of the sorbing radio-
nuclides to the deep soil, a strong FEP at work on a timescale of around 104 - 105

years. This is seen because there the peak doses arise after the end of the 237Np source
term for 237Np as well as the daughters. What this FEP is not clear but solid material
transport - if it really is implicitly included - must be suspected.
The transfer of solid material from the river bed sediment is modelled by all models
except C and H. The representation in Model F is unique in that in some of the runs in
the probabilistic framework, all of the bed sediment becomes soil.
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Two alternative implementations are used. Models from the BIOS stable (B, I and J)
all calculate a generic transfer coefficient for both water and solids. This lack of
partitioning is indicated by the absence of terms in the sediment kd in the expressions
in Table C-3. The other models assume the solid material transport alone carries the
contaminants.

All models agree that the mass transfer rate to the top soil from the river bed is

M^=SLA{ [kg/1] (3.17)

but here again the influence of the case specification is seen and this process might not
be represented in this way in other assessments.

The mathematical expressions in Table C-3 show how the supplied data were v.
implemented. The example of Model D is particularly instructive. The normal usage is
that two effective velocities are calculated. The detail in the Appendix shows how
these parameters were calculated. However, there is once again good numerical
agreement between the participating models. :

The importance of transport on solid material is again illustrated in Table 3-3 for the
losses from the top soil to the deep soil. All models (excepting the special, format of
Model F) calculate a loss term but Models C and H, which do not include solid
material transport calculate a total transfer coefficient a factor of around 5 times lower
that those which do. This indicates that these models are more conservative with
respect to sorbing contaminants and this can explain the results seen in Figures 2-1 and
2-2 where peak doses from I29I (very weakly sorbing) are lower from Models C and H
compared to Models A, B, D, E, G, I, and J but the peak doses from 237Np are higher.

Most models represent the downward transport of solid material from the top soil as
the opposite of the upwards bioturbation and the transfer rates in Tables 3-2 and 3-3
reflect the differences in the thickness of the two soil layers. The representation of
mass balance in Model A leads to a more detailed expression, but Model G does not (
appear to be similar. Although Model G is written in terms of mass balance this
evidence suggests that it is not in fact as fully implemented as it is in Model A.

The transfers to the river water from the top soil all give similar results - with the
exception of Model B. Models A and G calculate no water flux despite the implication
that the erosion from the top soil to river is via surface water run-off this may again be
an instance of the influence of the case specification. Models B, E, I and J calculate a
total transfer rate combining both sorbed and non-sorbed contaminants. A main
difference here is one of interpretation as to whether, in the expression,

{ T ) & [ y ] (3.18)
PT

for the transfer coefficient, the solid material density (B) or the bulk density of the dry
material (E, I and J) should be used. This distinction turns up quite frequently in the
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calculation of doses from the soil pathways - see Section 3.5.

Note that this process is treated (from the case specification) as a balance for erosion
of the river bed sediments. This comes from the conceptual representation of the site in
Model A's basic description.

3.4.5. The representation of diffusion

Diffusion is a difficult process to implement satisfactorily in compartment models and
this is clearly one advantage of the approach taken in Model F. The models which do
implement it (A, B, D, E, I and J) all follow a similar mathematical form, the origin of
which is unknown (although Model A's documentation is relatively thorough).

All models calculate an effective diffusion coefficient involving the porosity, diffusion
coefficient in pure water, tortuosity and compartmental retardation coefficient, but
Tables C-2 and C-3 indicate differences of opinion on how this should best be done
and a further difference of interpretation concerns the appropriate diffusion length -

some favour the mean of the thickness of the two compartments iU- + / J , as used by

Model D and Model J (partly), whereas others take the minimum thickness of the two

compartments minf/;,/J - Models A, B, E, and I. However the interpretation in A, B

and I is exactly the same and Model E has a close association with these (e.g., the
application of the code BIOPATH to the PSACOIN Level lb exercise [NEA, 1993]).
Another interesting point is that Models D and J only calculate the effect of upwards
diffusion - this appears to be a conservative assumption, with the screening taking
place at the stage of model definition.

There are problems with the basic usage of the expressions for the diffusive transfer
coefficients as used here. Participant A undertook a detailed review of the diffusive
process in compartment models [Klos et al., 1996] and a more complete, generic
description is given. The area of the interface between the two contiguous compart-
ments should be included for complete generality.

As indicated in Tables 3-2 and 3-3, the overall influence of diffusion on the maximum
total dose is likely to be small. However it may still be necessary to included it in bio-
sphere models for performance assessments. NEA [1993] found that it could be a sen-
sitive parameter for poorly sorbing radionuclides at early times and so the potential
should be looked at in other biosphere situations and the effect in the time dependence
of total dose should be addressed.

Some of the models represent bioturbation as a diffusive like process, the main differ-

ence being the use of a factor —'—— for the bioturbation representations - i.e. biotur-
Ri

bation acts on solid material, not on the solute concentrations as in the case of diffu-
sion. The reason for this appears to be that bioturbation was originally implemented
for aquatic and marine sediments at the NRPB sometime in the 1980s, and since then
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the usage has stuck! This fossilisation of concepts in models should be resisted with
periodic reviews of the mathematical, physical and conceptual bases.

3.4.6. Loss terms

Most transfers discussed so far involve recycling between compartments. However,
transfer rates out of top soil in Tables C-4 and C-5 for Models C and H represent pure
loss, since there are no other dynamic compartments from which to receive a return
transfer. Some of the other Models also implement pure loss terms and these are
detailed in Table C-6. Numerical results for these are shown in the second part of
Table 3-3. These Models are C, F, H and J.

Only Model G calculates the water-flux driven loss from top soil completely out of
the modelled system. This is driven by the loss of water from soil as evapotranspira-
tion. However, it is difficult to see how this representation is physically correct. The
numerical results here are for the sorbing 237Np and it is not easy top see how the
evaporation of water would also take the dissolved 237Np species with it. Even allow-
ing for retardation, the loss term (1.26xlO"3 y"1) is a major contribution to the overall
loss from the top soil in Model G, although the overall affect on the results from
Model G seems to be relatively small (see Figure 2-13).

Loss of 129I from soil might be expected as a result of volatilisation and this process is
included in Model F, but not in other models. This may be as a result of the absence of
mention of this FEP in the case specification which most of the participants then
applied literally. However, Model G's expression may not be the most appropriate.

A cropping loss term - i.e., permanent loss form the modelled system by removal from
soils in crops is also implemented by Models C, F, G and H. The other codes assume
that there is complete recycling of material in the modelled biosphere. This is a con-
servative assumption, but one which is not out of place in performance assessments.
Model F, which has many conservative features, models this loss - but in a conserva-
tive way! A generic loss for all crop types is calculated and a non-recycling factor is
applied. This is a small number to represent the total activity which is not returned to
the system. To make absolutely sure the numerical value is as small as possible the
lowest value of crop yield from each of the crop types included in the default database
is also used (see Table C-6). It is questionable whether such detail in the biosphere
model is necessary. The loss could in fact be totally neglected in the name of
conservatism as in Models A, B, D, E, G and I - The calculated loss for 237Np is only
10~6 y"1 and this is small in comparison with the transfer rates calculated by the other
models, although it could be significant for Model F because of the low inventories
indicated in Figure 2-6.

Model C uses an expression which is structurally very similar to that of Model F, but
here without the use of a factor for recycling. The parameterisation of the equivalent
process in Model H is similar but is more complex, involving an ageing parameter of
unclear origin and value. The expressions from Model J are the most impressive of
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all5, but again follow similar lines. In Model J however, it is not just the activity on the
crop from root uptake that is calculated, there are also terms for soil adhering to the
outer surfaces of the crops as well. All of these crops sum the losses over all crop
types. Compared to Model F, this is non-conservative.

The codes with non-conservative representations of the cropping loss seem to have
origins which were more predictive than, for example Models, A, B, D, E or I. This is
also indicated in the exposure pathway representations in Models C and H, where
dilution factors are included to represent the consumption of uncontaminated
foodstuffs. This extra flexibility is not wholly appropriate in a waste disposal context.

Some of the representations in many of the codes betray origins in accident conse-
quence and routine release assessment codes but it is known that Model J was derived
from codes for such applications. The code for this model was adapted from an earlier
code and similarly Model I was created as an adaptation of Model J. In such evolution
more attention should be paid to appropriate FEPs for the new models and their codes.

3.4.7. Dominant processes in the transport sub-model representations

The analysis here has focused on Np in the Complementary Studies biosphere. For
this system the following results hold.

1. Transport on solid material is around a factor of 20 times more important in trans-
ferring activity from the deep soil to the to soil

2. As a downward transfer, solid material is only five times more effective than water
borne transport

3. The calculated values for diffusive transfer are smaller than the advective transfers
between the soil compartments by several orders of magnitude

These results illustrate the importance of transport on solid material. For 129I, with
lower biosphere fos, solid material transport would be less important.

3.5. Dose arising from consumption of root vegetables

3.5.1. Interpretation and usage of the numerical examples

The purpose of this Section is to review the most generic form of the mathematical
expressions for the FEPs included in the exposure pathways sub-model in order to try
to explain the results in presented Chapter 2. In general terms, the participating codes
account for contamination on consumed crops from

• root uptake

• irrigation interception (including translocation from external surfaces)

• soil contamination

Much of the detail expressed in Table C-6 arises from considerations of the exposure pathway
representations. See Section 3.5.

77



BIOMOVSH
TR12

Numerical values for these FEPs are shown in Table 3-4 (again for the case of 237Np in
the release to the irrigation source) and the expressions used to generate them (which
are given in full in Tables C-7) are taken from the documentation of the participating
codes. They indicate how the transport sub-model is interfaced with the exposure
pathway sub-model. It can be seen that several of the of the contributions are zero (and
in other cases the models do not include those FEPs in their generic representations).
Some lead to curious results (e.g., the irrigation pathway in Model F). The derivation
and usage of the expressions and their numerical values are discussed below.

In some ways the combination of 237Np and root vegetables is an unfortunate choice
because the case description specifies that:

1. no soil is consumed with the crop (two factors from the database combining -
external contamination is given as zero and the fraction remaining on the crop after f--,
food processing would anyway be zero (see Appendix A); ^ -;

2. contaminants intercepted by the leaves of the root crop during irrigation would not
be transported (translocated) to the edible portions because, for 237Np, the
translocation factor is given as zero.

This leaves only root uptake, for which the root uptake factor (Kn [(Bq kg"1 fresh
weight)(Bq kg"1 dry soil)"1) is very high, as the mechanism for the inclusion of 237Np in
this crop. It is therefore not surprising that the plots in Figures 2-13 all show very
similar values for the total dose and that the root vegetable pathway dominates.

No comments have been received concerning the suitability of this database for the
exercise but this raises an important matter concerning data for such assessment
models. Without going into details of the original source of the data used for this
exposure pathway, the question could be posed - is the root uptake factor high here so
as to take into account uncertainty in other processes? Without direct knowledge of the
experimental conditions for the database, there is potential for misuse of such
parameters. This is clear example of where closer co-operation between assessment
modeller and experimentalist is desirable for future reviews of performance f"\
assessment databases.

Interpretation of data has less of an influence in the transport sub-model, probably
because water fluxes are easier to estimate for a given site. The problem is more
serious for generic or default data in the models.

The dominance of the root uptake pathway is not the full story however since there is
evidence from the other chain members that the variability in the deterministic case for
these radionuclides really does come mainly from the representation of transport
processes. The explanation is the effect of kd in the transport representations see
Section 3.4, above and the discussions in Chapter 4 on the results from the sensitivity
analysis.
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Table 3-4: Numerical values of the FEPs contributing to the dose due to 237Np arising
from the consumption of root vegetables. For details of the mathematical representation see
Table C-7. Data calculated from the Complementary Studies deterministic dataset.

Part quantity units root uptake irrigation
surface
contam. total

irrigation water cone. Bq m" y" 5.61xlO"2

irrigation interception m 2 y k g ' 5.91x10-

crop concentration 5.52xlO3 0 5.52x10"
dose Svy 1.43X10"6 0 1.43X10"1

irrigation water cone. Bq rrr y'1 7.49x10-
B irrigation interception 5.91xlO":

crop concentration Bqkg1 5.52X10"3 0 5.52x10-
dose Svy"' 1.43xlO"s 0 1.43X10"6

irrigation water cone. Bq m"3 y" 5.62x10"'

irrigation interception m'ykg"1
8.00x10""

crop concentration Bq kg"1
5.52x10" 4.49x10- 5.57X10"3

dose Svy"1 1.07x10"* 8.71X10- 1.08x10"'

irrigation water cone. Bq m" y" 2.25x10"1

D irrigation interception m2ykg"' 0

crop concentration Bq kg"1
5.52xlO": 5.52x10"3

dose Svy'1 1.43x10"' 0 1.43X10"6

irrigation water cone. Bq m"3 y" 5.62x10"z

irrigation interception 0
crop concentration Bq kg"1 5.52X10"3

5.52x10-
dose Svy"1 1.43x10"* 0 1.43X10"6

irrigation water cone. Bq m y"' 1.17xlO3

irrigation interception 3.94x10-
crop concentration Bq kg"1 3.45xlO": 4.63X101 2.67X10"5 4.63X101

dose Svy" 1.23x10"* I.65X10"2 1.36X10"8 1.65x10,-2

irrigation water cone. Bqm"V
G irrigation interception 1.41X10"3

crop concentration Bq kg"' 5.52X10"3 7.90X10"5 5.60x10-
dose Sv/1 1.43x10"* 2.04xl0'B 1.45X10"6

irrigation water cone. Bq m'3 y ' 3.51X10"1

H irrigation interception m 'ykg 1 1.30x10-
crop concentration Bqkg1 5.53xlO"3 4.57x10"6 5.53xl0';

dose Svy"1 1.43X10"1 1.18x10- 1.43X10"6

irrigation water cone. Bq m J y1 5.61X10"2

irrigation interception nr y kg" 5.91X10"3

crop concentration Bq kg"1
5.52x10- 0 5.52X10"3

dose Svy"1 1.43x10-* 1.43X10"6

irrigation water cone. Bq m'3 y"'

irrigation interception m ' y k g 1

crop concentration Bq kg"1 6.19XI0"5 5.52X10"3

dose Svy"1 1.60xl(T

79



BIOMOVSII
TR12

3.5.2. Crop concentration by root uptake

Comparing the root uptake results in Table 3-4 it can be seen that numerically there is
very close agreement. In Table C-7 there is also a close consensus in the mathematical
representations. The concentration in the crop is given by

and this is derived from the concentration in the top soil calculated as6

inventory in top soil NT _3
T total volume of top soil lTAf '

Exactly this form is used by Models A, B, C, D, E, G and I. Model F uses the same
expression but with a factor which reduces the total activity content by radioactive
decay before consumption, so that

^ P V P q kg1]. (3.21)
pT{l-£T)

However, differences in the numerical results arise because Model F was used with its
own default parameters for the crop since there is only one generic crop type. The
default for the delay is one day. For the long lived radionuclides important in waste
disposal (both HLW and I/LLW) this delay term is unlikely ever to be significant. It
would only assume importance in the case of short lived radionuclides and for
situations where there was subsequent significant ingrowth. This is another indication
that the origins of these models lies in accident consequence assessment tools.

The transport structure of Model H is one of the simplest - a single dynamic
compartment. Complexity in Model H appears in the exposure pathway sub-model.
Activity in the soil is calculated by two paths (known as long and short paths in the
model documentation) which correspond to water arriving directly on the soil during
irrigation and other water which has first been intercepted by the crop and which has
lost some of the radionuclide content. Of course upward transport from the deep soil is
not included. The expression for the concentration in the consumed crop is

-(i /„
( j

•, [Bqkg'] (3.22)

This form is not familiar to all participants. Many are more comfortable with the soil concentration in
Bq kg"1. In fact, all model representations reduce to the same form with the use of the denominator in
Equation (3.19).
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and this includes a decontamination factor which implies options for remedial action
are allowed for. Also included are two additional time factors: t!rrl [y] is the duration
of the irrigation period and xn [y] which is the growing period for crops during which
time weathering can occur. The origin of cageing is not known.

With all this extra detail it is interesting to note that the numerical value for the crop
concentration is only 0.18% higher than found in the simpler expressions.

The calculation for Model J is also different in form since the area of land used for
root vegetables is included. Another major difference is the conversion from the volu-
metric concentration in soil to the mass concentration. Most models use a factor
(l - eT)pT [kg m"3] (or equivalent if only one set of soil properties is implemented - the

results being numerically equal here). Model J uses eDpw + ( l -£ o )p D [kg m"3]. The

former value is 1590 [kg nf3] and the latter is 1990 [kg m'3].

3.5.3. Irrigation interception

Some of the models in Table 3-4 have the irrigation interception route switched on.
The models that do this are C, F, G and H. Only Model H includes the translocation
process explicitly, the others then assume that all of the intercepted material is
available to the crop and precisely the same formulation is used for the root vegetables
as for green vegetables, grain and pasture. Model C, however, uses its own database as
a source of the irrigation interception factor (8X10"4 m2 y kg"1 for 237Np on root
vegetables). This is again a situation where a field measurement may implicitly include
the effect of translocation, but without the original source of the data, it is not possible
to say. Model H's translocation factor is derived from the root uptake factor:

T^H) = l-exp(-0.0082/^,) = 4.91xlO"3 y'1. (3.23)

Here, at last, in the Complementary Studies, the trail runs up against representations
derived from experimental measurements! Whereas the transport sub-model rather
uniform in its representations, here, in the modelling of the exposure pathway sub-
model the representations are different depending on the data source.

Table C-7 shows that there are many different ways of representing irrigation
interception. Those models which included delay factors to allow for radioactive decay
(and ingrowth) also include them here as well. A review of the similarities and
differences relating to the representation of irrigation is of interest. Because the effect
of translocation was zero in the case of 237Np, an additional table is included here
(Table 3-5) which repeats the information in Table 3-4, but this time with four key
parameters for 237Np set to their median values from the stochastic case (see Appendix
B). These parameters, which now have non-zero values are:
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Table 3-5: Alternative numerical values of the FEPs contributing to the dose due to
237Np arising from the consumption of root vegetables. For details of the mathematical
representation see Table C-7. Data calculated from the Complementary Studies deterministic
dataset plus central values from the stochastic case distributions of the root uptake factor
(KRV), the translocation factor (TRV), the external soil contamination factor (SRV) and the
food processing factor (fRV ). Models F is not included because its own default data were used
in Table 3-4. Model J is not shown because it did not calculate irrigation from the aquifer.

Part quantity units root uptake irrigation
surface
contam. total

irrigation water cone. Bq m'J y 5.61x10-

irrigation interception m2ykg-' 5.25x10';

crop concentration Bq kg1 9.39x10L-3 7.37x10" 7.91x10" LOlxlO"2

dose Svy"' 2.43x10-" I.90X10"7 2.04x10'' 2.62X10"6

irrigation water cone. Bqm • V 7.49X10"2

B irrigation interception m2ykg-' 5.25X10"3

crop concentration Bqkg1 9.39x1 Q-3 7.87X10"4 1.02x10"'
dose Sv/1

2.43x10" 2.03x10" 2.63x10"6

irrigation water cone. Bq m"J y 5.62x10"'

irrigation interception m'ykg"1 8.00x1 Q-4

crop concentration Bq kg1 9.39xI0'3 4.49x10- 9.44xlO":

dose Svy"' 1.82x10'' 8.71X10- 1.83X10"6

irrigation water cone. Bq m"3 y'1 2.25xlO l

D irrigation interception m2ykg-' 1.3OX1O"3

crop concentration Bq kg"1 9.39xlO": 2.92x1 QT 9.90xl0"7 9.61X10"3

dose Svy"1 2.43x10' 7.54x10' 2.56x10"'° 2.48X10"6

irrigation water cone. Bq m y 5.62x10"
irrigation interception m ykg'1 4.04x10";

crop concentration Bqkg1 9.39X10"3 2.27x10 1.98x10"* 9.62xlO';

dose Svy'1 2.43x10" 5.87X10-8 5.12x10" 2.49x10"'

irrigation water cone. Bq t r r y 5.61xlQ-z

irrigation interception m2ykg-' 1.41X10"3

crop concentration Bq kg" 9.39xlO"; 7.90x10" 1.98x10"* 9.47xlO";

dose Sv/1 2.43X10"1 2.04x10' 5.12x10"' 2.45x10"

irrigation water cone. Bq m"3 y'1 3.51x10'
H irrigation interception m ykg"1

7.68x10-*
crop concentration Bq kg"1 9.39xlO": 2.70x10" 9.41X10'3

dose Svy'1 2.43x10"* 6.97x10' 2.43x10"*

irrigation water cone. Bqnry'1

m'ykg1
5.61x10"

irrigation interception 1.05xl0'2

crop concentration
dose

Bqkg'
Svy'1

9.39X10'3

2.43x10-*
5.90x10-"
1.52x10"'

9.90x10'
2.56x10"'

9.98xl0';

2.58x10"*
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• Kn = 1.02X10*1 (Bq kg"1 fresh weight of crop)(Bq kg'1)*1 - the root uptake factor
(somewhat higher than the deterministic case value)

• Sn = 2.15xlO"5 kg soil kg'1 of crop - the fractional weight of soil consumed with
the crop

• fn = 0.5 - the food processing factor, and

• Tn = 2 y"1 - the translocation factor.

In calculating the irrigation in the crop two factors are multiplied: the radionuclide
concentration in the irrigation water and the irrigation interception factor. It is in this
latter that greatest representational uncertainty is seen7.

In general, irrigation water can be either from the river or the aquifer. The expressions
in Table C-7 take this into account and there is general agreement that the two sources
combine to give

Cirri = ̂ dLT + Cwdm [Bq m'2 y'1], (3.24)

this factor being found in all models. Variations are seen when the concentrations of
radionuclides on particulates are included (Models B, C, D and E) although, with this
dataset the differences are numerically small.

A much more important FEP is included by Models D and H. For these models the
concentration in the applied irrigation water is

&diT + CwdJ\ [Bq m'2 y'1] (3.25)

which allows for the fact that irrigation is a non-continuous process. As indicated in
Figure A-2, irrigation take place only during the summer and these models use
different periods to get the results in Table 3-4. The intrinsic averaging period xav — 1
y is common to all models although for most of them it is not explicitly written. Model
E also takes this into account albeit in a more detailed way. However, even with the
database used here there is at least a factor of 3 increase in this interpretation and this
can be quite significant if the FEP is omitted. It is recommended that models which
do not include this mechanism review whether it is necessary to include it.
Without it, it is implicit that the irrigation is uniform over the entire year, giving lower
concentrations.

Another very important modelling difference is seen in the example of Model F. A
typical value from Equation (3.23) is 5.6xlO"2Bq m"2 y"1 but for Model F the

Not forgetting that these representations are genericaily applicable for all other nuclides and crops
(excluding the translocation factor).
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Remembering that Participant E works by forming appropriate representations of the FEPs for each new
application. The method adopted here is a reflection of the data available in the case specification.
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corresponding value is 1.17xlO2 Bq m"2 y"', i.e., over a factor of 2000 higher. This
remarkable difference comes about because of some basic assumptions in Model F
about the critical group. These are discussed more fully in Section 3.7. Put simply this
is a question of dilution in the aquifer. All other Participants applied the information
given in the case specification. These were, to a large extent, taken directly site
measurements in the disposal programme of Participant A and so had a direct relation
to real site data.

In this dataset the groundwater flow in the aquifer is specified and most of the
participants applied this directly to give an initial dilution in the aquifer as the release
flux divided by the aquifer flow rate (taking retardation into account as necessary).
Model F has an alternative method of calculating the diluting flow in the well which is
highly conservative.

In Model F the dilution in the well is defined by the number of people in the critical
group and their water requirement is determined by

• domestic water requirements

• livestock water requirements

• agricultural requirements (i.e., irrigation)

This gives a dilution which is much less than the total flow in the aquifer. Details are
given in Table C-7 and C-8 in Appendix C. The expressions given in Table C-7 were
taken from the documentation for Model F [Davis et al., 1993] and the implementation
of the well scenario in Complementary Studies certainly followed the formulation
shown in Table C-8 to derive the concentration in the applied well water. The question
then is, why do Model F's results in Figures 2-2 and 2-17 not show a much higher total
dose? Despite determined efforts, the answer has yet to be found in the details of
Model F's Complementary Studies implementation.

Irrigation interception is modelled in a variety of different ways. From the BIOS stable
of codes (Models B, I and J as well as the exposure pathway model implemented in ( j
Model A) the factor is

( 3 2 6 )

Unfortunately the origins of this expression are lost in the mists of time and are not
given in the descriptions of any of the models. Each of the later applications citing the
forerunners as justification.

Model E employed for this exercise8 an interesting method for dealing with the
problem of periodic irrigation. Details of the expression are found in Table C-7, but



BIOMOVSII
TR12

other participants employed more straightforward methods - those of Models D, F and
H follow similar lines. The expression from Model H is

W [m2ykg-']. (3.27)

This form is derivable from the expression for the rate of change of the radionuclide
content of the crop, which is quoted by Participant H as

^ y1] (3.28)

which uses the expression for the concentration in the irrigation water found in
Equation (3.25).

Explicit in this form is the radioactive decay and it should again be mentioned that this
factor is not likely to be significant in for the radionuclides of primary importance in
waste disposal assessments9. Of greater importance is the weathering term which
dominates the expression for long half-lives.

This expression does show how the FEPs can be combined. When integrated, Equation
(3.22) gives the content of the crop at the end of the irrigation period. Other FEPs are
required to achieve Equation (3.26). These are

• the delay between irrigation and harvesting

• the delay between harvesting and consumption.

These FEPs are common to the root uptake model as well and counterparts can be
found in Model D's and Model F's representation. Model G uses a more literal
interpretation of the specified data, which is less detailed than in the other models.
Model C uses data from its default database.

In Table 3-5 the effects of combining the irrigation concentration and the irrigation
interception can be seen for cases where translocation, soil contamination and food
preparation factors are non-zero. The crop concentrations as a result of irrigation all lie
between 2.70X10"6 Bq kg1 for Model H and 7 . 8 7 x 1 0 " ^ kg"1 for Model A. This
process is clearly one for which there is a large amount of representational uncertainty.
Definitive representations should be investigated. Equations (3.27) and (3.28) have
ease of derivation in their favour but they put more emphasis on the measurement and
interpretation of irrigation interception factors.

Table 3-5 also illustrates the relative contributions of the three pathways. With the
database used in the example, the root uptake pathway dominates, being at least an

What is the repository there for?
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order of magnitude higher than the irrigation pathway. The direct ingestion of soil on
the consumed crop also makes a minor contribution. This is true even in the case of
Model F which explicitly includes a term for the inadvertent consumption of soil from
the hands where the combined dose is over an order of magnitude lower than the dose
from direct root uptake.

However, it should be remembered that the root uptake factor for this crop here is very
high and that these results are therefore not directly applicable to other radionuclides.
Neither do they indicate the relative strengths of the three mechanisms in drier, hotter
climates, for example, where the effect of irrigation would be higher. In short there is a
large amount of detail in this pathway which has still not been satisfactorily
catalogued.

A further example of this is the expression for the activity in the consumed crop as
used by Model H (Model C is similar). The use of decontamination factors means that
external sources of uncontaminated foodstuffs are explicit in the models.

A review of processes, the modelling thereof and a simultaneous review of suitable
data is necessary. This should take into account the variety of different radionuclides
which are of interest to the waste disposal community and would ideally involve
radioecologists.

3.5.4. Calculation of dose from ingested contamination

Intake of activity by humans is then simply the crop concentration multiplied by the
ingestion rate for the crop. Of the participants here, only Model F used in-house values
because the intake rates of each foodstuff are calculated using a relatively detailed
nutritional balance scheme involving total food energy, carbohydrates, protein and fat.
Model A has a similar scheme but takes into account only the calorific requirement. In
such cases matching all the input data to the specified consumption rates is difficult.
Participant F chose not to try whereas the default database for Model A was used in
the case.

All models calculate dose by multiplying the annual intake by the dose per unit intake
on ingestion.

3.6. Other FEPs in the exposure pathway sub-models

3.6.1. Meat, milk, eggs and fish consumption

Attention has been paid to the calculation of exposures via the root vegetables
consumption pathway. The mathematical representations in Table C-7 are valid for
other crop types and Model F, for example, calculates only a single generic crop type.
The main difference is that the concentrations in the edible portions of grain, root
vegetables and pasture do not include a translocation factor.
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The calculation of exposures via the soil - pasture - cattle - human pathway involves a
second stage which is common to all models. This converts the intake by the animal to
a concentration in the consumed tissue. For meat this is given by

^meal ~ Ameat lpc^pasture ~ ^ meat ̂  pasture- laH K& J- (meat pc^pasture meat ^pasture-
cattle

See Appendix D for a glossary of symbols used in the Complementary Studies
exercise.

Similar expressions hold for milk and for eggs (involving poultry, not cattle). Some
participants were not able to represent differences between dairy and beef cattle.

There are three other mechanisms leading to exposures from the consumption of meat

• soil - crop - animal - human: Equation (3.29) is used but with the crop
concentration from root uptake;

• soil - animal - human: the fractional mass of soil consumed with the crop is used in
a similar expression to Equation (3.29);

• water - animal - human: The expression for the intake to the animal from drinking
water assumes unfiltered consumption from either the well or the river:

{drinking-*} f C \

However, there is some difference of opinion on how the concentrations of
radionuclides in the consumed water should be calculated - some models include
terms for the suspended material, others calculated the aquifer and water
concentrations to already include the suspended material. Even for this dataset, the
differences can be up 60%. The greatest differences arise for those models which do
not include sorption in the aquifer (C and H).

N.B., Not all models calculated all of these pathways.

Model C is unique in that there are additional factors which calculate the useable frac-
tion of the weight at slaughter. Those models which included delay factors as dis-
cussed above in connection with the root vegetables pathway also have their counter-
parts here. Again, attention should be paid to the interpretation of measured data.

The dose from the consumption of fish is simply modelled in all of the models. All
agree that the appropriate representation is the product of a water concentration and
the bioaccumulation factor. Differences again arise as to whether the filtered water
concentration should be used as well as what the concentration of the water is in the
first place. Some models explicitly write terms for the suspended solid, other models
would claim that there was double counting here. Again, this indicates the need for a
review of the usage of terms from first principles.
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3.6.2. The drinking water pathway

Ostensibly the simplest of pathways, there are still differences of interpretation here.
These mostly concern the usage of the filtration factor and this is best illustrated from
by comparing the drinking water dose from the consumption of river water from
Models A and B/I.

Model A's drinking water dose is

whereas in Models B and I

[Sv y"1] (3.32)

is used. In Model A's expression, which is derived from first principles [Klos et al.,
1996], the effects of the volume occupied by solid material are written to first order.
Model B/I assumes that if the water is filtered the effect is seen in the denominator -
Model effectively reduces the concentration in the water. The effect is around 10% for
this dataset and for Np.

3.6.3. Direct exposure to contaminated soil - inhalation pathways

External y-irradiation is calculated in most cases as the product of the groundshine
factor and the top soil concentration. Opinions differ as to the calculation of the of the

appropriate concentration in the top soil. Some models use CT = f J [Bq m"3]

directly, others use -,—z—r [Bq m'3].

Some models include the occupancy factor for normal occupancy in this term, others
assume that the exposure occurs in all part of the modelled region, both indoors and in
the field. Here again a review of the Reference Biospheres FEP list would help to
remove unnecessary detail.

Model B implements a more detailed expression for the dose conversion factor, one
based on the y-ray energies in twelve energy bands. All other participants used the
simplified form from the case specification.

Model F calculates immersion doses from concentrations in soil, air, water and organic
and inorganic building materials. Data values used are from the in-house database.
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However, the calculated doses are much less than in the other models and the extra
detail in Model F seems unlikely to contribute significantly to the overall dose.

Inhalation doses were calculated in accordance with the data specified in the case
description. I.e., two components to inhalation dose were calculated - residential
exposure at lower ambient dust levels and occupational exposure at higher dust levels.
Close agreement between the models indicates that all were happy with the way the
pathway was specified. Not all models calculated both exposure routes and Model F
again had a much more detailed model which involved, in addition to radionuclides on
contaminated airborne soil, the effect of aerosols of water from domestic uses as well
as smoke from wood and peat fires. In this case the calculated doses are of the same
order of magnitude as the simpler calculations carried out by the other participants.
The importance of these pathways for radionuclides with high dose per unit intake on
inhalation (e.g., 229Th) have not been fully investigated in this case, although the
Complementary Studies analysis spreadsheets would allow this in a straightforward
way.

Model F also includes a FEP not used by the other Models and one which was not
given in the case specification. Model F has a release factor for volatile radionuclides
from river/lake water and from soil. This contributes to doses for 129I in
Complementary Studies. See Section 3.8 below.

3.7. Influence of the regulatory framework

Some of the major modelling differences in the Complementary Studies
intercomparison arise not from difficulties in the mathematical representation of
biosphere FEPs but from the overriding assessment context imposed by the regulating
authorities in the home countries of each of the models (cf. Figure 3-1). For example,
the Canadian regulations lead to Model F having a default probabilistic format which
makes the individual deterministic runs required for the Complementary Studies
difficult to implement.

Of greater impact on Model F's approach to the deterministic phase was the definition
of the critical group. Much of the mathematical formulation of Model F is cited as
being conservative in nature [Davis et ai, 1993], although the interaction between the
mathematical representation and the introduction of conservatism is not always clear.
One source of conservatism in the representations of the case is the use of a well
dilution factor based the water requirements of a three person critical group.

In the exercise the critical group was not specified. In common with the approach used
by many of the models used in the exercise, the area of cultivated land is defined with
respect to the physical characteristics of the site. In Complementary Studies this means
that the size of the valley and the extent of the cultivated land is used to imply a
critical group of many people - around 28 persons. This corresponds to a small
agricultural community of the kind which are known to have existed in the modelled
region in the past (Model A default database). Consideration of such a large critical
group is consistent with the regulations to which Model A works, which require that
doses to representative members of the exposed community be considered [HSK/KS A,
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1993], thus the critical group is used as an integrating mechanism and the effects of
individuals with extreme habits is not felt in the database.

Other models were comfortable with this usage of site specific data to determine the
critical group. Model F was not. Usage here is that a three adult farmstead is not
unreasonably pessimistic and similar considerations are also used in the definition of
case specific critical group sizes for Model A [Klos et al., 1995]. Participant E takes a
similar view of the domestic guidelines [SKB, 1991]. From the point of view of
modelling, however, the implementation of the three person critical group in such a
broad valley is pessimistic, since the dilution in the well is much smaller than in the
aquifer as a whole. As part of the iterative process in the exercise, Participant F also
contributed results for a 28 person critical group (based on the total area of the valley).
These were similar to the other models in the important respects. Although, as stated
in Section 3.5.3, the irrigation pathway would be expected to give much higher doses
than seen in Figure 2-2 (b).

The structure of Model F also differs from the other models in that it is rather more
detailed - different areas of land are used for pasture, vegetable production, as a source
of wood and as a peat bog. This reflects the status of the disposal programme in
Canada, i.e., that it is relatively more advanced than in many other countries and so
more detail in the model is justified at this time - see the concluding remarks in
Chapter 2.

There also seems to be some question as to whether wells are normal evolution or
human intrusion. In this case the well is normal as it is an expected part of the
biosphere and does not interact directly with the implied waste repository.

It is interesting to note that, for all its conservatism, even Model F does not go as far as
trying to represent individuals with extreme habits - see the discussions in BIOMOVS
II [199a].

Other aspects of the models are influenced by the background - examples are the self-
sufficiency factors found in the exposure pathway calculations of Model C and the
delay factors in Models D, F and H. These are reminiscent of aspects of atmospheric
deposition models for accident consequence assessments.

3.8. Special formulations - Model F's representation of 129I

With the exception of Model F all participants assume that the representations
discussed above are valid for all radionuclides. Model F also assumes generic
representations for the vast majority of radionuclides of interest to the Canadian waste
disposal programme. However, 129I - also of extreme importance in Canada - is treated
differently on account

1. its volatility and

2. the large amounts of stable iodine in the near surface environment (including the
groundwater),
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and this justifies the treatment of this radionuclides as special within the context of
Complementary Studies. Similar considerations apply to 14C and 36C1. For further
information on special radionuclides see BIOMOVS II [1996f, 1996g].

The volatility of 129I leads to additional transport processes and exposure pathways.
Parameters found to be of importance in assessments using Model F are the evasion
rate from lakes (rivers) and from soil. Subsequent deposition from the atmosphere has
also been found to be important. Unfortunately, space precludes a detailed comparison
of these processes with the generic formulation in the rest of the Complementary
Studies models.

The implementation of a specific activity model for 129I in Model F is also of
relevance, particularly given the very high results for this radionuclide seen in Figure
2-1.

If it is assumed that the ratio of 129I to stable I is constant in the modelled biosphere
there is an upper limit to the concentration in soils and crops and hence an upper limit
to doses from this radionuclide. Model F calculates the time evolution of the biosphere
concentrations using the generic representation of transport and exposure pathways.
These are then scaled to the values to be expected if the isotopic ratios in the
groundwater (for which measurements are available) were maintained. Amiro [1996]
points out that these values are likely to be conservative by up to three orders of
magnitude. This goes a long way to reconciling the results seen in Chapter 2.

3.9. Conclusions from the inter/comparison of FEP representations in the
Complementary Studies exercise

There are many structural differences between the models which participated in the
exercise. The differences seen in the results in Chapter 2 can be both qualitatively and
quantitatively explained on the basis of the mathematical representations reviewed
above.

In terms of the necessary and sufficient FEP list for the case, there is relatively close
agreement not only of what the FEPs should be, but also on how they are represented
in the case. In many cases there is quite good agreement about what the numerical
values which express the FEPs in the models are. However, many of the FEPs
represented in the case were precisely those mentioned in the case specification. There
are two possible reasons for this

• The case specification suited the participating models very well and the FEPs
implied by the specified dataset were those to be found in the participating models;

• The modellers were happy to modify their codes to fit the case specification since
the modifications were minor.

It is not easy to tell from the case which of these explanations is more correct but it is
interesting to note the Model F was not easily adaptable to the case as specified and so
many in-house assumptions and data values were used. This helped to highlight
modelling differences.
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The transport sub-model is relatively well converged on how the FEPs should be
represented, most likely as a result of the BIOMOVS test cases. However, there are
representational differences to be seen in how the participating models implement
FEPs for the different type of transport and loss terms:

• Radionuclides transported in solution are the most converged and this helps to
explain why the results for 129I in Chapter 2 are similar, since I29I is weakly sorbing
in the Complementary Studies dataset. Clearly similar representations add to the
robustness of results;

• Transport of solid material is not so well converged. Many models recognise the
importance of the possible processes but the mathematical representations show
less agreement. Thus, the results for Np, U and Th show greater variability
than those from 129I. The effect of biosphere kjs as an integrating mechanism is
observable in the results from the Complementary Studies exercise.

• Other processes such as diffusion, cropping loss, volatilisation are not uniformly
represented across the participating models and the usage should be reviewed.
Results here indicate that the water and solid material flux driven processes are
numerically more important in this exercise than the others. Some of these FEPs
could, perhaps, be removed on the grounds of conservatism.

Many of the exposure pathway FEPs are similar in the different models but the
irrigation pathway has many seemingly incompatible representations. As this is a key
mechanism for getting activity from the deeper parts of the modelled system to those
parts with which humans come into contact, a review of the representation of this
pathway from first principles, including appropriate data values is required.

In the exposure pathway representations some of the mathematical expressions also
have large amounts of detail which could be reduced. This would have the benefit of
simplifying data acquisition for the biosphere models as well as not giving the
impression that biosphere models are so parameter intensive as to be difficult to justify
as part of the repertoire of performance assessment tools.

The question of further simplification of models clearly needs more investigation. A
review of which FEPs are included in models together with an indication of whether
the implementation is conservative or realistic would be of considerable value.
Appropriate representations from the ensemble used in this exercise could be
examined as the starting point for reference representations. Such a review would
benefit from being part of the definition of a future intercomparison exercise in which
the case specification was produced so as to include relevant FEPs. This would
contrast with the case specification here which relied on the default database of one of
the participating models. Model A obviously had an advantage but it meant that some
key FEPs were not adequately supported by the database. Other climates and/or
biosphere types would be useful as a means of extending the models to their limits.
The design of such a truly modeller-independent exercise would also be a suitable
application of the Reference Biospheres methodology [BIOMOVS n, 1996a], The
thought processes involved would mirror the procedures invoked when the original
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biosphere models were constructed in the past, but here, the documentation would be
maintained.

Interaction with experimentalists in defining the mathematical formulations would
also help focus on which parameters were physically realisable in the real world and
such a review would help to define appropriate mathematical representations. It has
been observed here that models which combine parameters in different ways, but so
that they are dimensionally correct, obtain similar results. The reason for this might
emerge.

Overall it is encouraging to see how the different models responded to the exercise.
Without the opportunity to include new FEPs, models would evolve much more
slowly. Such international exercises help to promote discussion and to produce
compatible models with justifiable bases.

The deconstruction of the FEPs in this Chapter has been carried out using a
spreadsheet implementation of the participating models. The benefits of this are
incalculable. As a tool for comparison and verification additional spreadsheet
representations to the main coding of the models are to be strongly recommended.

One regret in the exercise is that Model F is of such complexity (both mathematically
and conceptually) that FEP deconstruction was much more difficult and ultimately less
satisfactory. Model F would benefit from being made more transparent and having
intermediate calculational quantities available for inspection.

Before turning to the stochastic phase of the exercise in Chapter 4, it should be noted
that mass balance is also an essential tool for verifying the physical plausibility of the
modelled system. This is very relevant to the stochastic phase of the Complementary
Studies calculations. It also an aid to flexibility of the models.
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4. The Complementary Studies stochastic phase

4.1. Purpose of the stochastic phase

As set out in the specification of the stochastic phase (see Appendix B), uncertainty in
model results has been a constant theme of BIOMOVS. The deterministic phase1 has
allowed an investigation of the uncertainties in the model results which arise from dif-
ferent conceptualisations and mathematical representations of FEPs in biosphere
models. The stochastic phase of the exercise looks at

1. the overall uncertainty in model results as a result of uncertainty in model input
parameters,

2. the sensitivity of model results to input parameters.

c
This latter aspect of the stochastic phase is of clear importance to the exercise since a
main theme of the Chapters 2 and 3 has been to investigate options for simplifying
mathematical representations of FEPs in biosphere models. In fact this focus on the
necessary and sufficient modelling had a significant influence on the eventual form of r

the stochastic phase of the exercise. In the initial specification of the study, more
radionuclides were included than were actually used in the calculations. The aim was
to investigate how uncertainty in input data would affect the results for each radionu-
clide. As the exercise progressed, it became clear that the mathematical representa-
tions of the FEPs governing the doses arising from the release of the selected radionu-
clides in the deterministic phase were sufficiently generic that additional radionuclides
would add significantly to the task of data analysis but that they would not be likely to
provide and additional insights into the working of the models.

Some of the participants in the exercise had already accumulated a great deal of expe-
rience in working with Monte-Carlo techniques. For a significant number of others,
the opposite was the case and the exercise as a whole has provided a golden opportu-
nity to put sampling and statistical analysis tools in place for waste disposal assess-
ments. Given such a range of capabilities, it was also prudent to restrict the number of ("
situations to be investigated to a single release type so as the reduce the amount of
time required for the completion of the calculations.

For these reasons it was therefore decided that the stochastic phase should restrict it-
self to 129I, the 237Np chain and that it should investigate the one release type that all
of the models were comfortable with, namely the release to river water. The need to

The terminology of 'deterministic' and 'stochastic' phases of the exercise requires some definition. In
the deterministic phase, each of the situations to be calculated had a specific dataset and there is a one-
to-one correspondence between the data for the model run which generated the results and the database
for the run - i.e., all data were fixed for a particular model run. In the stochastic phase, parameter
distribution functions were specified for each of 77 parameters from the deterministic phase. The
implication being that uncertainty in the model results was to be calculated a Monte-Carlo type process,
in which for a particular run of the model a set of input data were chosen from the range of possible
input values. Each individual run was still deterministic in that, for each run, there was again the
correspondence between the results for the run and the input data, but overall the quantities called for in
the case specification were stochastic because they were derived from the ensemble of all runs.
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complete the calculations in good time also led the combination of uncertainty and
sensitivity analyses in a single specification. This decision had consequences for the
analyses and these are discussed below. The source term was the same as in the
deterministic phase - a top-hat function of 106 Bq y"1 for 104 years.

Generally, in performance assessments, stochastic calculations present a number of
problems. Probability distribution functions (pdfs) must be provided for the key pa-
rameters in the model. As has already been noted, in the biosphere there is an inordi-
nate number of parameters which are used to characterise various FEPs. Not all of
these are significant to the overall model response - the question is, of course, which
ones are.

In many cases where sampling methods have been used with biosphere models
[Bergstrom & Nordlinder, 1991; NEA, 1993; Davis et al, 1993] input parameters
known, or expected, to be important have been assigned pdfs, and particular attention
has been given to parameters in the transport sub-model. In Complementary Studies
case a relatively large number were selected for distribution - 77 were identified out of
over a hundred in the deterministic case specification. The chosen parameters were
drawn from both the transport and exposure pathway sub-models (including the
accumulation and food consumption sub-divisions). The aim of this was to ascertain
where most of the resulting uncertainty was coming from by providing a definitive
study. This helps to focus future data collecting efforts and helps to inform choices for
parameter values for some of the less sensitive parameters.

4.2. Overview of the stochastic phase

4.2.1. Interpretation of the stochastic phase database

Release to the river water formed the basis for the stochastic phase calculations, how-
ever there were a number of modifications to the basic scenario described in the de-
terministic calculations of the release to the river water. These are summarised below.
The full specification of the stochastic phase is given in Appendix B.

Data selection for such an exercise is not straightforward - only a few parameter dis-
tributions were part of the original database on which the deterministic case was
based. However, as sensitivity analysis assumed a greater significance during the
course of the exercise, precise derivations of parameter pdfs became less significant to
the purpose of the exercise. For this reason the recommended pdfs were based on
ranges of values. For these parameters, rather than use uniform or log-uniform distri-
butions, the recommendation of the BIOMOVS II Uncertainty and Validation working
group was followed in that, where there was a preferred central value for a parameter
a triangular or log-triangular distribution was chosen. In order to compare the results
of the stochastic calculations with those of the deterministic phase, care was taken to
ensure that the central value of the pdfs corresponded to the value used in the deter-
ministic case, although this was not always possible.
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Inter-parameter correlations
In the real world site characteristics are not completely independent - e.g., rainfall and
river water flow, soil k& and root uptake factor. In addition to pdfs being assigned, a
relatively large number of inter-parameter correlations were specified.

Modelled region and climate
The parameters describing the modelled region had quite large ranges - from a small
tributary river to a large regional river. The area of the modelled region was correlated
to the dimensions of the river as were the volumetric flow and other catchment area
related parameters. Climate parameters were held fairly constant - the ranges of values
reflecting the kind of variation seen in annual averages. This begs the question of
whether it would have been possible to include in the case specification aspects of dif-
ferent climate states in the same single stochastic dataset. Such cross-scenario datasets
should be constructed with caution and the option was not followed up here (see Sec-
tion 4.3.2).

User Interpretation
In setting up the stochastic phase, the group was aware of the different capabilities of
the potential participants. It was clear that the case should not be as prescriptive as the
deterministic intercomparison - one of the aims was to allow relative newcomers to
probabilistic modelling the opportunity to gain experience, to verify the correct appli-
cation of their approaches and to develop new analysis techniques. Therefore the par-
ticipants in this phase of Complementary Studies were allowed a much freer hand in
the application of the case specification.

Participant F has, perhaps, the most experience in the application of probabilistic
techniques to modelling the biosphere. The reason for this is the regulatory framework
in Canada, which requires that performance assessments be carried out stochastically.
On the basis of previous experience, three model parameters known to be highly im-
portant in Canadian assessments were included in the case specification2. Of these two
were specific to I (evasion rates from soils and river/lake water) and were not em-
ployed in the other models. The other one was a logical switch (I_SWITCH in the
Complementary Studies nomenclature) which was used to determine whether the
source of irrigation and domestic water was the river (I_SWITCH = 1) or the well.
This switch was not easy to implement in all of the participating models and so the
participants were left free to use it or not.

Similarly, other aspects of the Complementary Studies database did not fit various
model structures. Again, participation was encouraged, but neither rigid adherence to
the selection of sampled parameters nor the use of the specified distributions was in-
sisted upon.

It is therefore to be regretted that it was not possible for this group to participate in the stochastic phase
of the exercise.
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4.2.2. Output quantities

One major problem in probabilistic modelling is that the amount of data to be proc-
essed can very quickly become extremely large. Investigations were therefore re-
stricted to the total annual dose over all pathways at 102, 103 104 and 105 years as well
as the maximum total annual individual dose over all pathways and the time at which
this arose. In the uncertainty analysis the quantities to be calculated were

• the arithmetic mean

• the geometric mean

• the 5% fractile

• the 50% fractile (median)

• the 95% fractile.

In the sensitivity study, participants were asked to rank the input parameters contrib-
uting most to the model outputs using

• the standardised rank regression coefficient

• partial rank correlation coefficient

• Spearmans-rho (rank correlation coefficient)

Some participants also contributed the parameter rankings from the Kolmogorov-
Smirnov test.

4.2.3. Participating models

Table 4-1 lists the participants in the Complementary Studies stochastic phase and
also indicates which additional codes and tools were used in order to calculate the
requested statistical quantities.

It can be seen that a variety of tools and approaches were employed. Latin Hypercube
(LHS) sampling was favoured by many of the participants - perhaps because of the
correlations specified in for the case. All other participants used pure Monte Carlo
sampling (MC)3. Several of the participants recognised that the use of correlations in
sensitivity analysis is inappropriate (leading to spurious correlations in the output
quantities) and so the sensitivity analysis was run without correlations, in contrast to
the uncertainty analysis, which included the correlations. No other sampling strategies
(e.g., importance sampling) were employed.

LHS is an enhancement to the pure random sampling of Monte Carlo sampling which allows for better
coverage of the extremes of distributions, as well as for interparameter correlations
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Table 4-1: Models participating in the stochastic phase of Complementary Studies. The
codes used for the analysis (as well as the biosphere models) are indicated. N.B. 'all' implies
all parameters were used except the two relating to the evasion of 129I from surface water and
soils which none of the participating models were able to include.

participant

A

B

C

D

E

G

H

I

model/analysis
package

SandiaLHS*/

TAME/SSSS*

UNCSAM9

MiniBIOS RIVM 1A6

AQUABIOS

SENSAM% (sampling)

SENSTA*(Sk)

Statgraphics®

BIOSPHERE-CSB

BIOPATH-CSBI
PRISM*

AMBER V2.0*

Sandia LHS* 1

Abricotl.O!

Sandia PRC/SRCf

SandiaLHS*/

MiniBIOS la

number of
samples

1000

460

500

500

200 UA

600 SA

500

320

1000

notes

UA: LHS correlations

SA: MC - no correlations

All parameters used - mass balance problems encountered

all parameters except LSWITCH used

UA: LHS with correlations

SA: LHS no correlations

LHS: no correlations

25 parameters , I_SWITCH not used

No correlations, I_SWITCH treated as uniform

LHS with correlations

all but sediment kjs sediment tortuosity and suspended
solid load in soil. I_SWITCH only in SA

13 parameters used

MC - no correlations

32 parameters used

LHS, modifications to pdfs - preferred use of log-normal
distributions, rather than log-triangular

all parameters used

LHS correlations - No SA

References

* Iman & Shortencarrier [ 1984]
• Janssen, Heuberger & Sanders [1992]
t Sato, KIos & Imazuka [1996]
t SENSAM - reference not provided
f SENSTA - reference not provided
® Statgraphics®, [1994]
+ Gardner, Rojder, Bergstrom, Nordlinder & Aquilonius [1995]
# Brice & Mortimer [1996]
£ Iman, Shortencarrier & Johnstone [1985]
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4.3. Comments on the participants' implementations of the stochastic phase
specification

4.3.1. Source of irrigation

The parameter which controlled the source of irrigation and domestic water was a
major difference between the participating implementations. The origin of this
parameter is interesting. In models such as Model F, the overriding philosophy is
probabilistic because the aim is to simulate a comprehensive set of eventualities in
which the members of the potentially exposure population group might receive doses.
That such a group might use surface water (from a lake or river) or well water is
acknowledged as unknowable a priori and so in an ensemble of simulations allows
the option of both sources.

As far as the European participants are concerned, the approach is less probabilisti-
cally oriented. There, regulations are generally not formed in such a way as to require
stochastic simulations and so the option of switching between sources is less familiar
- a model is configured for a given (and ostensibly fixed) application. Probabilistic
methods are used more for investigative purposes (i.e., parameteric sensitivity analy-
sis). Variations on this basic structure therefore have less influence on the calcula-
tions. Participant A was able to implement I_SWITCH but with a with few problems
(see below) because of its use of mass balance. Even in deterministic calculations this
model can take water from either or both sources. The difference between the
Canadian and European approaches seems to be that the former stresses simulation
whereas the latter is used more for investigative what-if type calculations.

As the original specification for the stochastic phase dealt with the release to river
water (i.e. with activity only reaching the biosphere aquifer indirectly by leaching
from soils) the aquifer kd was omitted from the dataset. Several participants included a
sampled aquifer kd and used the pdf from the deep soil equivalent. This became more
relevant when the possibility of irrigation from the aquifer was added.

For those models which employed I_SWTTCH, a significant result is seen in the sen-
sitivity analysis, namely that doses are higher when the river is used as a source of
irrigation (positive correlation with I_SWITCH). At first sight this contradicts results
from other model applications [Davis et al. 1993], The explanation is as follows.

In most assessments, activity concentrations are higher in well water than is the case
in these calculations because well water receives activity directly from the
groundwater release (cf. the Complementary Studies release to the aquifer). Then, if
this water is used for irrigation and consumption there is a short circuit to the soils. If
river/lake water is used for irrigation and consumption, the doses are lower. However,
groundwater concentrations in the Complementary Studies stochastic aquifer will be
less than in the river water (which receives the direct release here) because of leaching
through the soils and then sorption in the aquifer. Hence if the aquifer is used as a
source of irrigation and direct consumption, the doses are generally expected to be
lower than when water from the river is exploited.
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4.3.2. Mass balance considerations

Some of the participants encountered problems with negative water fluxes. Solutions
to these problems were implemented but at the cost of deviating somewhat from the
original case specification. The problems arise primarily with those models which
employed some sort of mass balance scheme. These were Models A and I in the prob-
abilistic case4. Additional correlations were used in Model E to avoid the problem.

For Model I, the problem manifested itself as a negative loss rate from the aquifer
compartment to the downstream sink and originates because of the expression for the
water flux from the aquifer to elsewhere, namely

(4.1) ( 1

where fex} is the fraction of the water flux entering the aquifer which exfiltrates to the

river. This parameter is correlated to the length of the river (which in turn is correlated
to river throughput) so that smaller rivers have less exfiltration. However, in the drier
simulated states, when there is low rainfall and high irrigation demand, the abstraction
from the aquifer can exceed the flow entering the aquifer.

For Model A, there were problems at the extremes of the climate-related distributions
caused by both river water flow and aquifer loss. In both cases negative flows were
encountered, with drainage occurring up-gradient! The solution in Model A's
representation was (in those runs where the problem was encountered) to iteratively
take some irrigation water from the other source (i.e., to allow values of the
I_SWITCH parameter in the range 0< Iswjtch < 1) until balance could be achieved. In
these situations, depending on the original state of I_SWITCH (0 or 1), an acceptable
balance was assumed when either the river ( / ^ ° = 0 ) ran or the aquifer ( / ^ ° = 1)
ran dry. This solution implies a model of human behaviour in which the beleaguered
farmer would take irrigation from what ever sources were available to ensure the sue-
cess of the harvest.

These problems were encountered in five out of the 1000 simulations carried out by
Participant A and were not apparent when test calculations were performed with 200
samples. Perhaps the reason that other participants did not report the negative-flow
problem is that there were insufficient samples? Alternatively, it may be that the
situation did arise but there was no way that the codes could communicate this to the
user? Mass balance is clearly useful because it can show where unphysical represen-
tations arise. For this reason it is to be recommended. However, it places restrictions
on the blind application of cross-scenario probabilistic modelling (e.g., the use of a
single data set including aspects of three climate states - arid, humid and present day
Central European temperate). This remains an open question for stochastic modelling.

Model G, which employed mass balance considerations did not vary all of the parameters in the
stochastic case. In fact, none of the parameters relating to water and solid material fluxes were sampled
and so variation in the mass balance scheme did not arise.
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4.3.3. Parameters for probabilistic assessments

The dataset for the stochastic phase was based on the deterministic database, which
was taken from the default representation of a typical biosphere for Model A. Par-
ticularly for the parameters relating to radionuclide transport in the biosphere, the data
given in the deterministic phase were intended to be similar to the data which would
be available for a real assessment and the participants were expected to transform this
information to fit their own models as necessary.

Several Participants reported that the translation of the stochastic parameter set was
not so straightforward because the specified parameters did not fit their models. This
indicates that the aim of real assessment type data was not achieved since. Particular
problems were encountered with the translation of interparameter correlations. Future
similar exercises should investigate the relationship of models to real assessment data
more carefully, by a more rigorous usage of real site data.

Participant H pointed out that there were a lot of parameters and that techniques are
required to reduce the number of to be sampled. As set out in Section 4.1 above, one
of the aims of this study, using this large dataset, was to demonstrate which kinds of
parameters are important and which are not. The process is somewhat iterative, but
the results from the sensitivity analysis (Section 4.5) indicate that the total dose over
all pathways is insensitive to such parameters as, for example, the filtration factor for
contaminated drinking water and that it would not be profitable to include the poten-
tial for sensitivity in this parameter in future assessments of the temperate biosphere
state. This matter is discussed in Section 4.5.

4.3.4. Statistical matters

Only two of the participants provided information on the convergence of the means.
Participant G found that there was no significant difference between the results of
1000 samples and 500 samples.

Participant A carried out both MC and LHS sampling. For the MC case, the value of
the arithmetic mean of the total dose from the 237Np chain at two times vs. Sample
size is shown in Figure 4-1. In both cases, the value of the arithmetic mean settles
down after around 500 samples. The results from a single run at around n = 450 have
a large influence on the mean and the mean values are still on a slight downward slope
after 1000 runs.

Participant H has pointed out that in such exercises, the arithmetic mean and measures
of the standard deviation are unhelpful because of the large ranges of the input pa-
rameters. For this reason the geometric mean and the fractiles of 5%, 50% (median)
and 95% are to be preferred for indicating the central values and the ranges of model
response. However, when there are zero values (e.g., at 105 years, there are several
runs for both 129I and the 237Np chain which give zero dose), the geometric mean is
undefined.
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200 400 600
sample size

800 1000

Figure 4-1: Mean total dose over all pathways at two times as a function of sample size.
Results illustrating convergence of the arithmetic mean in the results from pure Monte-Carlo
sampling, Model A.

Of more concern is the sensitivity analysis. Some of the participants gained the im-
pressions that standard tests were being applied without adequate preparation or un-
derstanding of the data. Unfortunately, the stochastic results questionnaire (see Ap-
pendix B) in the case specification is rather ambiguous. The sensitivity tests called or
are the rank correlation coefficient and two other tests - the partial correlation coeffi-
cients (PCC) and the standardised regression coefficient (SRC). In fact the intention
was that these test should have been the partial rank correlation coefficients (PRCC)
and the standardised rank regression coefficient (SRRC). All participants did in fact
calculate these quantities, but Participants C and H pointed out the difficulties in cal-
culating the non-rank transformed quantities, because of the logarithmic distributions
of the input parameters. The use of R2 as an indicator of the appropriateness of these
tests was also pointed out.

As mentioned above, the Kolmogorov-Smirnov test was also employed by Partici-
pants A and C to provide an additional indication of sensitivity. These participants
also recommend this test as it does not suffer from problems with logarithmically
distributed parameters, and can be used to provide a graphical impression of
sensitivity.
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4.4. Uncertainty analysis results

4.4.1. Results for the release of I29I.

Figure 4-2 shows the results from I29I at three times, 100 y, 103 y and 104 y after the
start of the release. At 105 years doses were very small and all participants reported
effectively zero dose at this time. This is because most of the 129I is lost downstream
in the river flow in this release, as expected from the discussion in Section 2.3.

Also to be expected is that the results at the three times are all very similar - equilib-
rium is rapidly reached for this radionuclide. The range of kd values in the exercise is
10"6 to 10 2 (Bq kg"')(Bq m'3)"1 and even at the higher values there is never going to be
a great deal of the nuclide retained in the modelled system. The time taken to reach
the maximum total dose (Figure 4-3 (b)) is therefore low in this case and as a conse-
quence the maximum doses (Figure 4-3 (a)) are again very similar to the total pathway
doses at each of the times shown in Figure 4-2. In general, doses at 104 years are
higher than at earlier times, but the increase is only by about a factor of two to three.

I_SWITCH is, as expected, a key parameter. The models which included it (A, D and
I) show the greatest ranges in the results5 - around two and a half orders of magnitude
for Models A and D. Model I has a broader range up to four orders of magnitude.
Models B, C, E, G and H (without I_SWITCH - all the irrigation water from the
river) show just over one order of magnitude ranges. It is also interesting that the irri-
gation representation used by Model E also gives the highest set of results, with the 5th

percentile at around 10"8 Sv y" , and this is rather higher than most median values.

On the whole there is considerable overlap in the results at the different times. None
of the models produces results which stand out6. This indicates stability in the model
results for I in this release since there are, in addition to the structural and
representational differences between the models discussed in Chapter 3, considerable
differences in sample size, number of parameters sampled, as well as the use of the
I_SWITCH parameter.

In Figure 4-3 (a) the range of results for the maximum total dose shows that the range
of this quantity is almost exactly the same as that seen in the results at 104 years. The
only exception is seen in the case of Model A which has a slightly lower 5th percentile
at 104 years.

The greatest variation from one model to another is seen in the results for the time to
maximum dose in Figure 4-3 (b). Again there is overlap but it is not as convincing as
in the case of the maximum dose. Models D and I in particular anticipate some longer
times to peak than do the other models. The reasons for this are not clear.

5 I.e., the 90% range between the 5th and 95th percentiles, taking the results at 104 years as the basis for
comparison.

6 Remember that not all of the models which participated in the deterministic phase were employed here.
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Figure 4-2: Uncertainty analysis results for the release of 129I to the river water at
three different times. The limits on the plots show the 5(h and 95th percentiles, fi denotes the
arithmetic mean, g the geometric mean and the 50th percentile is shown by O. An asterisk
indicates models using the I_SWITCH parameter.
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Figure 4-3: Uncertainty analysis results for the maximum dose over all exposure
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It can also be noted that the geometric means of the calculated doses are all close to
the medians of the distributions and that the arithmetic means are somewhat higher,
reflecting the influence of high consequence runs on this quantity. The results from
Model G are noteworthy in that the mean is close to the 95th percentile. However, it is
known that the Amber Model used for these calculations was, at the time of the cal-
culations still under test and it is likely that there were some bugs in the analysis rou-
tines. No geometric mean was submitted. Participant I did not submit results for the
medians of the calculated parameters.

In the case of the time to maximum there is greater divergence between the median
and the geometric mean. However the time to maximum is highly dependent on the
temporal discretisation of the runs. Some of the models calculated neither the maxi-
mum dose nor the time to maximum because, in their probabilistic runs, only results
at those time points called for in the stochastic questionnaire were calculated. Addi-
tionally the maximum dose is an awkward concept and it would, perhaps, have been
wiser to focus on the time at which the dose first exceeded a large fraction (say 95%)
of the maximum.

An alternative way of looking at uncertainty in the results is given in Figure 4-4.
These plots show histograms for the maximum total dose as calculated by four par-
ticipants, two of whom (A and D) used I_SWTICH and two who did not (B and E7).

Model A used I_S WITCH as a switch whereas Model D treated it as a continuous
distribution. Consequently the distribution of D , ^ is twin-peaked - one peak (at lower
Dmax) arising from the use of the aquifer as the source of irrigation and the other (at
higher values) from the use of the river water. Because the parameter is continuous in
Model D, a broader single peak is seen. Other parameters are, of course active here,
but their influence is not clear and I_SWITCH appears to play a dominant part.

The distributions for Models B and E are less broad, and do not include the lower val-
ues seen in Models A and D. As has been noted above, the distribution from Model E
is comparatively narrow. The representation of irrigation is implicated.

Although results for the maximum doses were not submitted by Participant E, a set of results for of the
stochastic case runs was provided. This enabled the histogram to be calculated!
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4.4.2. Results for the release of the 237Np chain

Statistical results for the release of 237Np are shown in Figures 4-5 to 4-7. As with 129I
these are for the times 100 y, 103 y and 104 years (Figure 4-5), but unlike 129I, there
were significant non-zero results at 10s years. The means of these results are around
10"8 Sv y'1, with the medians at 10"12 - 10"" Sv y"1 and upper limits (95th percentiles)
around 10"7 Sv y"1, although the upper limit from Model E is at 10"5 Sv y"1. AH lower
limits (5th percentiles) were zero.

As with I29I, the models which did not employ I_SWTTCH give tighter limits, but
these broaden with time as the effect of the non-trivial k^s of the radionuclides in the
237Np chain is seen. This corresponds to a gradual increase in the absolute values of
total dose over all pathways - there is a steadily rising trend from 102 years to 104 ^,^
years at the end of the source term. The effect of sorption of these radionuclides again KJ
acting as a integrating mechanism since the results of the models all appear to be
much closer than was the case for the poorly sorbing 129I.

The increase in mean dose with time is much less than the results of the deterministic '
case would indicate. In the deterministic case, the doses at 102 years are, for the multi-
compartment models, over an order of magnitude less than they are at 104 years. Here,
the increase is nearer a factor of two for all of the quantities calculated. A possible ex-
planation of this is that in some of the probabilistic runs higher consequences were
occurring at earlier times, so giving these results extra weight.

In this case the limits from Model E, which were the tightest of all the models in the
case of I29I are now broader than some of the models which employed I_S WITCH.
The reason for this is unclear at, but is likely to lie in the implementation of irrigation
in this Model (see Sections 3.4 and 3.5). Again, Model I produces the broadest 90%
range.

The very high means in the case of Model E indicate that there is a single anomalous
run which contributes almost all of the mean. This is seen in the doses at given times ( f
as well as the results for the maximum total dose (Figure 4-6 (a)) This is confirmed in w

Figure 4-7 which shows the distributions of the maximum total dose. The plot for
Model E shows a single run produces a total dose of around 10"2 Sv y'1. The reason for
this is not known.

Figure 4-6 (b) indicates that the effect of sorption is to cause continuous build up in
the modelled biosphere during the duration of the source term so that the time of the
maximum dose is usually at 104 years. Only Models B, E, H and I show any signifi-
cant deviation from this value. Again the range of D ^ is similar to that at 104 years
confirming the robustness of the maximum total dose.

The histograms of maximum total dose are not as easy to categorise as was the case
for the poorly sorbing 129I. Model A has a relatively narrow single peaked distribution,
although the histograms of doses at early times (up to 102 - 103 years) do show the
double peak characteristic of the use of I_SWITCH.
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Figure 4-5: Uncertainty analysis results for the release of 237Np to the river water at
three different times. The limits on the plots show the 5th and 95th percentiles, fi denotes the
arithmetic mean, g the geometric mean and the 50th percentile is shown by O. An asterisk
indicates models using the I_SWITCH parameter.
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Figure 4-6: Uncertainty analysis results for the maximum dose over all exposure
pathways (above) and the time at which the maximum arises (below) arising from the
release of 237Np to river water. The limits on the plots show the 5th and 95th percentiles, fJ.
denotes the arithmetic mean, g the geometric mean and the 50th percentile is shown by O. An
asterisk indicates models using the I_SWITCH parameter.
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Model D which also uses I_SWITCH (but as a continuous distribution) has a some-
what broader plot with interesting wings in the distribution. Model B produces the
narrowest range, but with a potentially significant population at the high end of the
range. Model E, the single very high consequence run aside, is still quite broad and
flat.

4.4.3. The robustness of dose

Much has been made of the robustness of total dose over all exposure pathways. The
results of the uncertainty analysis add weight to the conclusions. Some of the ranges
employed for input data are quite broad, e.g., biosphere kjs varying over four orders of
magnitude, two orders of magnitude for climate related parameters, river flow, aquifer
dilution. A factor of 1.6xlO3 for the area of agricultural land. Despite these, the range
of values for the maximum total dose was, for most models, around three orders of
magnitude for both the I29I and 237Np releases (see Figures 4-3 and 4-6).

Further investigation of climate, release types, nuclides and biosphere receptors is
required. If it is confirmed that the maximum total dose is stable with respect to
variations in parameters as well as to model structure the task of data acquisition for
waste disposal assessments involving the biosphere might be rendered less onerous.

The next section, dealing with the results from the sensitivity analysis provides some
information on which the most important parameters in determining the dose are.

In fact the choice of input parameters distributions for the stochastic case made the
calculations more generically applicable than was the case in the deterministic case.
Irrigation was relatively more important in the exposure pathway sub-model since a
single distribution for the translocation factor for root vegetables was employed for
both 129I and the members of the 237Np chain. Other nuclide specific crop parameters
were chosen so that they reflected a wider range of properties than the names of the
input radionuclides would suggest. As was pointed out in Chapter 3, the irrigation
pathway was of little significance for Np in the deterministic cases because the
translocation factor was zero and other related mechanisms had zero influence be-
cause the default parameters were set to zero. Here, the food processing factor and the
fractional weight of ingested soil were all distributed parameters.

I l l



BIOMOVSII
TR12

£ 0.4 -

maximum dose [Sv y

Participant A: I_SWITCH used

0.8

0.6 -

£ 0.4 -

0.2 -

0.0

-

- -

-

"I ' " " " 1 • ' " " " I 1'

wtek^-,— t

o
10'" 10"' 10"" I0"5 10"

maximum dose [Sv y'1]
10"3 10 -2

Participant D: I_SWITCH used

i o " 1 0 i o " 9 i o " 8 i o " 7 i o " 6 I O " 5

maximum dose [Sv y'1
10"' 10"3 I 0 ' 2

£ 0.4 -

Participant B: I_SWITCH not used

10"10 10"9 10"8 10"7 10"6 10"5 !0"4 10"3

m a x i m u m d o s e [ S v y ' 1 ]

Participant E: I_SWTTCH not used

10"

Figure 4-7: Distributions of the maximum total dose from the release of 237Np submitted
by four participants.
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4.5. Sensitivity analysis results

4.5.1. Results for U9I

In the specification for the stochastic calculations, tests of model output sensitivity
were requested for various model output quantities, namely the same as were
requested in the uncertainty analysis. This illustrates one of the problems with sensi-
tivity and uncertainty analyses. The methodology for generating statistical outputs is
well established and easy to implement. The costs of carrying out the mechanics of
such numerical analyses are trivial in comparison to the run time required to generate
the results from the models. It is very easy to become overwhelmed with data for
analysis - the important part is to understand what the output statistics mean.

In Complementary Studies the large number of output points for analysis makes a
concise analysis of all of them impractical in this main report. Attention here is
focused mainly on the factors influencing the total dose over all exposure pathways
at 104 years. This time-point is selected because all of the participants calculated
results, whereas not everybody submitted results for the maximum total dose.

Tables 4-2 to 4-5 shows the results for the four tests: partial rank correlation coeffi-
cient (PRRC), standardised rank regression coefficient (SRRC), rank correlation coef-
ficient (Spearmans RHO) and the Kolmogorov-Smirnov D-statistic (KSD). The top
five ranked parameters (absolute values of statistics) are shown.

The relatively free hand in performing the stochastic case calculations makes com-
parison of the different sets of results difficult. There are a number of features which
are of note, taking all the tests together.

As was noted in the uncertainty analysis, I_SWITCH casts a big shadow for those
models which employed it. There is a positive correlation with dose reflecting that
when I_SWITCH = 1, all the water for irrigation is taken from the river, where the
concentrations are highest in this database. Other important parameters are the dilut-
ing flow in the river (F_PW - negative correlation). This parameter did not feature in
the results from Model G since it was not in the input dataset. Other important climate
related parameters are the ETP and RAINFALL (Model A), IRRI_TOT (B, D). Model
A detects a negative correlation of dose with the water flux in the aquifer (F_UL).
This is again a dilution parameter and is consistent with common sense, even when
the positive correlation with I_SWITCH seems, at first sight, odd. This indicates that
even in the situation of activity entering the local aquifer from the river, and there
being irrigation only from the aquifer, doses can be non-trivial. Model E also indicates
that the initial dilution in the river is the most important parameter and because of the
correlations used, other related parameters are also indicated. I_SWITCH is impli-
cated as well (although it was not used in the uncertainty analysis) because the
dilution in the aquifer is ranked number four.
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Table 4-2: Results for the top five ranked parameters from the partial rank correlation
coefficient (PRRC). Total dose over all exposure pathways atlO4 years from I29I.

rank
1
2
3
4
5

rank

1
2
3
4
5

A
parameter

LSWITCH
K_MILK

F_PW
ETP

MU_G

PRCC
0.95
0.34
-0.31
0.29
0.25

participant

B
parameter

F_PW
MU_G

IRRLTOT
T_RV

MU_RV

PRCC

-0.97
0.67
0.60
0.49
0.48

C
parameter

F_PW
K_MILK

K_FF
I_CW_D

K_T

PRCC

-0.99
0.8
0.47
0.27
0.22

D
parameter

LSWITCH
F_PW
K_FF

MU_G*Y_G
IRRLTOT

PRCC
0.83
-0.7
0.46
0.15
0.13

participant

E
parameter

.-" -

PRCC

-J "'• - "
I k

G
parameter

K_G
K_D
K_S
K_T

K_MILK

PRCC

0.75
0.58
0.1
0.07
0.06

H
parameter

F_PW
FILTER
K_MILK

F_G
LG

PRCC

-0.95
-0.67
0.62
-0.56
0.5

I
parameter

' ' . ' • r .;'-',

PRCC

Table 4-3: Results for the top five ranked parameters from the standardised rank re-
gression coefficient (SRRC). Total dose over all exposure pathways atlO4 years from 129I.

participant

D
rank parameter SRRC parameter SRRC parameter | SRRC parameter SRRC

1
2
3
4
5

LSWITCH
F_PW
ETP

THETA_D
EPS D

0.79
-0.36
0.24
0.14
-0.13

F_PW
MU_G

IRRLTOT
T_RV

MUJRV

-0.89
0.21
0.17
0.13
0.13

F_PW
K_MILK

K_FF
IRRLTOT

K_T

-0.96
0.21
0.09
0.04
0.04

LSWITCH
F_PW
K FF

0.72
-0.49
0.25

participant

E H
rank parameter SRRC parameter SRRC parameter SRRC parameter SRRC

1
2
3
4
5

K_D
K_G
W_D

K_MILK
K_T

0.61
0.47
0.06
0.03
0.03

F_PW
FILTER
K_MILK

F_G
I G

-0.83
-0.25
0.22
-0.19
0.17
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Table 4-4: Results for the top five ranked parameters from the rank correlation coeffi-
cient (RHO). Total dose over all exposure pathways at 10 years from I.

rank

1
2
3
4
5

rank

1
2
3
4
5

A
parameter

LSWITCH
F_PW
F_UL

RAINFALL
D W

RHO

0.81
-0.49
-0.34
-0.26
-0.24

participant

B
parameter

F_PW
MU_G

IRRLTOT
MU_RV
TAU_RV

RHO

-0.89
0.20
0.19
0.18
-0.13

C
parameter

F_PW
K_MILK

K_FF
K_T

I CW D

RHO

-0.96
0.2

0.08
0.05
0.05

D
parameter

LSWITCH
F_PW
K_FF
F_GV
EPS T

RHO

0.68
-0.44
0.25
0.14
-0.11

participant

E
parameter

F_PW
D_W
W_W
F_UL

RHO

-0.94
-0.66
-0.66
-0.62

G
parameter

•% /-, * t ' ' •*

U~ • . "

RHO
• : . - ' •' •

H
parameter

F_PW
F_G

HLTER
K_MILK

RHO

-0.84
-0.24
-0.24
0 23

I
parameter RHO

Table 4-5: Results for the top five ranked parameters from the Kolmogorov-Smirnov
D-statistic (KSD). Total dose over all exposure pathways atlO4 years from 129I.

rank
I
2
3
4
5

participant

A
parameter

LSWITCH
F_PW
FJLJL

RAINFALL
ETP

KS-D

0.77
0.37
0.22
0.2

0.19

C
parameter

F_PW
K_MILK

K_FF
K T
K_G

KS-D

0.82
0.28
0.21
0.21
0.17

H
parameter

F_PW
F_G

K MILK
LG

FILTER

KS-D

0.74
0.22
0.18
0.18
0.18
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Participant G chose to sample only non-climate parameters, and here the results show
that the deep soil kd (K_D) is a significant parameter, together with the root uptake
factor for grain (K_G). Other parameters are the kds in soil and the river bed sediment,
but these have very low significance. On the whole, in none of the submissions do the
biosphere kd values have much of an influence for 129I in this biosphere representation.

Many other parameters have low values of the test statistics (i.e., close to zero) and it
is questionable as to whether some of these are in fact within the statistical noise -
particularly in the rank correlation coefficient. These include the soil porosity - EPS_T
(D), the fish bioaccumulation factor, KJFF, the top soil kd, K_T, and the water intake
of dairy cows, I_CW_D (Model C's). For others, the depth of the river water, D_W
(A) for instance. A mechanism by which dose is directly affected by this parameter is
hard to imagine. Similar comments apply to the findings for the volumetric moisture
content and the porosity of the deep soil in Model A's SRRC values. However these
-values are relatively strong, and the mechanism should be investigated.

Parameters in the exposure pathway sub-model feature in key positions for several of
the sets of results, although the consistency across the different tests for the same
participant is not as uniform as is the case of FJPW, for example. One such parameter
is the distribution factor in milk (A, C, G, H). The bioaccumulation factor in fish
(K_FF) turns up quite often in the results from Models C and D.

Parameters representing irrigation interception also appear fairly frequently, but for
different crops in the different models. Grain appears for Models B, C and, to some
extent, D. Model B also turns up the parameters for the root vegetable pathway. Some
of the food processing factors parameters (F_G, F_GV) are indicated by Models D
and H. This is interesting since these are parameters which could be removed from the
model representations on conservative grounds although their role in accident
consequence models is more easily defended. Similarly, the water filtration factor
(FILTER) is shown to be important in Model H.

Overall the results are not particularly consistent and there is no overwhelmingly
significant parameter. Dilution has the biggest role to play and the results show
LSWETCH is important, but it is still a question of whether the biosphere is being
simulated (i.e., include I_SWITCH as a sampled parameter) or the role of biosphere
uncertainty (i.e., avoiding the confusion of I_SWTTCH) is being investigated.

For 129I, the parameters which affected the time to maximum were the total area of
land, I_SWITCH and the climate parameters. The kjs in the top and deep soils were
also indicated.

4.5.2. Results for the 237Np chain

The corresponding sensitivity analysis results for 237Np (including the minor
contributions for the ingrowth of the chain daughters) at 104 years are shown in Tables
4-6 to 4-9.
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Table 4-6: Results for the top five ranked parameters from the partial rank correlation
coefficient (PRRC). Total dose over all exposure pathways at 104 years from 237Np.

rank
1
2
3
4
5

rank
1
2
3
4
5

participant

A
parameter

LSWITCH
K_W

SL
K_D

F_PW

PRCC

0.68
0.48
0.38
0.33
-0.2

E
parameter PRCC

B
parameter

K_D
K_RV
F_PW

V
K_G

PRCC

0.78
0.69
-0.58
-0.49
0.42

C
parameter

K_T
K_RV
F_PW
F_RV
K_G

PRCC

0.92
0.77
-0.67
0.58
0.54

participant

G
parameter

K_D
K_G
K_T
K_W
K_S

PRCC

0.72
0.64
-0.46
0.38
0.34

H
parameter

K_T
F_PW
K_RV
F_RV

IRRLTOT

PRCC

0.88
-0.84
0.76
-0.65
0.33

D
parameter

F_PW
K_RV
K W
K_D
ME

PRCC
-0.71
0.69
0.54
0.53
0.5

I
parameter

'.••r.v??/,
.' ••'"- 'i* ,'-'

PRCC

Table 4-7: Results for the top five ranked parameters from the standardised rank re-
gression coefficient (SRRC). Total dose over all exposure pathways at 104 years from
237Np.

participant

D
rank parameter SRRC parameter SRRC parameter SRRC parameter SRRC

1
2
3
4
5

LSWITCH
F_PW
K_D
K_W
SL

0.42
-0.38
0.31
0.24
0.18

K_D
K_RV
F_PW

V
K G

0.61
0.45
-0.33
-0.27
0.22

K_T
K_RV
F_PW
F_RV
K G

0.75
0.38
-0.28
0.22
0.2

F_PW
K_RV
K_W
K_D
K_T

-0.45
0.4

0.28
0.27
0.25

participant

E H
rank parameter SRRC parameter

0.59
0.33
0.15
-0.15
0.11

K_T
F_PW
K_RV
F_RV

IRRI TOT

SRRC
0.62
-0.52
0.38
-0.29
0.12

—rn-r-f r

\- W" \-•'

II I-fStf
l • r d
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Table 4-8: Results for the top five ranked parameters from the rank correlation coeffi-
cient (RHO). Total dose over all exposure pathways at 10 years from Np.

rank
1
2
3
4
5

rank
1
2
3
4
5

A
parameter

F_PW
I_SWITCH

F_UL
RAINFALL

W W

RHO

-0.59
0.43
-0.38
-0.32
-0.26

participant

B
parameter

K_D
K_RV
F_PW

V
K_G

RHO

0.50
0.38
-0.30
-0.29
0.24

c
parameter

K_T
K_RV
F_PW
F RV
K_G

RHO

0.76
0.39
-0.28
0.23
0.21

D
parameter

F PW
K_RV
K_T
K W
K_D

RHO

-0.49
0.45
0.31
0.3

0.28

participant

E
parameter

F_PW
I_SWITCH

F_UL
K_RV
K P

RHO

-0.52
-0.47
-0.36
0.35
0.33

G
parameter

* V
u

t

•f

RHO

- " ' " ' ""- ?

r
>.

n i

H
parameter

K_T
F_PW
K_RV
F RV

RHO

0.61
-0.48
0.36
03

I
parameter

\
11 ** < > ' 1

• *

RHO
i - •> " • ^

\' i % V
' i

f >

Table 4-9: Results for the top five ranked parameters from the Kolmogorov-Smirnov
D-statistic (KSD). Total dose over all exposure pathways at 10 years from Np.

rank
1
2
3
4
5

participant

A
parameter

F_PW
I_SWITCH

F_UL
W W

RAINFALL

KS-D

0.47
0.39
0.27
0.25
0.24

C
parameter

K_T
K_RV
F_PW
F_RV
K_G

KS-D

0.57
0.5
0.35
0.31
0.24

H
parameter

K_T
K_RV
F_PW
F_RV

^ ^ ^ ^ ^

KS-D

0.49
0.43
0.39
0.29
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I_SWITCH only features in the results from Models A and E, but it is no longer
always the dominant parameter, although is ranked either first or second. F_PW, the
river water flux, also makes an important contribution in the models which sampled it.
Model A showed sensitivity to the RAINFALL and F_UL parameters, and this was
only in the RHO and KSD tests. Of significance in the PRCC and SRRC tests for
Model A was the transfer of river bed sediment to land (SL). It should be noted than
several of the Models and tests ranked the biosphere erosion rate (ME) as number six.
In the case of the PRCC calculated by Model D, it is number five, with quite a high
positive value. The parameter V indicated by Model B is the volume of the river, and
this appears in all of this model's results. IRRI_TOT has a relatively minor influence
on dose in Model H. Model E also found the dilution in the aquifer to be significant
and this is again associated with I_SWITCH.

Solid - liquid distribution coefficients feature more prominently in the results for
237Np. The deep soil kd (K_D) appears in first place for many of the tests for Model B,
and it also appears lower down the rankings for A and D. In Models C and H, with
only a single dynamic compartment - the top soil, the top soil kd (K_T) is invariably
the most important parameter. This again raises questions as to the importance of the
soil k<ts in complex representations.

Model A throws the river water kd (K_W) up as a sensitive parameter, but again, as
with the width of the river (W_W), the mechanism by which the total dose is
influence is not clear. K_W would be expected to be important in the case of the
filtration of river water and so the filter factor would be expected to be prominent, but
this is not the case for 237Np (unlike 129I). Model G also indicates an important role for
K_W, as it also does for K_S in the sediment and K_T in the top soil.

In contrast to the above discussion on the results for 129I, the results for 237Np show
fewer parameters from the exposure pathway sub-models. This coincides with the
results seen in Section 2.5 which discussed the sources of variability in the two
different sub-models. Root uptake factor for root vegetables is indicated by Models B,

) C, D, E and H as being important. Other parameters related to the root vegetables also
show up.

The root uptake factor for grain (K_G) appears for Models B and C, but at lower
levels of significance, and the same parameter for grain turns up in the results from B,
C, D, and H, where it is ranked higher.

As with I29I, Models C and H indicate the food processing factor (for root vegetables
here, F_RV) to play an important role.

The principal parameters affecting time to maximum for Np are the compartmental
and again the deep soil kd is the most sensitive (soil kd for the single compartment

models). It is also interesting to note that the same parameter is also indicated as an
influence on the time to maximum dose for 129I, despite the lower overall range of the
biosphere kdS in the I29I calculations.
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A further open question concerns the observation from all parts of the Complementary
Studies results database that the higher the biosphere kj values, the less overall
significance of the exposure pathway sub-model. This needs to be confirmed by
investigations of other release types, other radionuclides and other climate states, both
deterministically and probabilistically.

4.6. Conclusions and open questions from the Complementary Studies stochastic
phase

4.6.1. Uncertainty and sensitivity analyses

The results from the Complementary Studies uncertainty and sensitivity analyses con-
tribute to conclusions from the deterministic calculations on the robustness of the ^
maximum total dose over all exposure pathways8 and its usefulness as an output ^
quantity in performance assessments. In those models which employed a large selec-
tion of the 77 parameters suggested for the sampled dataset, none of the biosphere pa-
rameters showed a dominant influence on the total dose. This indicates that biosphere
models cannot easily by simplified since they do not depend on a single or even a ;
small set of parameters.

It could be argued that, as the initial dilution features prominently in the sensitivity
analysis, this is all that matters however. However, this feature of the biosphere is
mainly related to siting criteria and although the biosphere is not a safety feature in
repository siting and design in the way that the near- and far-fields can be, it is
unlikely that a site in which there was a propensity for accumulation in the biosphere
would be favoured. Dilution is therefore more of an external parameter in the
biosphere model since it is largely defined by the boundary conditions and the
assessment context. Of greater interest in sensitivity analyses is how the included
FEPs behave. With the emphasis on dilution in this dataset, this has not been pursued
as fully as might have been desired.

The results here confirm that the exposure pathway sub-model has a greater influence (_ J
on the total dose in the case of radionuclides with low kjs in the biosphere (i.e., I29I)
whereas, in the case of the more strongly sorbing elements (237Np here), transport
modelling is more important. For models with a multiple compartment structure the
deep soil kj is more important than the top-soil kj (or the aquifer kd as modelled here). / "?

A potentially important consequence of this lack of dominant sensitivity might be that
very precise values of many parameters are not of high priority, since uncertainty in
other parts of the total assessment system would negate the effect of the high
accuracy. This would be a considerable boon in constructing performance assessment
databases.

In the sensitivity analysis, the total dose at 104 years is a good approximation to the maximum total
dose.
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The participating organisations in this exercise show two parallel approaches, and
these are belied by the use of such parameters as I_SWITCH9. On one hand perform-
ance assessments requiring probabilistic output quantities imply the need for simula-
tion, hence the use of parameters which model different aspects of human behaviour.
Other applications of probabilistic methodologies imply what-if type calculations,
where the use of sampled input data is to investigate aspects of model behaviour
(sensitivity analysis) and/or to investigate possible ranges of model outputs
(uncertainty analysis). The simulation approach is applied in Canada, where as in
Europe, the emphasis is more on the later usage.

It should of course be remembered that the stochastic case defined here is only a small
part of the biosphere modelling envelope. Some of the key limitations are

• an artificial radionuclide source term - the effect of the 237Np daughters was negli-
gible;

• the release flux being to the river water, rather than to the deeper parts of the sys-
tem - soils, aquifers, etc. In fact this representation is more relevant to the situation
far downstream from hypothetical repositories geosphere/biosphere interface.;

• only two radionuclides in the release to the biosphere were considered, the
intention being that their properties should be generically applicable to a wider
range;

• the modelled site was an inland temperate biosphere;

• high ranges of water turnover for a specific site.

These issues should be addressed in future investigations.

This stochastic phase also attempted to combine both uncertainty and sensitivity
analyses in a single set of calculations. Problems with interparameter correlations -
used to get an adequate idea of uncertainty - indicate that the two should be kept sepa-
rate. However, in the situation where a well defined database for a specific assessment
is used, a sensitivity analysis is not inappropriate. One of the intentions here was to
perform sensitivity studies as part of a screening process. In such a case the
combination is less appropriate.

A relatively free range was given to participants in the stochastic phase of the exer-
cise. There is scope for an analysis of the results in order to investigate the effects of
modeller interpretation on the results of the exercise.

Sensitivity analyses which only investigate a small range of input parameters will in-
variably find that these parameters are important. The large number of input parame-
ters investigated here has indicated an overall lack of sensitivity which needs further
attention for scoping purposes. There is scope for a reduction in the number of
sampled parameters after Complementary Studies but a similarly detailed exercise is

N.B., those models which employed I_SWITCH did so as part of the exercise and this does not indicate
the preference for the use of a particular assessment methodology external to this exercise.
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to be recommended for alternative biosphere states and radionuclides. This would also
test the observation of the role of high k,& in making the transport sub-model more
important.

Probabilistic sensitivity analysis suffer from the scourge of large datasets. The total
dose over all pathways is therefore to be preferred over other, intermediate quantities.
For example, the depth of the river water in this exercise is not indicated as important.
It is easy to conceive of intermediate quantities which would be very sensitive to this
parameter, but on the whole, the influence on dose can be discounted. In uncertainty
as well as sensitivity studies, attention should remain on those results which really
matter in performance assessments - i.e., (maximum) total dose over all exposure
pathways.

4.6.2. Requirements for further work

This exercise has investigated the release of radionuclides to the river water. This
makes the situation represented here more relevant biospheres downstream from the
geosphere/biosphere interface. Of more interest is the biosphere at the point at which
the contaminants first enter the human environment (cf. the release to aquifer/deep
soil in the deterministic phase). A similar exercise which performed uncertainty and
sensitivity analyses for such a situation would be helpful in determining key parame-
ters at the interface between the geosphere and the biosphere. This would pose
problems for some of the existing models.

Now that the stochastic phase of the Complementary Studies has been successfully
implemented by so many modelling groups world-wide, future intercomparisons
should also be prepared for such intercomparisons. These should note the limitations
of the stochastic phase here and be set up accordingly. An investigation of which ex-
posure pathways arise for a particular combination of sampled parameters would be of
interest.

As has been noted above, there are limitations to the scope of the results from this
exercise. Future attention needs to investigate a broader spectrum of radionuclides as
well as a different set of biosphere states (e.g., arid, humid, periglacial, etc.) not as
part of a single stochastic dataset but as biosphere scenarios in their own right.

Dilution was important in the exercise. Even so, and taking into account the use of
river water for irrigation purposes, some of the runs for Np give relatively high con-
sequences. This may be associated with accumulation in the biosphere and a strategy
for investigating accumulation in the biosphere should be evolved.

The problems of interpretation of the results from the stochastic phase of the exercise
indicate that reconstitution of the recently demised NEA Probabilistic Systems As-
sessment Group would be a great benefit to many groups, not just in the field of bio-
sphere modelling. Some open questions are:

122



BIOMOVS II
TRI2

• The different models in the exercise show either relatively broad or narrow inter-
vals between the 5th and 95th percentiles. The reasons for this should be investi-
gated.

• Correlation in sensitivity analysis is seen to be potentially unhelpful. Is it necessary
to find a way of representing interparameter relationships which avoid correlation
in uncertainty analyses - i.e., to make the results more realistic?

Parameters producing dilution in the biosphere emerge as significant in all models in
the sensitivity analysis. In the case of 237Np, with the higher range of biosphere kds,
accumulation is also important, but as investigated here, dilution appears to be a more
important influence. The question is then to what extent dilution should, or even could
play a r61e in site selection for radioactive waste repositories. This is largely outside
the scope of this exercise, and in fact probably outside the remit of BIOMOVS as a
whole. It is a question for regulators and society as a whole.

As noted, a large amount of data generated by the exercise has not yet been analysed.
There is considerable scope for further work in this direction.
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5. Conclusions from the Complementary Studies exercise

It is important to recognise that the conclusions drawn below are specific to the
Complementary Studies exercise and their extrapolation beyond the exercise must be
undertaken with great care. The exercise is for a limited number of radionuclides
(albeit with generically applicable properties) which are released at a constant rate for
10000 years into a temperate, inland terrestrial biosphere in Europe in which
subsistence farming is practised. This caveat must be borne in mind. Nevertheless,
many of the properties of the modelled system are of general interest - particularly in
the representations of the FEPs.

The exercise has successfully compared not only the behaviour of biosphere models
for waste disposal assessments, but has also provided the opportunity for an in-depth
comparison of the FEPs included in the conceptual models. Such intercomparisons are \J
important for performance assessment models because often, as is the case here, there
are few data which are suitable for direct comparison1 with model results. In such
model intercomparisons it is accepted that when similar results are obtained the reason
is that an appropriate representation of reality has bee constructed. However, because
no external benchmarks exist, a simple comparison of model results (as in Chapter 2)
is not sufficient and it is then necessary to understand the conceptual bases of the
participating models and also to understand the differences in mathematical
representation (as in Chapter 3).

The aims of the exercise (set out on page 1 and 2) have been fulfilled by

• the comparison of the FEP representations for key parts of the transport and
exposure pathway sub-models;

• identifying where improvements and simplifications to existing model
representations could be made;

• the robustness of the assessment end-point total maximum annual individual dose
over all exposure pathways, and because the comparison with the Reference
Biospheres FEP list has shown good agreement with the necessary FEPs for this y.^
kind of biosphere. This has also increased confidence in the behaviour of the
participating models;

The ten models are from a range of different backgrounds from eight different v

countries and the participants show a variety of experience. In many where a similar
approach is used, there is good agreement, compared with the first phase of
BIOMOVS, in the results submitted, especially in the representation of biosphere
transport. The reasons for this are three fold:

• tighter specification of the test case than in the first phase of BIOMOVS;

• the effect the first phase of BIOMOVS, in which experience was gained in
representing biosphere transport FEPs. This experience was used to update
mathematical models in the time up to the inception of BIOMOVS II;

In the terminology of BIOMOVS, this is a B-type scenario.
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• convergent evolution of the models. There is consensus about which FEPs should
be included in this kind of biosphere and these are then represented in similar ways
(e.g., transport in solution).

However, there remain numerous differences in the details of the mathematical
representations of the FEPs. They arise from differences of interpretation and
screening - some modellers adopt a catch-all approach which allows the data for a
particular application to effectively screen out certain FEPs because, for a given
dataset, some FEPs have more influence than others. Other models have been
constructed so that the screening of FEPs takes place as a conscious judgement of the
modeller before model structure and content was finalised - in general this approach
tends to lead to more conservative representations.

The maximum annual individual dose over all exposure pathways is a useful
performance indicator. On the basis of the results presented here, this quantity is
robust to differences in representation in both deterministic and stochastic
calculations, i.e., the many different representations do not change the value greatly
despite differences in model structure and representations of FEPs or parameter values.
For the 237Np case, the agreement between the models is very close (less than a factor
of three in the deterministic phase). For other radionuclides, the ranges are larger (up
to two orders of magnitude in some cases), depending on the release to the biosphere.
However, in choosing 129I as one of the subject radionuclides, results have illustrated
that special treatments for radionuclides with unique properties can have a very
significant impact on the outcome of performance assessments. Where model structure
has the greatest influence, it is on the time-evolution of the model responses.

Representational uncertainty has been identified as a form of uncertainty in its own
right. It has been shown to be present in both the transport and exposure pathway sub-
models, and the relative importance of the sub-models in contributing to the
uncertainty varies between radionuclides. The implication is that, in general terms,
improvement in modelling techniques should be applied equally to each of the sub-
models.

In particular both the deterministic and stochastic phases have shown that principal
effect of sorption in the biosphere is to place more importance on the modelling of the
contaminant transport FEPs, especially on the transport on solid material, the
representations of which show more differences of interpretation than do the FEPs for
solute transport. For the relatively poorly sorbing radionuclides (129I here) the exposure
pathway representations show increased sensitivity. It might, therefore, be necessary to
consider all poorly sorbing elements as special. This shows that advantage of using
FEP-analysis as a tool in determining the content of models. The kj concept is
important but only through the behaviour of the whole system. Solid material transport
in at the geosphere/biosphere interface could therefore also be important.

The question was raised in Chapter 3 as to whether it was strictly necessary to model
the biosphere as a multi-component system. In this exercise this translates to whether
multiple soil compartments are required. The stochastic phase indicates that they are
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because sorption in the deep soil (as opposed to in the top soil) is seen to be the most
important of the biosphere kd parameters.

The use of mass balance is to be recommended since it helps to identify potential
transport mechanisms (i.e., those by which contaminants are moved by water and solid
material fluxes) and can also show where physically unrealistic situations arise
(particularly in stochastic modelling).

The multiple, parallel pathways which give rise to exposures indicate that there is an
irreducible amount of detail required in the models. However there is scope for the
reduction of the modelling detail and a rationalisation of approach. The results from
the sensitivity analysis in the stochastic phase also indicate that many of the
parameters describing the modelled site and the habits and practices of the potentially
exposed population group have little or no influence on the peak dose summed over all
pathways. This means that, although much of the detail of in the mathematical
representations cannot easily be reduced, precise values of a substantial fraction of the
parameters in the input dataset are not essential and that generic values - i.e., those
valid over large spatial areas and over long times - are acceptable.

Such rationalisation of the mathematical implementation of the FEPs is clearly
required for irrigation, the importance of which is clearly seen in the exercise, whether
it is as a mechanism for the transport of radionuclides in the groundwaters to the top-
soil or as a direct path to crops via interception. While the expressions for the transport
of contaminants in irrigation water are fairly uniform across the models, FEPs
describing the accumulation in the edible portions of the crop and the return to soil
show much more variation. A much better database for irrigation interception for
waste disposal assessments is required.

Two kinds of model have been identified - complex-generic and detailed-specific.
Both types have been applied to this exercise. In general, the level of detail in models
can only be reduced when there are good grounds for believing that the pathways are
limited or that there are few dominant radionuclides. This can only be achieved by
performing scoping calculations based on more detailed generic models. As more site
specific data become available, the level of detail for a smaller number of pathways
might also be expected to increase with the better knowledge of the biosphere
conditions.

Deterministic and stochastic dose calculations have also shown that it is important to
consider the contribution of multiple exposure pathways - the assumption that drinking
contaminated water gives rise to the highest dose is not always valid. Indeed, the
results show that there is no one dominant pathway for all radionuclides and all release
types. It is important therefore, at least initially, to consider a range of exposure
pathways in any assessment of radioactive waste disposals.

The probabilistic modelling phase in the exercise indicated the broad range of
experience in the participating modellers. For some it was the first application of the
use of stochastic techniques, others use them routinely. The exercise used a large
number of parameters for which distributions were specified and looked in detail at the
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uncertainties in the data for the exposure pathways sub-model. Overall, the uncertainty
in the results from the parametric uncertainty was greater than that from the
representations of the FEPs. However, this raises the question of using distributed
parameters to cover, for example, different climate states.
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6. Recommendations arising from the Complementary Studies exercise

Considerable effort has gone into the analysis of the vast number results from the
Complementary Studies exercise. Even so, there is still scope for further analysis of
database of results, for example greater consideration could be given to the role of user
interpretation (an issue address by a separate BIOMOVS II Working Group
[BIOMOVS II, 1996e]). Such analysis would help clarify some of the still unexplained
discrepancies in results and would identify areas for future investigation.

Although the Complementary Studies case specification tried to provide as much real
site data as possible in a form which is typical of the information available in real
performance assessments the effect of the background assumptions for the host model
(Model A) were clearly seen in the analysis of the results of the exercise.

Future model intercomparisons would benefit from more independent, yet realistic,
data. The Reference Biospheres methodology offers a means of achieving this
[BIOMOVS II, 1996a]. For a given basic biosphere definition, the Reference
Biospheres FEP list would indicate which parameters would be likely to be required.
Suitable values could then be assembled. This process would have the benefit of
allowing the input of experts in other disciplines concerning which parameters were
measurable/observable. This is also further indicated as none of the participating
modellers carried out a critical review of the dataset provided for the case.

The transport sub-models in this exercise were all quite closely converged in their
representations of solute driven FEPs. Agreement was not so good when representing
solid material driven transport. Further attention should be given the representation of
such mechanisms. It would also be useful to extend such exercises to include
consideration of:

• a more realistic source term, combined with a realistic geosphere/biosphere
interface;

• options for accumulation well away from the geosphere/biosphere interface should
be investigated. This exercise has shown how much of the released activity leaves
the immediate vicinity of the release point, even in the case of the relatively highly
sorbing radionuclides;

• a wider range of radionuclides (particularly for overall uncertainty analysis);

• a review of the implementation of the ingrowth of chain daughters and perhaps a
comparison of the robustness of the numerical integration routines used in the
codes;

• a wider range of biosphere climatic and site characteristics - incorporating a review
of appropriate parameter values for alternative sites and/or climate states.

Such extensions would help focus on a wider range of dominant exposure pathways. In
this example, although a range of pathways were defined in the case specification, a
review with a more generic set of exposures would be useful:
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• Inhalation pathways from the chain daughters could be more important than was
seen here - this would require a more realistic source term and perhaps alternative
climate states;

• The external y-irradiation pathways here all make a very minor contribution to the
total dose. These might be a hangover from earlier models for other applications. A
test of the circumstances under which they are important would be of use in
simplifying the models.

These points are important because, although it is encouraging that the results for
maximum dose over all pathways are close, the scope of the exercise was limited to an
inland valley biosphere in a temperate climate. Only by testing existing
implementations to the limits of their applicability can their overall suitability be
verified. Therefore alternative climate states, exposure pathways and sites must be
considered in future intercomparison exercises.

Some of the time evolution seen in the case should be better explained. Better
transparency in the participating models would be of great assistance in understanding
the results of such exercises.

There are very close structural similarities between all of the models participating
here - compartment models and separate transport and exposure pathway sub-models.
Alternative options for carrying out the same type of calculations would be of
considerable interest and the influence of the regulatory backgrounds should be
investigated.

Many of the conceptual differences found in the intercomparison are related to

• the age of the codes;

• the flexibility planned for the models - newer codes tend to be more flexible;

However all the codes contain elements which have been taken from earlier codes
often leading to fossilised coding for which the original justification is no longer
available. This practice should stop. A review from first principles of the
mathematical representations in the codes would benefit everybody.

Decisions regarding the appropriate level of detail in assessment models of the
biosphere are still open to question. Each additional level of complexity can,
potentially, give rise to results which are sensitive to the newly added detail (i.e.,
models without a representation of the deep soil will never indicate that the deep soil
kd is an important parameter, models without mass balance will never show the
benefits of mass balance, etc.) and the question of where to stop adding detail to
models arises. The ad hoc addition of increased detail is, perhaps, not the most
efficient way of addressing this problem.

As noted above, the Reference Biospheres methodology not only provides a means of
identifying the appropriate FEPs for an assessment model, but can also be used to
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define scenarios for model intercomparison. One option for this would be the
translation of knowledge from research models into performance assessment models.
Holistic and generic situations for which transport and exposure pathway sub-models
are combined in a single analogue to give radiation exposures to population groups are
thankfully rare. Analogues featuring distinct FEPs are more common and should be
sought and it may not be necessary to carry out a full assessment model
intercomparison until some aspects of existing models have been clarified - the
irrigation interception FEP for example. The combination of results from such studies
into complete performance assessment type scenarios could also be considered as a
task for the Reference Biospheres methodology.

A final point concerns the implementation of the geosphere/biosphere interface.
Although it has been long recognised as important a consistent international approach
has not yet been devised. As long as the individual modelling elements of the
performance assessment chain treat the problem consistently the problem is reduced,
but (as also concluded in by the Reference Biospheres working group) at some point
in the overall assessment model, it is necessary to take into account the mixing of
groundwater and meteoric water, whether in the geosphere modelling or in the
biosphere.
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Appendix A - case specification for the deterministic phase

A.I Introduction

This Appendix reproduces those parts of the original Complementary Studies case specification which
are necessary for an understanding of the case. Some of the original text (dealing with the structure and
aims of the exercise) has been deleted. What remains gives all data provided to the participants. Details
of the information provided for the stochastic phase are given in Appendix B.

A.I.I Overview of the Complementary Studies biosphere (CSB) dataset

The modelling scenarios relevant to long-term assessments of radioactive waste disposal in BIOMOVS I
all concentrated on the inland terrestrial biosphere - that is, rivers, lakes and agricultural land were
considered, coastal and marine biospheres were not. The initial calculations for the Complementary
Studies Biosphere (CSB) similarly focus on an inland biosphere featuring a river section associated with
agricultural land and a schematic representation of the CSB is found in Figure A - l .

The data provided in this case specification are broadly representative of a valley in central Switzerland
which supports a variety of agricultural practices. Data are provided in this case specification allowing
the model representation of aquifers, soils, river sediments as well as river water. Additionally 12
exposure pathways are identified, allowing for drinking water consumption, freshwater consumption,
vegetable products as well as meat, milk and poultry products. Doses from external y-irradiation and
dust inhalation are also allowed for explicitly in the CSB dataset.

The data can be classified into four types:

(D measured site da ta : information directly applicable to the model of the region has obtained in
the course of site investigations;

© in te rpre ted site da ta : information from site measurements have been interpreted to fit the
needs of a particular model;

CD assumed data: either information for FEPs known (or assumed) to be important is not
available so data values are selected to maximise the model consequences, or data from an
external source;

® generic data: for which no direct site information is available, but which are associated with
known FEPs applicable to the site.

The tables of data in the document indicate which of these classifications apply to the given values
(using the corresponding symbols). The form of the model intended for use in Swiss disposal
assessments clearly exerts an influence on the data set. Discussions within the CSB Working Group
have identified several additional FEPs not at present modelled in the current approach. In these cases
additional assumed and generic data values have been supplied by members of the Working Group.

A.1.2 Choice of radionuclides

The set of radionuclides to be used in the exercise is shown in Table A-l. All have been shown to be
relevant in assessments of the impact of the release to the biosphere in waste disposal systems and the
selection chosen here exhibits a broad range of halflives, transport characteristics and behaviours in the
food chain. Some of these radionuclides were employed in the corresponding BIMOVS I scenarios but
the collection of all of these together in the CSB exercise provides for a comprehensive set of properties
with which to test the response of the Complementary Studies biosphere. The nuclides selected for the
deterministic phases of the exercise — l29I and the members of the 237Np chain (M3U and 229Th) similarly
exhibit a range of behaviours sufficient to test the capabilities of the models in deterministic mode.

Carbon-14 has been included in the data set for the stochastic phase of the calculations at the request of
a number of participants. This radionuclide is also one of the subjects of the BIOMOVS II Working
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Group on Special Radionuclides. The proposed exercises involving l4C in the Special Radionuclides do
not have a close correspondence with the interests of the waste disposal modelling community and so it
has been decided that this radionuclide should be included here, particularly because of the unique
properties of MC are not always well represented in existing models for waste disposal applications. It is
hoped and expected that calculations involving lAC in these waste disposal scenarios will stimulate
discussion between the working groups.

A. 1.3 Choice of release fluxes

The radionuclide source terms for the case will be taken to be a step function starting at time t = 0 y
with duration 104 y. The release rate during this time will by 106 Bq y'1. This source term applies to all
of the single radionuclides and the parents of the three decay chains specified in Table A-l. The decay
daughters will be assumed to have no independent release to the biosphere, except in the case of the
238U where a second set of calculations will be carried out assuming the simultaneous step function
release of all chain daughters. This will illustrate the sensitivity of the model outputs to the ingrowth of
the chain daughters before the release to the biosphere begins (i.e. implicitly during transport through
the geosphere)

parent

I"C

" T c
126Sn
I29l f

t35C s

237N p f

238u

239pu

daughter

2 3 3 U t

229Th f

234rj

230-Th

226Ra

210pb

210Po

235TJ

231pa

227 Ac

half life y

5.73X103

2.10X105

l.OOxlO5

1.57xlO7

2.30X106

2.14X106

1.59X105

7.34xlO3

4.47X109

2.44x105

7.70xl04

1.60X103

2.23X101

3.79xlO l

2.40xl04

7.04xl08

3.25X104

2.18X101

decay constant

y 1

1.21xlO"4

3.3OxlO"6

6.93xlO6

4.42X10"8

3-OlxlO"7

3.24xlO"7

4.36xI0"6

9.44x10-5

1.55X10"10

2.84xlO"6

9.00xl06

4.33x10^

3.11x10-2

1.83x10°

2.89X10"5

9.85x10-'°

2.13xlO-5

3.18x10-2

Table A-l: Radionuclides selected for the Complementary Studies exercise.

Notes:
Radionuclides marked f are to be used in the initial testing phases of the exercise.
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A.1.4 Choice of release types and locations

The release scenarios covered in BIOMOVS I were: irrigation with contaminated groundwater, release
to a lake, the transport of contaminants to the rooting zone of soil and the release to river sediment. The
CSB site description and input dataset allow for similar features to be modelled using the same basic
dataset (with the exception that here, the surface water body is a river and not a lake). In the first
calculational phase the release of radionuclides to the CSB river is to be assumed.

N.B., these release types are not necessarily realistic in terms of possible releases from waste disposal
systems. This choice of receptors will, however, allow the effect of different FEPs to be emphasised,
providing a more detailed insight into the working of the model system.

Agricultural Land:
grain
green vegetables
pasture
cattle (meat and dairy)
airborne dust
poultry (eggs)

River Water
(ish
drinking water
(humans &
livestock)
irrigation
source
irrigation source

River Sediment

Well
drinking water
(humans &
livestock)
irrigation source

Figure A-1: Schematic representation of the Complementary Studies Biosphere. The principal
features of the environment as well as some of the exposure routes by which inhabitants of the
biosphere might become exposed to environmental concentrations of radionuclides. This
representation shows the agricultural land on one side of the river. The full width comprises two such
land areas.

A.2 Dataset for the Complementary Studies biosphere

A.2.1 General Site Description

A.2.1.1 Site Topography and Geology

The Complementary Studies Biosphere is based on a valley in central Switzerland. The valley was
formed by tectonic and glacial process and the underlying rock formations comprise a porous formation
of limestones and marls that are for the most part saturated. The valley bottom river runs south-north,
broadening over alluvial deposits as it discharges to a large lake some 5 km from the release point where
a delta has formed since the last glacial period. (At this stage, the lake and delta do not form part of the
study biosphere but may be included at a later).

The study region (shown schematically in Figure A-1) has a downstream length of 2 km and a width of
500 m and the valley bottom is made up of material that has eroded from the valley sides and from
upstream. Soils in the region thus contain a fairly high proportion of CaCO3. In the vicinity of the
valley-bottom river the slopes are fairly gentle but within a few hundred metres of the river bank the
slopes become much steeper.
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parameter and data type

area ©

depth/thickness ©

length ©

width ©

volume ©

porosity**' ©

moisture content'*' ©

tortuosity ©

permeability ©

topographic gradient* ©

particle size class ©

diffusion coefficient* ®

solid mineral densityt ©

suspended solid loadt ©

units

m2

m

m

m

m3

-

-

-

m s"1

-

-

mV

kgm'3

kgm'3

aquifer

106

15

2.0x103

500

1.5xl07

0.2

0.2

8.6

l.OxlO"3

0.01

coarse:
sand (2 -
0.02 mm)

3.8xlO"2

2650

l.OxlO"3

lower soil

106

0.75

2.0x103

500

7.5xlO5

0.4

0.3

3.9

l.OxlO"3

-

coarse:
sand (2 -
0.02 mm)

3.8xlO"2

2650

l.OxlO"3

upper soil

106

0.25

2.0x103

500

2.5xl05

0.4

0.3

3.9

l.OxlO"3

-

coarse:
sand (2 -
0.02 mm)

3.8xlO'2

2650

l.OxlO'3

river
water

104

0.5

2.0xI03

5.0

5.0xl03

= 1

= 1

-

-

-

fine:
silt/clay (<
0.002 mm)

3.8xl0"2

2650

1.0x10"'

river
sediments

104

0.1

2.0x103

5.0

l.OxlO3

0.5

0.5

2.9

-

-

coarse:
sand (2 -
0.02 mm)

3.8X10"2

2650

-

Table A-2: Physical characteristics of the components of the Complementary Studies biosphere.

Notes:

*

Saturated media have moisture content equal to porosity
ionic diffusion coefficient for pure water.
i.e. the solid density of the mineral content: no allowance is made for the organic content.
solid material load transported by bulk liquid flows, this represents the solid material in
suspension in the liquid.
Transport in the soils may be assumed to be in the vertical direction.
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The quaternary sediments which form the valley floor are about 200 tn thick. In the model region the
regional ground water is able to flow in the upper 15 m. Groundwater flows in the region are governed
by infiltration in the upper reaches of the valley, with contributions from the valley sides in the model
area. Table A-2 summarises the physical properties of the biosphere in the region.

A.2.1.2 Soil structure and land usage

The upper soil horizons and the river bed sediments comprise sand and silt with a high proportion of
carbonate and contain 5 - 10% of organic material. They have a spongy texture and crumble easily when
dry. The silt and humus contents decrease with depth as the limestone content increases. The sub-
surface aquifer in the region is formed of quaternary sediments, with a coarse grained sandy texture.
Suspended sediment in the river is composed mainly of sand and silt. The level of the aquifer is
seasonally variable and this contributes to the variation of the oxidation state in the deeper soil horizon,
which is periodically saturated. All other water systems in the biosphere are oxidising, with pH in the
range 5 - 8 .

J The valley bottom river is the major surface water feature in the CSB. Along its length it is joined by a
number of smaller tributaries that flow down from the valley sides. These surface waters can be used as
sources of irrigation water for the local agriculture as well as for the direct water consumption by
humans and livestock. The aquifer in the valley bottom is also capable of supporting wells for domestic
and agricultural purposes.

The Complementary Studies Biosphere is predominantly an agricultural region. Small farms extend
from the valley bottom on the shallow slopes of the river banks up the hillsides, the upper slopes of
which are wooded (and are not included in the study area). In the valley bottom meadow land and
pasture predominate, but other forms of arable cultivation are possible and have been practised in the
past 50 years. This includes the possibility of grain and green and root vegetables being grown. For the
purposes of the exercise may be assumed that the farms in the region are self-sufficient, and that no
external foodstuffs are consumed by the hypothetical inhabitants of the CSB.

A.2.1.3 Exposure pathways in the Complementary Studies exercise

There are many possible exposure pathways the biosphere described here and, as with the models for
radionuclide transport, there are many different ways of representing them. The approach taken here is
to specify a set of exposure pathways together with sufficient data to allow the estimation of the annual
individual doses. The details of the calculations are left to the discretion of the modeller.

The exposure pathways in the Complementary Studies biosphere are:

sum over all pathways

drinking water (well)

drinking water (river)

freshwater fish

cattle (beef)

milk and dairy products

grain

root vegetables

green vegetables

eggs

dust inhalation

external 7-irradiation

A.2.2 Basic parameter values for the Complementary Studies biosphere

A.2.2.1 Physical and chemical properties of the release region

Table A-2 gives the values of the physical characteristics of the biosphere in the valley bottom. For the
purposes of the exercise the CSB comprises a 2 km stretch of the valley bottom river, with adjacent
agricultural land. The data contained in the table should provide the modeller with sufficient information
as to be able to characterise the physical components of the model as far as they influence the
radionuclide transport process. (N.B., details of the ranges of parameters and their pdfs will be provided
at a later stage in the exercise.)
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solid - liquid distribution coefficient kd (Bq kg'I)(Bq m'3)'1©

element

C

Tc

Sn

It

Cs

Pb

Po

coarse

5xlO"3

0.01

0.1

lxlO"4

O.I

0.1

0.1

fine

5xl0'3

0.1

1

ixlO"3

1

1

1

element

Ra

Ac

Th*

Pa

u+
Npt

Pu

coarse

0.01

1

1

1

1

1

1

fine

0.1

10

10

10

10

10

10

Table A-3: Values for the solid-liquid distribution coefficients (kd m3 kg'1) in the Complementary
Studies biosphere by element and compartment classification.
t Nuclides selected for the initial phase of the study. All data taken from Tits et al. [1994]

feature/event/process

mean annual rainfall ©
evapotranspiration ©

irrigation^ ©
capillary rise ©

river volumetric flow ®
volumetric flow in aquifer ©
aquifer exfiltration to river ©

Mean degassing rate for l 4 C
in soils ©

Mean degassing rate for i 4 C
in the river ®

regional erosion rate ©

transfer of river bed sediment
to adjacent farmland©

active biomass is soils ©
active biomass transfer rate ©
transfer rate: bed sediment —>

water column ©
effective net sedimentation

rate water —» bed sediment®

units

m y"1

m y"1

my"1

my"1

rrr* y~*
m3 y"l
m3 y~*

y 1

kg m'2

y"1

kg m'2

y1

kg m'2

y1

y '

kgy"1

value

0.78
0.5
0.3
0.1

3.94xlO7

3.2xlO6

6.4x105

16

27

0.1

0.1

0.1
20
1.0

1.425X106

comments

The temporal variation in regional rainfall may be
assumed to have a normal distribution with a standard

deviation 0.11 my"'. The mean monthly figures for
rainfall are given in Figure A-2 and Table A-6. Data

for monthly temperatures are also given in Figure A-2.
Corresponding to a water velocity of 50 cms"1.

Value for calcareous soils. This parameter is log-
normally distributed with geometric standard deviation

(GSD) = 3.26.
-

-

This parameter accounts for all FEPs contributing to
the transfer between the bed sediment and the

farmland (as a mass balance for regional erosion.)
Active => available for transport between soil horizons

turnover between soil horizons
Parameter to account for the dynamic exchange of bed

sediment with suspended sediment in the river.
This parameter corresponds to the deposition of the

eroded material onto the river bed.

Table A-4: Annual averages of region specific parameters for the Complementary Studies
Biosphere.
t irrigation is assumed to be abstracted from the aquifer for the purposes of the CSB 2 and CSB

3 calculations and from the river for CSB 1. 0.3 m y"1 is applied during May, June and July
(See Figure A-2). See also Tables A-7 and A-8.
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Figure A-2: Monthly averages of climate parameters for the Complementary Studies biosphere.
The harvesting periods are given in Table A-6.
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month ©/©

January

February

March

April

May

June

mean monthly
precipitation m

0.019

0.067

0.072

0.070

0.060

0.083

month ©/©

July

August

September

October

November

December

mean monthly
precipitation m

0.089

0.095

0.048

0.069

0.054

0.053

Table A-5: Monthly rainfall averages for the Complementary Studies Biosphere. N.B., annual
average = 0.78 m y"', irrigation takes place during May, June and July.

crop

grain

root vegetables

green vegetables

pasture for grazing

pasture for winter feed

harvesting period <D

15 August - 15 September

15 August - 15 September

1 July - 15 September

15 April - 30 September

15 May - 30 September

Table A-6: Harvesting times in the Complementary Studies biosphere.

parameter value @

Annual adult food energy intake*
Annual adult liquid intake %
Annual adult breathing ratet
Annual consumption of eggs
Annual consumption of milk

Annual drinking water consumption
Annual consumption of freshwater fish

Annual consumption of grain
Annual consumption of root vegetables

Annual consumption of green vegetables
Annual consumption of meat

Airborne dust loading under normal residential conditions
Airborne dust loading during occupational activities

Occupancy factor for farming activities for high airborne dust concentrations

units

kJy"1

m3y~'
m 3 y '

egg y"1

m3 y 1

m3 y"'
kgy"1

kgy"1

k g y '
kgy"1

kgy-'

kgrrf3

kgrrr3

yy-I

value

4.67x106

1.06
8.4X103

200
0.33
0.73

2
148
235
62.2
94.9

5.0X10"8

l.OxlO"5

0.034

Table A-7: Human behaviour parameters in the Complementary Studies biosphere.

* The following consumption rates of foodstuffs correspond to the given food energy intake
which is equivalent to 3000 kcal day1.

t Value taken from ICRP Reference Man [ICRP, 1974].
% In CSB 1, the drinking water is taken from the river, in CSB 2 and CSB 3, the aquifer is

the source. See also Tables A-4 and A-8.
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The solid-liquid distribution coefficients for the materials in the region are given in Table A-3. This
database[Tits et ai, 1994] has been compiled using knowledge of the chemical behaviour of the sorbing
elements and the surface area and composition of the solid particles. It is assumed that in the aquifer and
soils the sorption takes place predominantly under reducing conditions, since the radionuclides are
transported mainly by ground water. Organic material in the soils in the region makes up less than 10%
by weight of the total material and so does not influence sorption.

A.2.2.2 Region specific parameters for the Complementary Studies biosphere

Table A-4 gives the transport characteristics of the Complementary Studies Biosphere. This includes
details of the major climate related and geomorphological factors in the region as well as the human
activities that can affect contaminant transport. Additional information on the precipitation and
temperature at the site is given in Figure A-2 with an accompanying table of monthly averages for a
twelve month period (Table A-5). Table A-6 gives the harvesting periods of the various crops.

A.2.2.3 Agricultural practises and human behaviour data

Tables A-7 and A-8 give data relating to the human behaviour and agricultural practices in the
Complementary Studies Biosphere. This dataset implicitly assumes a closed agricultural system with
human nutritional requirements based on an annual intake of 4.67xlO6 kJ (i.e., 3000 kcal day"1).

Root uptake factors for the plant types in the Complementary Studies biosphere are given in Table A-9
together with the accumulation factors for meat, milk, fish and eggs. Some additional element specific
data are required to characterise the behaviour of radionuclides in the food chain and these are given in
Tables A-10, A-ll and A-12. These parameters include weathering rates from the external surfaces of
crops, translocation rates (representing the loss from external surfaces and hence the input to internal
portions of the plant) and food processing factors and are much less nuclide sensitive.

A.2.2.4 Radiological data for the Complementary Studies radionuclides

Annual individual dose (i.e. effective dose equivalent) is to be used in the calculations. The suitable
values for dose per unit intake on inhalation and ingestion are given in Table A-13, together with the
exposure factors for external irradiation by 7-rays. This latter factor is based on a semi-infinite plane
model allowing for absorbtion in the upper soil layer defined in Table A-2. The factors quoted here
include an allowance for self-absorbtion.
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parameter ®/©

Soil contamination on external surfaces of grain

Foliage coverage factor of graint
Yield of graint

Irrigation and rainfall interception factor for graint
Harvesting rate of grain

Soil contamination on external surfaces of green vegetables

Foliage coverage factor of green vegetablest
Yield of green vegetablest

Irrigation and rainfall interception factor for green vegetablest
Harvesting rate of green vegetables

Soil contamination on external surfaces of root vegetables

Foliage coverage factor of root vegetablest
Yield of root vegetablest

Irrigation and rainfall interception factor for root vegetablest
Harvesting rate of root vegetables

Dairy cattle density on agricultural land
Dairy cattle daily water consumption*

Dairy cattle daily pasture consumption (dry weight)
Fraction of Dairy cattle drinking water obtained from the river

Average body weight of dairy cattle
Yield of milk per animal

Beef cattle density on agricultural land
Beef cattle daily water consumption*

Beef cattle daily pasture consumption (dry weight)
Fraction of Beef cattle drinking water obtained from the river

Average body weight of beef cattle
Yield of meat per animal

Ratio of wet weight of pasture to dry weight of hay
Weight of soil consumed by cattle per kg of fresh (wet) pasture

Foliage coverage factor of pasturet
Yield of pasturet

Irrigation and rainfall interception factor for pasturet
Poultry daily water intake*
Poultry daily grain intake

Fraction of the poultry drinking water obtained from the river.

units

(kg soil)/(kg
edible crop)

m2 kg"'
kgm"2

r1

(kg soil)/(kg
edible crop)

n^kg"1

kgnr2

r1

(kg soil)/(kg
edible crop)

m2 kg"1

kgm"2

r1

animals km"2

m3 day1

kg day"1

kg
m3 animal"1 y"1

animals km"2

m3 day"1

kg day1

kg
kg animal"1 y"

m2kg"'
kgm"2

m3 day"1

kg day1

value

9.0xl0"5

1.01
0.4
1/3
1.0

2.0x10"4

0.133
3.0
1/3
1.0
0.0

0.114
3.5
1/3
1.0

2.0xl02

0.07
14.0
1.0
500
5.48

2.0x102

0.05
9.0
1.0
400
200

5.0
0.01
0.241
1.66
1/3

2.0x10"4

0.07
1.0

Table A-8: Agricultural parameters in the Complementary Studies biosphere.

Notes:
t These parameters are related such that any two define the third.

In CSB 1, the drinking water is taken from the river, in CSB 2 and CSB 3, the aquifer is the
source. See also Tables A-4 and A-7.
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parameter ©

distribution
factor for

freshwater fish
distribution

factor for meat
distribution

factor for milk
distribution

factor for eggs
root cone,
factor for
pasture

root cone,
factor for grain

root cone,
factor for
green veg.
root cone,
factor for
root veg.

parameter ©

distribution
factor for

freshwater fish
distribution

factor for meat
distribution

factor for milk
distribution

factor for eggs
root cone,
factor for
pasture

root cone,
factor for grain

root cone,
factor for
green veg.
root cone,
factor for
root veg.

units

(Bq kg')
(Bq Hi3)'1

(Bqkg')
(Bq day 1 ) '
(Bq kg"')

(Bqday-1)-1

(Bq egg')
(Bq day"1) '

(Bq kg'1 fresh
weight)(Bq kg"1

dry soil)'1

(Bq kg"1 crop
weight)(Bq kg'1

dry soil)"1

(Bq kg'1 fresh
weight)(Bq kg"1

dry soil)1

(Bq kg"' fresh
weight)(Bq kg"1

dry soil)"'

units

( B q k g 1 )
(Bq m3)-1

(Bq kg"')
(Bq day"1)1

(Bq kg'1)
(Bq day-')'1

(Bq egg 1 )
(Bq day"1)1

(Bq kg'1 fresh
weight)(Bq kg"'

dry soil)1

(Bq k g 1 crop
weight)(Bq kg"1

dry soil)"1

(Bq kg'1 fresh
weight)(Bq kg"1

dry soil)"1

( B q k g ' fresh
weight)(Bq k g 1

dry soil)"1

C

4.6

3.1X10"2

1.2X102

0.1

1.0

30.0

2.0

1.0

Ra

2.5X10'2

9.0x1 0"4

4.0x10^

4.6x10"2

4.0xl0 '3

1.4X10"2

1.6xl0"3

3.0x10"3

Tc

1.5xl0'2

lO"3

2.5xlO 2

9.8X10"2

2.5

4.5

1.0

1.5

Ac

1.0x10'

6.0xl0"2

5.0X106

5.0xl0"2

5.0x10"4

1.8X10"4

2.0x10^

3.0x10^

Sn

3.0

4.4X10"2

1.2X10"3

4.6x10"2

0.1

0.36

4.6x10"2

6.0xl02

Thf

3.0xl0'2

2.0x10^

5.0X106

5.0xl0"2

9.5x10"4

7.1X10"4

3.8X10"4

5.7x10^

5.0X10"2

3.6xl0'3

9.9x10"3

0.15

0.1

0.36

1.9xlO"2

5.6xl03

Pa

2.0X10'3

3.4X10"4

3.7x10-4

5.1X102

9.5x10^

1.3X10"3

3.8X10"4

5.7X10"4

Cs

1.0

2.6xl0"2

7.1xl0"3

2.5xlO"2

2.0x10"2

1.3X10'2

1.3xlO"2

8.0X10"3

Uf

2.0xl0'3

3.4X10"4

3.7X10"4

5.1X10"2

9.5x1 Q-4

1.3X10'3

3.8X10-4

5.7X10"4

Pb

0.1

4.0X10"4

2.6x10"4

4.6x10"2

4.5xlO3

1.7xl0"2

1.8xlO'3

2.7X10'3

Np^

l.OxlO'2

2.0x10"4

5.0X10"6

4.4x10"4

2.4x10'3

1.5xlO"2

2.7x10"3

6.0X10"2

Po

0.5

4.0x10"3

3.0X10"4

5.0X10-5

2.0x10"4

2.0x10"4

2.0x10"4

2.0x10"4

Pu

5.0xl0"3

2.0x106

l.OxlO"7

3.9X10"1

9.5xlO"5

1.8xl0"3

1.4X10"4

3.0X10-4

Table A-9: Uptake and accumulation factors for the CSB radionuclides.

Note:
t Deterministic calculation radionuclides.
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crop

grain

green vegetables

root vegetables

fraction retained
on crop - @

0.5

0.15

0.1

0.5

0.0

comments

Cs, It, Tc

all other elements

Npt, Pu

all elements

all elements

Table A-10: Fraction of radionuclide on external surfaces that is retained during food processing.

t Test phase radionuclides.

crop type

grain

green vegetables

root vegetables

pasture

best estimate
weathering

halflife, day - ©

17

8

17

8

17

8

15

8

comments

All elements except iodine: log-normal with/i= 17, o= 1.6 days

iodine*: log-normal with fi = 7.6, o = 1.5

All elements except iodine: log-normal with p = 17, a = 1.6 days

iodine*: log-normal with p = 7.6, o - 1.5

All elements except iodine: log-normal with p = 17, a - 1.6 days

iodine*: log-normal with p- 7.6, <x= 1.5

All elements except iodine: log-normal with p = 15, o — 1.3 days

iodine*: log-normal with p - 7.6, o— 1.5

o

Table A-ll: Annual weathering rate for radionuclide on crop external surfaces.

t Test phase radionuclide.

element

C

Tc

Sn

It
Cs

Pb

Po

translocation
rate y"1 - ©

1.8xl04

2.02

0.95

2.02

2.02

0.0

0.18

element

Ra

Ac

Tht
Pa

ut
Npt
Pu

translocation
rate y'1 - ©

0.18

0.18

0.18

0.18

0.18

0.0

0.0

Table A-12: Translocation rates for root vegetables. This factor corresponds to the inverse residence
time of radionuclides deposited on external plant surfaces with the subsequent transfer to the sub-
surface edible portion of the crop.

Test phase radionuclides.

A-12



BIOMOVSII
TRI2

parent

I4C

"Tc
!26Sn
129j t

135Cs

2 3 7 Np f

2 3 8 U

2 3 9Pu

daughter

23 3 r J t

229T h t

2 3 4 U
2 3 0Th
2 2 6Ra
2 1 0Pb
2iopo

235U

" ' P a
227Ac

half-life, y

5.73X103

2.1OxlO5

l.OOxlO5

1.57XIO7

2.30X106

2.14X106

1.59X105

7.34X1O3

4.47X109

2.44xlO5

7.70x10"

1.60xl03

2.23x10'

3.79x10"'

2.40x104

7.04x108

3.25X104

2.18x10'

dose per unit
intake on
ingestion,
Sv Bq"1

5.6x10"'°

3.5xlO"10

5.1xlO"9

6.6xlO"8

1.7x10"'

l.lxlO"6

7.1xlO"8

l.lxlO"6

6.7X10"8

7.0x10"8

1.4xlO"7

3.0xl0"7

1.4xlO"6

4.3x10"7

9.5x10"7

6.6xlO"8

2.9x10"6

4.0xl0"6

dose per unit
intake on

inhalation,
Sv B q 1

5.6x10"'°

2.0x10"'

2.4x10"8

4.2x10"8

1.1x10"'

1.3X10"4

3.6xlO"5

4.7x10^

3.1xlO5

3.5X10"5

7.0x10"5

2.1X106

3.5xlO"6

2.2xlO"6

1.1x10"*

3.3xlO"5

2.3X10"4

3.5X10"4

External y-
ray exposure

factor,
(Svy 1 )

(Bq m-3)1

0

0

2.65x10"

3.08X10"12

0

1.62x10"

5.30X10"13

1.77x10*"

• o
2.70xl0"13

3.02X10"13

5.49X10"12

6.20X10"13

5.54X10"14

5.75X10'14

9.49x10""

1.60x10"

0

Table A-13: Radiological data for the Complementary Studies Biosphere Radionuclides. Dose per
unit intake data are taken from NRPB GS-7 [NRPB, 1987] and data for the external 7-exposures are
taken from Svensson [1979].

t Test phase radionuclides.

A.3 The Complementary Studies questionnaires

A.3.1 Purpose of questionnaires

The CSB Questionnaires comprise two types: one for the communication of the results of the numerical
calculations for analysis and one for the elicitation of model details for comparison of the conceptual
content of the participating models.

The format of the numerical results questionnaire is intended to provide a reference interface for the
transmission of model outputs. The format defined here will also be used in subsequent Complementary
Studies exercises.

The second form of the CSB questionnaire is necessary so that the content of models can be adequately
compared -- the analysis of the results in BIOMOVS Phase I was made more difficult by the lack of a
formal approach. One of the purposes of this questionnaire is to determine how FEPs are included in the
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participating models, it will also help to identify how well the data provided for the site matches the
requirements of the model. This in turn will enable the Working Group to identify possible data and
interpretation conflicts in the setting up of the participants' models. The data given here are based on a
data currently in use in Switzerland and consequently the data sources are not, in the main, referenced.
The intention is to dissociate the model results obtained here from the representation of any real site and
to prevent problems arising from the interpretation of data from more fundamental sources. Such a
database would have many practical uses, particularly in conjunction with the Reference Biosphere
Working Group. It is therefore requested that any comments relating to default values for parameters
should be included in the responses to the questionnaire for the intercomparison of model contents.
Participant responses should include the values and references and wherever possible ranges and other
estimates of parameter uncertainty. AH data given here should be treated only as test case data, and
should not be interpreted as an internationally agreed default dataset.

A.3.2 Numerical results questionnaire for the deterministic calculations

A.3.2.1 Phases la, lb, lc; 2a, 2b, 2c; 3a, 3b, 3c

r each of the primary biosphere receptors, assume the release of 106 Bq y"1 for 104 years of each of
I and Np (with 0 Bq y' thereafter), use the information in Section A-2 to complete Tables A-14,

A-15 and A-16 for all radionuclides involved (including the chain daughters of 237Np) at the following
j times (y), fory = 1, 55

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 200, 300, 400, 500, 600, 700, 800, 900,
l x l 0 \ 2xlO\ 3xl03, 4xlO3, 5xlO3, 6xl03, 7xl03, 8xlO3, 9xl03,
lxlO4' 2xl04' 3xl04' 4x10"- 5xlO4' 6xlO4' 7xlO4- 8xl04' 9xl04'

2xl05- 3xl05' 4xl05- 5xlO5' 6xlO5' 7xl05 ' 8xlO5- 9xl05, lxlO6.

time(l) aquifer inv.(l,n) sub-soil

time(2) aquifer inv.(2,n) sub-soil
inv.(2,n)

top-soil

top-soil
inv.(2,n)

river water
inv.(l,n)

river water
inv.(2,n)

river
sediment

river
sediment
inv.(2,n)

time(j) aquifer inv.(j,n) sub-soil inv.(j,n) top-soil inv.(j,n) river water river
sediment

Table A-14: Format for the results files for CSB Na: nucHde.QNA for the named radionuclide.
The units of inventories are bequerels Bq. N is the integer identifier of the release scenario.
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time(l) meat milk fish eggs past.

cone. cone. cone. cone. cone.
(l,n) (l,n) (l.n) (I.n) (l,n)

Bqkg"1 Bqkg"1 Bqkg"1 Bq egg"1 Bq kg"1

time(2)

grain
cone.
d.n)

BIOMOVS II
TRI2

root veg
cone.

Bqkg"1 Bqkg"1

green
veg.

cone.

Bq kg"1

time(j)

Table A-15: Format for the results files for CSB Nb: nuclide.QNB for the named radionuclide. N
is the integer identifier of the release scenario. In this table the compartment concentrations are
understood to mean inventory in total compartment. The concentrations in the crops are understood to
mean Bq per kg fresh weight.

time(l) D_sum D_wat D_wel D_fsh D_grn D_mea D_mlk D_gvg D_rvg D_egg D_dst D_ext

(l,n) (l,n) (l,n) (I,n) (l,n) (I,n) (l,n) (l,n) (l,n) (l,n) (l,n) (l,n)

time(2) D_sum D_wat D_wel D_fsh D_grn D_mea D_mlk D_gvg D_rvg D_egg D_dst D_ext

(2,n) (2,n) (2,n) (2,n) (2,n) (2,n) (2,n) (2,n) (2,n) (2,n) (2,n) (2,n)

time(j) D_sum D_wat D_wel D_fsh D_grn D_mea D_mlk D_gvg D_rvg D_egg D_dst D_ext

(j,n) (j,n) (j,n) (j,n) (j,n) (j,n) (j,n) (j,n) Q'.n) (j,n) (j,n) (j,n)

Table A-16: Format for the results files for CSB Nc: nuclide.QNC for the named radionuclide. N
is the integer identifier of the release scenario.

N.B., units for doses by exposure pathway in this table are Sv y"1. The shortened forms of the pathway
names correspond to the following:

D_sum sum over all pathways

D_wat drinking water dose (river)

D_wel drinking water dose (well)

D_fsh fish consumption dose

D_grn grain consumption dose

D_mea meat consumption dose

D_mlk milk consumption dose

D_gvg green veg. consumption dose

D_rvg root veg. consumption dose

D_egg egg consumption dose

D_dst dust inhalation dose

D_ext external 7-irradiation dose
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A.3.2.2 Phase Id; 2d; 3d

Details of the results requested in the calculations for all nuclides, using distributed input parameter
values will be defined in a later release of the case specification, when the database for that part of the
exercise has been defined.

A.3.2.3 Summary of requested numerical results

Table A-17 summarises the requested numerical results from the stochastic phases of the CSB
calculations.

phase table r a d i o " filenames
nuclides

, _ _ _ .

Na QA/a 1 2 9I , 2 3 7Np I129.Q/VA, NP237.QWA, U233.QATA, TH229.QA'A

Nb V QNb 1291,237Np I129.QATB.NP237.QATB, U233.QA^, TH229.QA^

Afc QNc I 2 9 1 , 2 3 7 N p I129.Q/VC, NP237.QAfC, U233.QWC, TH229.QWC

Nd QNd all parents in C14.QATD, TC99.QATD, SNI26.QATD, I129.QAD,
Table A-2 CS 135.QM),NP237.QMD, 238U.QAD, PU239.QATD

Table A-17: Summary of output from Complementary Studies phases specified in Table A-l: N — I
to 3.
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Appendix B - Specification of the Stochastic Phase of the
Complementary Studies Exercise

B.I Purpose of the stochastic phase of Complementary Studies

Uncertainty in model results has been a constant theme of BIOMOVS since the earliest days of the
group. Accordingly, it has been the intention evaluate the uncertainty in the results from the models
participating in the Complementary Studies exercise. This is partially addressed by the deterministic
phase of the calculations which employ a common dataset with the different models, thus providing an
estimate of the uncertainty arising from the internal workings of the models. This also includes the
conceptual uncertainty in the formulation of each of the models. The stochastic phase of the
calculations allows the influence of parameter uncertainty to be compared with this on a quantitative
basis, with the added benefit that a detailed sensitivity analysis can be undertaken. The aims of the
stochastic phase of the Complementary Studies exercise can be summarised as

• Uncertainty Analysis: By selecting parameter distributions appropriate to the site modelled in the
deterministic case it is possible to provide estimates of the effects of parameter uncertainty on the
calculated model consequences. This is a long-standing aim of the BIOMOVS project. Uncertainty
arising from the model input parameters can then be compared directly with the results from the
different modelling approaches featured in the deterministic calculations. For the particular site and
release type considered, the relative magnitudes of conceptual model uncertainty and parameter
uncertainty can be compared and although the full range of biosphere modelling possibilities is not
covered by the stochastic scenario, a framework for the comparison of the two types of uncertainty
will have been established.

• Sensitivity Analysis: A key function of the Complementary Studies exercise is to compare the
modelling approaches of the of the different participants, with particular emphasis on the
representation of features, events and processes in the participating models, and particularly those
which have featured in the various national waste disposal programmes. In the stochastic
calculations a sensitivity analysis will allow the important parameters affecting the model
consequence to be evaluated. The detail uncovered in the analysis of the deterministic calculations
will therefore help to identify the important FEPs in the models. This information can then be used
as input to the Reference Biospheres working group.

In the Complementary Studies working group meetings in October 1994, it was decided that the case to
be studied in the stochastic phase of the calculations would be the release to river water, and that
preliminary calculations would focus on the radionuclides used in the deterministic phase, i.e., 129I and
the M7Np chain. A discussion of the parameters to be assigned probability distributions identified over
sixty potential variables. The purpose of this document is threefold:

• to set out the case to be studied,
• to provide a set of probability distributions functions (pdfs) for use in the stochastic calculations1.
• to set out the results to be returned to the BIOMOVS II Scientific Secretariat for analysis.
• In setting up this database the Complementary Studies working group has decided that
• that as many potentially important parameters as possible should be sampled
• the pdfs used should be as realistic as possible
• and that, where possible, site specific parameter distributions should be used.

Unfortunately, the supporting database for such an application is neither particularly extensive nor
robust. Information about many of the parameters known to be nuclide or element specific is not readily
available in the literature and, overall, the database for the less site specific data is not well suited to

As in the deterministic case calculations, participants is free to use their own preferred forms of the distribution functions. Please
note, however, that comparison of results will be facilitated by the use of mean and median values in common with the pdfs
given here. In the event that alternative pdfs are used, (he user should provide details of the pdfs used in (he calculations, as well
a justification for the choice.
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assigning detailed pdfs2. Use has been made of the advice on how to choose a suitable pdf given in the
BIOMOVS II guidelines for carrying out uncertainty analysis [Baverstam et at 1993] so that in addition
to the parameter distributions already identified in the deterministic case specification (Appendix A)
extensive use has been made of the triangular and log-triangular distribution, using what are hoped to
be suitable and realistic ranges with the deterministic value providing the median.

In the original case specification for the Complementary Studies exercise (Appendix A), two sets of
radionuclides were identified - one for test purposes and one for use in a more complete uncertainty
analysis. This distinguished two roles for the Complementary Studies calculations - one as a means of
investigating model behaviour and the other as a means of illustrating the effects of overall modelling
uncertainty for a given biosphere representation. Subsequently, it has been realised that understanding
the model behaviour is of primary importance and further, that sufficient information on overall model
uncertainty can be obtained from a consideration of the I29I and the 237Np chain used in the deterministic
case. This allows a clear comparison with the deterministic variability to be seen and covers a large
percentage of the area of overall model uncertainty.

B.2 What the probability distribution functions represent

To avoid confusion, it is worth defining exactly what the distributed parameters given here actually
represent. Parameters defined in Complementary Studies refer to temporal and spatial averages relevant
to the modelled region and for the timescales of interest. Thus, maximum and minimum values given in
the database should be interpreted in the following way:

Spatial averages:

min((;t)) = min surface, S
max«*» = max

\\xds]
surface.S

y surface,S ) \ surface,S

so that the distributions of spatially distributed parameters take into account the mean properties
over the entire modelled region, not the variations from point to point in the modelled biosphere. In
this way, the uncertainty describes the uncertainty in the regional properties - corresponding to
uncertainty in the description of the modelled region.

Temporal averages:
In the deterministic case, several time dependent and seasonally varying parameters are featured.
Values for such parameters in the database were clearly identified as being annual averages. In the
stochastic database, therefore, distributed parameters which vary in time, and particularly the
seasonally varying ones are defined by a minimum time interval of one year:

min((jt))= min max((;c)) = max y
K Jo )

so that the uncertainty in parameter x is adequately represented by the mean taken over a single year,
chosen at random. Trends in, for example, climatic data are therefore not represented by this
assumption of ergodicity and the biosphere parameters remain constant over the time modelled time
period.

Both of these assumptions limit the ranges of the uncertain parameters but because of the spatial and
temporal resolutions of the participating models, and the long timescales involved in this study they
represent the only reasonable assumptions to apply.

Some groups working in waste disposal assessments have extensive probabilistic databases. However, such data tend to rather
specific to their own assessment sites, this renders the pdfs them less suitable for type of biosphere represented here. Effort has
been made, however, to include specific parameters which have been shown to have high significance in various national
assessment programmes.

O
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d —

Figure B-l: Parameters defining the triangular pdf.

Extensive use of triangular and log-triangular distributions has also influenced some of the choices of
the pdf limits. In around half of the cases, the triangular distribution is symmetrical about the apex
value. Thus the apex value clearly is the median of the distribution and it corresponds to the determi-
nistic value. This situation arises when there are few data to inform the choice of pdf form and limits.

The remainder of the triangular pdfs are not symmetric about the apex value (where, for example, the
choice of the upper and lower limits is better justified). In this case, as shown in Figure B-l, the apex
and the median values do not coincide. In order to maintain the link with deterministic case values, the
medians are again chosen to be equal to the deterministic values, so that the apex of the distributions
must therefore be chosen with care (see below). The use of consistent median values for the distributed
parameters makes the comparison of the results from both the deterministic and stochastic datasets more
interesting.

The parameters defining the triangular pdfs are shown in Figure B-l3 and in the asymmetric case the
median of the distribution (which corresponds to the deterministic case value) is defined by

m =

c-

a — ab + be — ac
: (c-b)<(b-c)

c + ab — bc — ac
• (c-b)>(b-a)

In the tables below, the parameters a, b and c are given, with the apex value defined in the two cases by
2m2 +a2 -Aam + ac , ,\ t, •>— : (c-b)<(b-a)

b = c~a
Atnc-c1 -2m2 -ca

c-a
: (c-b)>(b-a)

In the case of normal and log-normal pdfs, the quoted upper and lower limits correspond to the 95%
limits of the normal distribution. The central value quoted corresponds to the mean. The 95% limits
correspond to fi ± 1.96cr. For reference it should be noted that ft ± 3.09cr corresponds to the 99.9%
limit.

In uniform pdfs only the upper and lower limits are given.

Should it be the case that log-triangular distributions arc not directly obtainable from whatever sampling routines are to be used,
the transformation y = In x should be used for the limits and the triangular distribution for these limits should be used.
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B.3 Sources of information

The database given in Section B.4, below, is still representative of the valley in the central Swiss
biosphere which was used as the basis for the deterministic calculations [Klos, 1994b], However, at
present, there is no stochastic database for the valley and in many cases the uncertainty expressed in the
dataset represents the potential uncertainty in the location of the biosphere to be modelled, as the
physical dimensions of the biosphere change along the length of the valley. Other parameter pdfs and
ranges are based on personal observation of the site.

Some information, particularly for the radionuclide and element specific parameters, has been provided
by participants in the Complementary Studies working group and where possible this has been included
in the database. Parameters supplied by the working group members which are site specific have not
been included.

Other sources have also been consulted, particularly the IAEA handbook for parameter values for use in
temperate climates [IAEA, 1994]. However, only in a very few cases has it been possible to assign pdfs
to parameters. Accordingly, the guidance offered by Baverstam et al, [1993] has been employed, since
upper and lower limits to the parameters have been identified. The original deterministic case
specification also contained some parameter pdfs.

That there are several parameters for which there are few data and many for which no pdfs can be
readily and without reservation selected is an important point arising from the Complementary Studies
exercise since it emphasises (if such is required) how limited the database for true uncertainty analysis
is. The sensitivity analysis in this exercise should therefore provide an international reference for those
parameters which should receive attention in experimental determinations. Alternatively, the results may
well show that none of the model parameters are so overwhelmingly sensitive as to require special
treatment.

It is recognised that, for various reasons, not all the participants in the deterministic phase of the
Complementary Studies exercise will take part in the stochastic calculations. Of those that do, there is a
variety of experience available in stochastic analysis. Participants are invited to perform calculations
using the pdfs and data given in the Complementary Studies case specifications. However, if good
reasons can be put forward for alternatives to the database given here can be found, they are at liberty to
use whatever database they feel is suitable, subject only to the requirement that sufficient information is
provided to the Scientific Secretariat so as to be able to identify the variations on the given database -
with explanations of why alternative pdfs have been preferred. N.B., in selecting alternative pdfs, it
would be of great assistance in the analysis of the results if the median values were to correspond to the
deterministic case values.

In the database below, extensive use is made of interparameter correlations. It is hoped that all
participating models will be able to make use of this information. The numerical values given in the
correlated to column of the following tables are the parameters of the rank correlation coefficients
appropriate to parameters to be linked. The choice of these correlation values implies that there is some
physical reason for assuming that the parameter given in the left hand column of the table is influenced
by the magnitude of the parameter in the correlated to column. Thus, the flow in the river is determined
by the rainfall (see Table B-3) not vice versa. The correlation matrix will be symmetric about the
leading diagonal (although the corresponding symmetrical terms are not given explicitly in the tables in
the following section).

B.4 The proposed parameter distributions

B.4.1 Parameters employed in the calculation of doses from the inhalation pathway

• Airborne dust loading: A_F and A_R: occupancy rate: O_F.

No information is readily available as to the precise form of the distributions for these parameters. The
suggestion is made to use the log-triangular distribution using ± one order of magnitude on the
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deterministic case values. See Table B-l.

The occupancy factor at the high dust loading (i.e. the airborne dust loading associated with
occupational activity) could, very pessimistically by 12 hours per day, seven days per week, all year
round. This would give O_F = 0.5. A lower limit is zero. However, given that the median value (from
the deterministic case) is 0.034, a log-triangular distribution is chosen with using ± one order of
magnitude.

• Soil evasion rate: IMLT_I129 and mass loading from river water to air: IMLA_I129

The rate of evasion of 129I from the soil to the air (IMLT (Bq m"3 of air)(Bq kg"1 of soil)"1) and the mass
loading of 129I in air released from the river water ((Bq m"3 of air)(Bq m"3 of water)"') are also given in
Table B-2. These data are taken from Davis et al. [1993], which quotes for IMLTJ129 a geometric
mean of 1.6X10"4, kg m"3 with geometric standard deviation of 12.6. For IMLA_I129, the geometric
mean is 1.3xlO"5, -, with a GSD of 6.3. Neither of these log-normal distributions is truncated. N.B.
These parameters are not relevant for the members of the H7Np chain.

B.4.2 Geometrical and topographical properties of the release area

• Area affected by the release: AF

This parameter is known to be a significant diluting factor. A lower limit can be taken as the area
sufficient for a four adult farmstead (approximately 2.5xlO4 m2). A log-triangular distribution with a
corresponding upper limit 40 times bigger than the median value is suggested. The values for this pdf
are given in Table B-2. NB. this variation in this parameter can be thought of as being equivalent to the
variation in the number of persons in the critical group. A large area of land is associated with a larger
river by correlating Af with the flow in the river (F_PW) with a coefficient of +0.7.

• Dimensions of the river: L_W, D_W, W_W

Uncertainty in these parameters can be thought of as an expression of the uncertainty in the release
position in the model valley. A smaller river corresponds to a region higher in the valley, and a larger
river further downstream. The proposed pdfs are given Table B-2.

The length of the river (L_W) should be correlated with the area of the land. As a minimum, a value of
300 m (scaling the deterministic case length by the square root of the ratio of the deterministic case to
the lower limit of the areas). The upper limit is more problematic, since the original river length is
already quite large for determining the dimensions of the release area. An upper limit of 2 km is chosen
with a triangular distribution with a median of 1 km.

Table B-l: Distributions for the parameters used in the inhalation exposure pathway.

parameter

A_R

A_F

O_F

IMLT_I129

IMLAJ129

distribution*

log-triangular

log-triangular

log-triangular

log-normal

log-normal

units

kgm 3

kgm"3

y y 1

m 3 kg '

tn3m-3

minimum

5xlO"9

ixlO"6

3.4xlO"3

3.0xl0"15

5.6xlO"n

central

5xlO"8

lxlO"5

3.4xlO"2

1.6x10^

1.3xl0"5

maximum

5xlO"7

lxlO"4

3.4x10"'

8.5xl06

3.0

correlated to

-

-

-

-

-

correlation
coefficient

-

-

-

-

-

note
For the normal distribution the minimum and maximum values given here correspond to fi± 1.96a.
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Table B-2: Geometric properties of the release area.

parameter

AF

L_W

D_W

w_w

distribution

log-triangular

log-triangular

triangular

triangular

units

m1

m

m

m

minimum

2.5x10"

300

0.1

0.5

central

lxlO6

7.93xl02

0.444

4.737

maximum

4xlO7

5000

1

10

correlated to

F_PW

AF

F_PW

F_PW

correlation
coefficient

0.7

0.7

0.7

0.7

Table B-3: Distribution for the climate related parameters.

parameter

RAINFALL

ETP

IRRL.TOT

LSWITCH

F_PW

F_UL

FF_LW

distribution*

normal

normal

normal

step

log-triangular *

log-triangular

triangular

units

my"1

my"1

my"1

-

mV

mV
-

minimum

0.56

0.4

0.1

0

4xlO6

3.2x10s

0.1

central

0.78

0.5

0.3

-

4xl07

3.2xlO6

0.2

maximum

1.0

0.6

0.5

1

4xlO8

3.2x107

0.3

correlated to

-

-

RAINFALL

ETP

-

RAINFALL

ETP

F_PW

L_W

correlation
coefficient

-

-

-0.8

0.8

-

0.8

-0.8

0.8

0.8

note
*

t

For the normal distribution the minimum and maximum values given here correspond to
ji±\.96a.
The step distribution is such that I_SWITCH = 0 for random numbers in the range 0 <
LSWITCH < 0.5 so that the source of the irrigation is the well and I_SWITCH =/ for random
numbers in the range 0.5 <I_SWITCH < 1 so that the source of the irrigation is the river water.
The median quoted here is around 1% higher than the deterministic value.

The depth (D_W) and width (W_W) of the river are correlated with the size of the river (as determined
by the volumetric flow of water in the river, F_PW, see below).

B.4.3 Climate related parameters

• Water fluxes: RAINFALL, ETP, IRRIJTOT, I_SWITCH, F_PW, F_UL and FF_LW

Already in the deterministic case specification a distribution for the mean annual rainfall (parameter
name RAINFALL) was given. This is reproduced here in Table B-3 with the selected details for
evapotranspiration (ETP), the total applied irrigation (IRRI_TOT), the source of the irrigation water
(I_SWITCH4), the river water volumetric flow at the upstream boundary (F_PW) and the diluting flux

o

Annually, a volume of irrigation water given by IRRI_TOT is applied to the cultivated land. The parameter I_SWITCH
corresponds to a switch between the aquifer and the river as a source of irrigation. Models with no explicit aquifer should treat
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in the near surface aquifer (F_UL). Also included here is the fraction of the flow in the aquifer which
exfiltrates to the river (FFJLW).

In choosing pdfs for these parameters care must be taken that impossible combinations should be ruled
out. This is achieved by setting the range of the ETP to be small and giving it a normal distribution as
with the rainfall. There is no correlation assumed between the two, however there are correlations
involving the irrigation requirement and the ETP (positive correlation) and the rainfall (negative
correlation). Considering the combinations of the input and loss to the system, the irrigation total is
assigned a normal distribution.

The volumetric flow in the river flow in the river (at constant catchment size) depends on the rainfall,
evapotranspiration and, to some extent, the irrigation. The correlations identified mean that large
volumetric flows occur in rivers with greater dimensions. Similar arguments apply to the water flux in
the near surface aquifer although the slope and hydraulic conductivity should also be taken into account.
Choosing the log-normal distribution, with the 1.96<r limits as given, effectively means that the
catchment in the modelled region is fixed and only the climate properties are considered uncertain in the
representation of the site.

The correlation of the water flux in the aquifer (F_UL) to the water flux in the river is again chosen to
limit the likelihood of unphysical combinations of parameters in the datasets for the individual
stochastic runs.

In the deterministic case, the exfiltration flux into the river from the aquifer is 3.2xlO6 m3 y"1, which
corresponds to 20% of the flow in the aquifer. This flux is represented in the stochastic dataset as a
fraction with a triangular distribution (FF_LW) with limits at 10% and 30%. The amount of exfiltration
is correlated with the length of the river section.

B.4.4 Material properties of the biosphere compartments

• Soil properties: EPS_D, EPS_T, F_THETA_D, F_THETA_T, T_D, T_T, T_S

This group of parameters describes the porosity of the soils (deep-soil: EPS_D, top-soil EPS_T), the
volumetric moisture contents (F_THETA_D, F_THBTA_T) and the tortuosity of the compartment
material (T_D, T_T and T_S - in the sediment). Table B-4 summarises the selected pdfs. The density of
the solid material in the compartments is kept constant at the deterministic value. Variations in the
compartmental bulk densities are effected by the variation in the porosity of the media.

A reasonable range for the porosity of the soils (both deep-soil and upper soil) is 0.2 - 0.5 with the
deterministic value in the middle of this range. The distribution should be triangular. The fraction of this
volume which is filled with water (i.e., the degree of saturation) is assigned a triangular distribution
with a median of 0.75 and lower and upper limits of 0.5 and 1.0. These parameters define the volumetric
moisture contents given in the case specification:

THETAJ = FJTHETAJ * EPD_i.

The correlations specified ensure smoothness of transitions between the two soil layers.

Uncertainty in the diffusion coefficient in the system is represented in the dataset as a pdf in the
compartmental tortuosity. Triangular distributions are again suggested with reasonable limits. The
correlations between the deep sand top-soil are used to keep the properties of the soils similar.

this as a switch between irrigation with contaminated wafer (from the river in this case since the radionucUdes arc released to the
river water in this scenario) and uncontaminated water.
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Table B-4: Soil parameter pdfs.

parameter

EPS_D

EPS_T

F_THETA_D

FJTHETA_T

T_D

T_S ~-r

distribution

triangular

triangular

triangular

triangular

triangular

triangular

triangular

units

-

-

-

• -

-

minimum

0.2

0.2

0.5

0.5

2.0

2.0

2.0

central

0.467

0.467

0.75

0.75

4.407

4.407

2.79

maximum

0.5

0.5

1.0

1.0

5.0

5.0

4.0

correlated to

-

-

RAINFALL

ETP

F_THETA_T

RAINFALL

ETP

EPS_D

EPS_T

-

correlation
coefficient

-

-

0.8

-0.8

0.9

0.8

-0.8

0.9

0.9

-

cKJ

Table B-5: Pdfs for parameters describing the flux of solid material.

parameter

W_D

M_D

ME*

SL*

distribution

triangular

triangular

log-triangular

log-triangular

units

y1

kgtrf2

kg m"2 y"1

kgm"2y"'

minimum

0

0.0

0.01

0.01

central

14

0.033

0.1

0.1

maximum

50

0.3

1

1

correlated to

-

-

RAINFALL

-

correlation
coefficient

-

-

0.8

-

Note:
* In the deterministic calculations these parameters are given equal values so that there is balance

between the amount of activity eroded to the river (which accumulates on the river bed) and the
activity dredged or otherwise transferred annually to the soil. This maintains the soil and river
systems in a state of dynamic equilibrium. Inequality between the values necessitates either net
erosion of the geosphere or deposition on the soil surface so that the thickness of the biosphere
compartments can be maintained.

o

Table B-6: Suspended solid load pdfs.

parameter

ALPHA_W

ALPHAJT

distribution

log-triangular

log-triangular

units

kgm"3

kgrn"3

minimum

lxlO"2

lxKr4

central

lxlO"1

lxlO"3

maximum

1

lxlO2

correlated to

ME

-

correlation
coefficient

0.8

-
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B.4.5 Solid material fluxes

• Parameters relating to solid material fluxes: W_D, M_D, ME and SL.

These parameters are the erosion (ME) and dredging (SL) rate and the bioturbation related parameters:
active biomass (M_D) and activity (W_D). Values are given in Table B-5.

Bioturbation in the model is controlled by two parameters: W_D and M_D. Triangular distributions are
suggested.

An erosion rate covering two orders of magnitude is suggested - this with a log-triangular distribution
centred on the deterministic value as a median. Solid material returned to the soil surface as a result of
dredging of the river or flooding balances the erosion of the top-soil in the deterministic case. This is not
assumed in the stochastic case and, although the two controlling parameters are given the same
distributions, they are not correlated. Rainfall is assumed to drive the erosion of solid material in the
system, and this is implied by the use of a correlation coefficient of +0.8.

• Suspended solid load in river and surface-soil: ALPHA_W and ALPHA_T

Little information is available. Parameters for log-triangular, uncorrelated distributions are given in
Table B-6. The amount of solid material in the water is correlated to the erosion rate.

B.4.6 Radionuclide specific parameters

• Compartment kds, soil-plant uptake and animal accumulation factors: K_D, K_T, K_W,
K_S, K_G, K_GV, K_P, K_RV, K_MEAT, K_MILK, K_FF

Compartmental kjs are denoted by the suffixes D, T, W and S for the deep-soil, top-soil water and
sediment compartments respectively. Crops growing in the top-soil zone have accumulation factors
given by K_G for grain, K_RV for root vegetables, K_GV for green vegetables and K_P for pasture.
The accumulation in animal products is given by K_MEAT, K_MILK for cattle produce and K_FF for
fish. All these parameters are radionuclide specific and the suggested pdfs are given in Table B-7 for 129I
and a common value for the three members of the 2J7Np chain.

Undoubtedly, these are the most difficult parameters to define and defend and these pdfs are therefore
likely to be the most controversial. These data come from two sources [Valentin-Ranc, 1994; IAEA,
1994]. Upper and lower limits for the distributions are taken from these sources and the median values
for the distributions are the deterministic case values.

There are some further points to note:

• The deterministic values for the solid-liquid distribution coefficients (kjs) are quoted here for sand
(soils and sediment) and clay (suspended sediment in the river water). The ranges likewise
correspond to hypothetical differences in the values of the kjs for these media. The uncertainty
expressed here does not correspond to the uncertainty in the material type at the site of interest.

• It is suggested that the chain members should all be assigned the same values when the parameters
are sampled. This reduces the number of sampled parameters required for the chain (by implicitly
giving the properties of the chain members a correlation of unity). The ranges of the parameter
values have been chosen to reflect the spread in the values covering all the chain members.

• Values for the 233U and 229Th are, unfortunately, unlikely to be sensitive in the case as specified since
the external source term for these radionuclides is zero and their only contributions to dose come
from the ingrowth.
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Table B-7: Compartment kds, root uptake and accumulation factors.

parameter1'

K_D_1I29

K_TJ129

K_W_I129

K_S_I129

K_G_I129

K_GV_I129

K_RV_I129

K_P_I129

K_MEAT_I129

K_MILK_I129

K_FF_I129-

K_D_CHAIN

K_T_CHA1N

K_W_CHAIN

K_S_CHAIN

K_G_CHAIN

K_GV_CHAIN

K_RV_CHAIN

K_P_CHAIN

K_MEAT_CHAIN

K_MILK_CHAIN

K_FF_CHAIN

distribution

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-tri angular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

log-triangular

units3

m3kg"1

m ' k g '

m3kg"'

m3kg-'

-

-

-

-

day kg'1

day kg '

m3 k g '

m3kg"'

m ' k g 1

m3kg-'

m3kg-'

-

-

-

-

day kg'1

day kg"'

m3kg-'

minimum

10-*

10"*

10"5

10"*

0.01

lxlO"3

IxlO"4

lx l0 J

IxlO"1

IxlO"3

0.01

io"2

io-2

0.1

io-2

IxlO'3

IxlO"4

lxlO"3

lxIO"4

IxlO-7

ixlO"7

lxlO"4

central

0.0001

0.0001

0.001

0.0001

4.12x10-1

4.32xlO"2

1.68xi0"2

0.398

4.l2xlO"3

9.80xlO"3

3.32xl0"2

1

1

10

1

1.08x10"'

2.29x10'3

1.02x10"'

3.70x10""

4.29X10"4

2.25x10-*

l.OxlO"2

maximum

0.01

0.01

0.1

0.01

10

0.1

I

10

0.1

0.1

1.0

100

100

1000

100

1.0

0.1

1.4

1.0

0.1

IxlO3

1

correlated to4

KJTJ129

-

-

-

K_T_I129

K_T_I129

K_T_I129

K_TJ129

-

-

-

K_T_CHAIN

-

-

-

K_T_CHAIN

K_T_CHAIN

K_T_CHAIN

K_T_CHAIN

-

-

-

correlation
coefficient

0.8

-

-

-

-0.8

-0.8

-0.8

-0.8

-

-

-

0.8

-

-

-

-0.8

-0.8

-0.8

-0.8

-

-

-

Notes:
1 The k<ts given here refer only to the test case radionuclides I29I and the ̂ N p chain. These are to

be used in preliminary stochastic runs to demonstrate the feasibility and appropriateness of the
approach.
In the deterministic case specification the Jk̂ s for each of the M7Np chain members was assumed
to be equal. For the sake of reducing the number of sampled parameters in the dataset, it is
therefore proposed that the compartmental kjs for each of the chain members be assigned the
same value, this is equivalent to assuming the kjs are correlated with a value of+1.0. Similarly,
to reduce the number of sampled parameters, the chain members should all have the same
uptake factors.
The soil-plant uptake factors are shown as unitless in the above table since the these factors
represent the ratio of concentration in the crop to the concentration in the soil (Bq kg"1 plant,
fresh weight)(Bq kg1 soil, dry weight)"1.
In specifying the correlations between the parameters, the top-soil kd is the driving force.
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B.4.7 Parameters for the food chain and exposure pathways

• Translocation factor for root vegetables: T_RV

Data for this parameter are very scarce, despite it being included in the IAEA, [1994] handbook of
parameter values. As a nuclide specific parameter, however, as is often case, the radionuclides of
interest to the waste disposal modeller are not in the database. The suggested pdfs are given in Table B-
8. The range of deterministic values for all nuclides is used to define the lower part of the range and an
upper value twice the central value is used. A uniform distribution is suggested because zero is the
default number for many radionuclides - see the data tables in KLOS, [1994b].

• Crop weathering half-lives: TAU_G, TAU_GV, TAU_RV and TAU_P

Pdfs for the weathering rates for grain, green vegetables, root vegetables and pasture are given the
original case specification. These values are reproduced in Table B-9. These are inversely correlated
with rainfall, since more rainfall would reduce the residence time spent on the crop.

J • Crop yields and irrigation interception factors: Y_G, Y_GV, Y_RV and Y_P; and MU_G,
MU_GV, MU_RV and MU_P

Irrigation is known to be an extremely important mechanism. Some data are available (IAEA, 1994) but
the original experimental source may not be completely suitable for use in the Complementary Studies
dataset.

J

In many of the participating models, the fraction of irrigation water intercepted by vegetation is given by

f intercepted ~ ^ ~ e ""' "°P • ̂ m s ' s n o t t 0 s uSg e s t n o w t n e process should be modelled but it can be

used to derive limits for the interception factors. However, since the MU_i represent the density of
vegetation, these factors are inversely correlated to the crop yield.

The limits on the fraction intercepted in equation (1) are clearly 0 and 1. No interception can take place
if there is no crop (i.e. Ycmj, = 0 kg m'2) so that the minimum of the interception factor is then 0. As an
upper limit, all the irrigation can be intercepted with non reaching the soil. This is clearly an extreme
case which can be approximated by {J-crOp-YcrOp ^ 1 0 . Suitable ranges for the yields are given in

Table B-10, together with the ranges of ficrop which ensure that the exponent satisfies this.

• Dry deposition velocity: DRYDEP

Assigned a log-normal distribution with geometric mean of 0.006 m3 of air (m3 of soil s"1)"1. The
J geometric standard deviation is 2.0. The data for this distribution are also given in Table B-10.

• Cattle consumption rates: I_CP_B, I_CW_B, I_CP_D, I_CWJ3

Two types of cattle are allowed for: Beef and Dairy. The consumption rates of pasture and water are
denoted by I_CP_B, I_CP_D and I_CW_B, I_CW_D, respectively. Suitable values for the pdfs are
given in Table B-l l . Approximate ranges are taken from IAEA, [1994]. These have been slightly
modified to allow the use of the deterministic values as the medians of the distributions.

Correlations of these consumption rates with yield of pasture and ETP are suggested so that more water
is consumed at higher ETP (higher temperatures) and excessive consumption at low yield is avoided.

• Fractional soil contamination factors for intake by humans: S_G, S_GV, S_RV and animals:
S_CP

Inadvertent consumption of soil is modelled by these parameters for grain, green vegetables, root
vegetables and pasture respectively. Only humans consume the first three crops and only cattle the
fourth. Few data are available and so plus and minus one order of magnitude is used for the log-
triangular distribution. No correlations are assumed as shown in Table B-12.
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Table B-8: Pdfs for tlie translocatlon factor for root vegetables (all radionuclides).

parameter

T_RV

distribution

triangular

units

y1

minimum

0

central

2

maximum

4

correlated to

-

correlation
coefficient

-

Table B-9:
fi± 1.96cr )•

Crop weathering rate pdfs (maxima and minima are given as the 95% limits at

parameter

TAU_G

TAU_GV

TAU_RV "

TAU_P

distribution

log-normal

log-normal

log-normal

log-normal

units

days

days

days

days

minimum

6.4

6.4

6.4

8.7

central

17

17

17

15

maximum

45.4

45.4

45.4

26.0

correlated to

RAINFALL

RAINFALL

RAINFALL

RAINFALL

correlation
coefficient

-0.8

-0.8

-0.8

-0.8

Table B-10: Interception factors, crop yields and dry deposition velocity.

parameter

MU_G*

MULGV

MU_RV

MU_P

DRYDEP

Y_G*

Y_GV 1.

Y_RV

Y_P

distribution

log-triangular

log-triangular

log-triangular

log-triangular

log-normal

triangular

triangular

triangular

triangular

units

m2 kg1

m2kg-'

m2kg-'

m'kg"1

s"1

kgm'2

kgm'2

kgm'2

kgm'2

minimum

3.33xlO"2

3.33xlO"2

3.33xl0'2

3.33xlO"2

1.2X10"4

0.2

1.5

2.0

1.0

central

5.21xlO"2

2.25x10"'

2.68x10"'

1.73x10"'

0.006

0.4

2.714

3.5

1.204

maximum correlated to +

50.0

6.67

5.0

10.0

3.0x10"'

0.6

5.0

5.0

3.0

Y_G

Y_GV

Y_RV

Y_P

-

-

-

-

correlation
coefficient

0.7

0.7

0.7

0.7

-

-

-

-

-

Notes:
f In addition to the correlations specified here, a non-linear correlation is possible here. Both

high rainfall (flooding) and low rainfall (potential drought) can have an adverse effect on the
yields of the crops. Maximum yields arise when the combination of the rainfall and the ETP is
'just right'. The simplest way of dealing with this is to assume no correlation.

$ There is a conflict in the database here between the yield of the crop and the biomass of the
crop which participates in the interception, because as single parameter is given to represent
both. For crops other than grain this is not a significant problem but in this case the crop yield
is much less than the biomass. Consequently a very high interception factor is given.
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Table B- l l : Pdfs for the cattle consumption rates.

parameter

I_CP_B

I_CW_B

distribution

triangular

triangular

I_CP_D triangular

I_CW_D triangular

units

kg day'1

m3 day"'

kg day"1

m3 day"'

minimum

5

0.02

10

0.05

central

9.667

0.056

11.33

0.064

maximum

11

0.07

22

0.10

correlated to

Y_P

ETP

Y_P

ETP

correlation
coefficient

0.7

0.7

0.7

0.7

Table B-12: Parameter pdfs characterising soil consumption.

parameter | distribution

S_G

S_GV

SJRV*

S_CP

log-triangular

log-triangular

log-triangular

log-triangular

units

-

-

-

-

minimum

9xlO6

2xlO'5

lxlO1 0

lxlO"3

central

9xl0"5

2x10""

2.15xlO"5

lxlO"2

maximum

9x10^

2xlO"3

lxlO"4

1x10"'

correlated to

-

-

-

-

correlation
coefficient

-

-

-

-

Note:
f In the deterministic case this parameter has a value of zero. In this dataset a low minimum is

specified with a higher range to cover the possibility (particularly for potatoes) of the outer
portions not being completely removed before consumption (see also Table B-I3).

Table B-13: Fraction of activity in crops retained after cooking.

parameter

F_G

F_GV

F_RV

distribution

uniform

uniform

uniform

units

-

-

-

minimum

0.0

0.0

0.0

central

-

-

-

maximum

1.0

1.0

1.0

correlated to

-

-

-

correlation
coefficient

-

-

-

Table B-14: Distribution of the water filtration factor.

parameter

FILTER

distribution

uniform

units

-

minimum

0.0

central

-

maximum

1.0

correlated to

ALPHA_W

correlation
coefficient

0.9
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• Food processing factors: F__G, F_GV and F_RV

These parameters account for the removal of activity during food processing for grain, green vegetables
and root vegetables respectively. Data are available for these element specific parameters from VAMP,
but the values in Table B-13 are chosen to be nuclide independent to simplify this stochastic database.

• Filter factor for drinking water: FILTER

For the release to river water given here, this is a potentially sensitive parameter for high kd

radionuclides. A range of 0.0 to 1.0 is suggested with a uniform distribution and a positive correlation
with the suspended solid load in the river water (i.e. higher sediment content implies a greater
preference for filtering water before consumption). See Table B-14.

B.5 Output quantities for the stochastic phase

As discussed above, there are two aims in the carrying out these stochastic calculations. One is
uncertainty analysis and the other is sensitivity analysis. These require different output quantities.
Details of the assessment techniques used are also of interest. N.B., the requested information, as
determined in the working group discussions, provides sufficient information for a comparison of the
results from the different participants. Any additional information supplied by the participant,
particularly concerning sensitivity analysis, would be welcome.

B.5.1 Uncertainty analysis results: the qld-file

As the system to be analysed corresponds to a stochastic version of Complementary Studies release type
1 scenario (release to river water - see page B-l), the nomenclature of the files to be submitted by the
participants continues the sequence for that case. The uncertainty analysis results should therefore be
contained in an ASCII file with the name I129.Q1D for the 129I case and NP237.Q1D for the results
from the 237Np chain.

Of interest in both the uncertainty and sensitivity analyses is the consequence of the release - unlike the
deterministic phase where all intermediate points in the calculation were of interest. Here only the total
annual individual dose summed over all pathways arising from the release of IMI and ^ 'Np to the
biosphere is of interest. In the case of the ^ N p chain this means that the doses from the all the chain
daughters are to be summed in giving the results for the 237Np files5.

Advice from the Uncertainty and Validation group [Baverstam et al. 1993] has been used to identify
suitable output quantities, particularly for the sensitivity analysis. Of interest in the analysis is the time
evolution of the calculated annual individual dose summed over all pathways. It is proposed that the
quantities to be calculated in each of the sample runs are

• total dose over all pathways at 100 y, 1000 y, 104 y and 105 years.

• the maximum total dose over all pathways6

• the time at which total dose over all pathways first attains its maximum value

These output quantities for each of the sample runs should processed as part of the uncertainty analysis
to give should be the arithmetic mean, geometric mean, the 5%, 50% (median) and 95% fractiles7

(giving the 90% confidence interval) for each of the above quantities. See Table B-15.

The name of the files therefore takes the form of the parent radionuclidc plus a three character extension. No results for
individual chain members are required.

This maximum dose is used because of potential problems of interpretation and implementation if other options, e.g., 90%
of maximum dose value and time of attainment of 90% of the maximum. Computationally, finding the maximum dose is
more straightforward. This quantity is also retained since it is closely related to the objectives of many performance
assessments.

In the original case specification for the stochastic phase, the standard deviation of these quantities was specified. After
preliminary calculations it was realised that the median together with the 90% range gave a better impression of the
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Table B-15: The Q1D file: Format of the response file for the uncertainty analysis quantities: file
names parent.qId. The shaded area gives the names of the modelled quantities and the column headings
the type of value. These labels should not appear in the submitted data files.
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Table B-16: The CSB QIF file: Format of the response data file for the ranking of the parameters
according to the standardised regression coefficient (SRC): file names parenl.qlf. The shaded area
gives the names of the modelled quantities and the column headings the type of value. These labels
should not appear in the submitted data files.
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Table B-17: The CSB Q1G file: Format of the response data file for the ranking of the parameters
according to the Partial Rank Correlation Coefficient (PRCC): file names parent.qlg. The shaded
area gives the names of the modelled quantities and the column headings the type of value. These labels
should not appear in the submitted data files.
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distribution with its range of values, and that, because of the logarithmic range of both input and output parameters, the
standard deviation was of little practical use.
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Table B-18: The CSB Q1H file: Format of the response data file for the ranking of the parameters
according to Spearmans-p (RHO): file names parent.qlh. The shaded area gives the names of the
modelled quantities and the column headings the type of value. These labels should not appear in the
submitted data files.
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B.5.2 Sensitivity analysis results: the qlf, qlg, qlh files

The sensitivity analysis aims to rank the parameters which determine the results at the times defined in
Table B-15 according to the their influence on the total dose summed over all pathways. The
Uncertainty and Validation working group recommends a number of statistical tests of sensitivity. Some
of these have been used by other working groups carrying out calculations in BIOMOVS II. For the
Complementary Studies exercise, the following have been adopted:

• Standardised regression coefficients (SRC)
• Partial rank correlation coefficients (PRCC)
• Spearmans-p (rank correlation coefficient - RHO).

A file for the results of each of these tests should be provided, with the format shown in Tables 17 to 19
(N.B., these tables all have exactly the same format so care with the naming of them is essential). In
these files, the top ten parameters should be ranked according to their absolute significance (this is
important because, for example RHO = +0.8 has the relevance as RHO = -0.8). The text entries given
in the tables should, wherever possible, correspond to the names used in this document (see
Appendix D). If this is not possible, explanation of the meaning of the parameters shown as important
in the sensitivity analysis should be described in the UASA.QIJ file (see Table B-19 below). In the
event that there are insufficient results for the ten most significant parameters, the files should be padded
to the correct size (for import into spreadsheets) with dummy text and the numerical value -999.

The top-ten parameters are requested in order to ensure that the results move into the noise level of the
statistical tests. Further information about the significance of the results should be given in the qlj file,
see below.

In carrying out the analysis of sensitivity in the Complementary Studies exercise, the aims of the group
should be borne in mind, particularly in the event that numerical problems arise. The purpose of the
sensitivity analysis is to obtain information about the implementation of the FEPs in the
participating models. Results should therefore be provided in the formats shown together with
commentary on the problems arising with the production of the results. The problems should be
explained and the strategy for overcoming them given. The file UASA.QIJ should be used for this. The
text in this file should be as complete as possible but where graphical and numerical information is
available, a reference to supporting documents should be given, together with the documents
themselves, where possible.

\J
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B.5.3 Sampling methodology information: the UASA.Q1J file

This ASCII file (an example of which is shown in Table B-19) contains information about the sampling
methodology - sample size, statistical convergence criteria, time-stepping near to the maximum, etc. Its
format is free for participants to give whatever information is relevant to their codes. This file is valid
for all the calculations carried out and so does not require a nuclide specific name. As an aid to
identification for the Scientific Secretariat, the name UASA.Q1D should be used.

Table B-19: Example of the parent.QlJ file. This is an ASCII file containing miscellaneous
information about the stochastic phase calculations.

Part ic ipant:
Code:
Sampling Method:
Convergence c r i t e r i a :
Number of samples:

Nuclides:

Significance levels for Spearmans Rho:

signif icance
Correlation 0

Problems encountered &

The fol lowing problems

Convergence of the mear

The following procedure

Additional s t a t i s t i ca l

Kolmogorov-Srai rnov:

[%] 80
0406 0.0521

Solutions:

where found . . .

:

PSI, Switzerland
SSSS/TAME
LHS
> 4/3 * number of input samples
999

1129,

0

was used to assess the

tests carried out

NP237

90 95 99
0621 0.0S15

convergence of the sample sets . . .
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Appendix C - the mathematical representations of features, events
and processes in the participating models

C.I Sub-models in the participating models

All of the models participating in the Complementary Studies exercise are made up of
at least two distinct sub-models - one for calculating the distribution of contaminants
in the biosphere (i.e., a sub-model for biosphere transport) and the second for
calculating the radiation doses to exposed individuals arising from the environmental
distributions (a sub-model for the exposure pathways). This Appendix provides a
general discussion of the modelling approaches used in the exercise and provides a
detailed review of key FEPs governing the calculation of radiological consequences in
the Complementary Studies example. These are discussed in detail in Chapter 3.

C.2 Radionuclide transport in the biosphere

C.2.1 Types of transport model employed in the exercise

Figure 3-3 illustrates the configuration of the transport sub-models used in the
Complementary Studies exercise. With the exception of Model F, all (Models A, B, D,
E, G, I and J) are pure compartment models, with varying numbers of compartments.

The mathematical representation of the intercompartment interactions then takes the
form of a matrix of transfer coefficients which allow the compartmental inventories to
be represented as a set of first order linear differential equations. For the ith
compartment, the rate at which the inventory (in Bq) changes with time is given by

(C.i)

This is the donor-controlled, first-order linear ordinary differential equation for trans-
port in compartment models'. Here, the following terms are used:

N( [Bq] is the amount of radionuclide N in biosphere compartment i,
Nj [Bq] is the amount of radionuclide N in biosphere compartment j ,
Mi [Bq] is the amount of radionuclide M in biosphere compartment / (M

is precursor radionuclide of N in a decay chain),
Sjit) [Bq y"1] is an external source term of radionuclide N to compartment i,

^N [y l] is the decay constant for radionuclide N,

This equation is solved numerically in all cases, except for Models C and H, where the system of a sin-
gle compartment can be integrated directly. Model F which has a two-compartment representation of the
aquatic environment solves the equivalent equation using and input/response function approach. The
representation of the soils is of a different nature, but likewise uses the input/response function method-
ology of the SYVAC code [Dormuth & Nuttal 1981]. As mentioned in Section 2.3, the different
integration routines each have slightly different behaviours particularly in their ability to deal with sharp
edges.
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kji [y1 ] is a set of transfer coefficients inputs to compartment i from the
other j (;£ i) compartments in the system,

hy [y"1] is the set of transfer coefficients representing the loss terms of
N from compartment i to the other j (^ /) compartments of the
system - including external losses.

Note that the first bracket on the right hand side of Equation (C.I) represents inputs to
the systems and the second bracket represents losses.

In fact, this is precisely the same equation as is used in Models C and H. There is only
one compartment in these models so that / is the top-soil (denoted by subscript T in the
Complementary Studies nomenclature) and the Xy are written in terms only of external
source terms and losses.

The intercompartment transfer coefficients, (the Xy) are the mathematical representa-
tions for the FEPs described in the preceding section. The linearity of the mathematical
approach is exploited in that the transfer FEPs acting between two compartments, i
and j can be described as a linear sum of all processes (k) acting between the com-
partments:

[y1]- (C.2)
FEPx.k

The detail of which FEPs and also their mathematical representations in the following
section of this appendix, but the generic form of these transfers coefficients can be
written as,

The first factor is the reciprocal of the compartment's physical volume (Vt [m3]). Mass
balance is then represented by matrices for the water fluxes from compartment / to
compartment./ (denoted byi^. [m3 y"1]) and the solid material moved (M.^[kg y"1]).

Radionuclides in the compartment are either in solution in the water or sorbed onto the
solid material in the compartment. The partitioning is modelled by use of the solid-
liquid distribution coefficient the compartmental k<j. This is denoted for each
compartment / as kt [(Bq kg~l)(Bq rn"3)"1]. In this case the volumetric moisture content
ify [-])> the porosity of the compartment material (e, [-]) and the density of the solid
material in the compartment (p{ [kg m~3]) further determine the retardation of the

contaminants compared to the bulk material fluxes. In this form, the task of
representing the intercompartment transfers is simply to identify the mass balance
scheme for solute and solids.

Some of the models (A, B, D, E, I and J) also include a diffusion term. N.B., the bulk
fluxes are unaffected, but the dynamic equilibrium established by diffusion can be
perturbed by the bulk flows of solids and liquids.
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The mathematical representation of transport processes in Model F is based on a
regression model is used to determine two key outputs from the SCEMR1 advection-
dispersion model [Bera & Sheppard, 1984] on the basis of four key parameters. The
model outputs are

1. the steady state concentration in the rooting zone of the soil ( C " [mol kg"1]), and,

2. the time taken to reach the steady state concentration (t™ [y]).

The parameters used in the regression model to fit the curves obtained from SCEMR1,
which is run probabilistically for a wide range of situations, are

1. the net precipitation on the soils (Pe m y"1),

2. the thickness of the unsaturated zone profile of depth to the water table (the depth
of the rooting zone is zT = 0.3 m instead of the value of lT - 0.25 m given in the
case specification2)

3. the solid - liquid distribution coefficient in the soil rooting zone (K? [(mol kg"1)
(mol rrf3)"']) (As indicated in Figure 3-3, the rooting zone soil in Model F is
divided into two layers - the upper layer (top 10 cm) is assumed to have a ten-fold
higher soil ka than the lower (20 cm) to account for an increased organic content.)
and,

4. the soil type: Model F distinguishes four types of soil, clay, loam, sand and organic
- sand was used in the Complementary Studies calculations, since this corresponded
most closely to the information given in the case specification.

The two output parameters are therefore effectively taken from a look-up table based
on the values of these four parameters.

The two key quantities, steady-state concentration and time to steady-state, are derived
for a non decaying contaminant with no other included loss terms (cropping,
weathering, etc.). The resulting regression expression is then modified to take these
decay and loss terms into account.

Model F is intended to be run as part of the SYVAC3 suit of codes in stochastic mode
(this posed some problems for the deterministic runs in Complementary Studies]) and
as such uses the source / input response formulation common to that methodology
[Goodwin et al., 1987]. It is postulated that the fitted response of the soils (whether by
irrigation at the top of the soil column or by contact with contaminated ground water at
the bottom) can be written in the form

[mol kg"1], (C.4)

Standard Complementary Studies nomenclature is used throughout this report (see Appendix D). Addi-
tional data and/or parameter differences are given in the native language of the codes where this does
not conflict with the common language of the Complementary Studies.
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where S [mol m"3] is the constant concentration in the irrigation or groundwater and
the parameterxT [y] is based (see Appendix B for details) on the time to steady state.
The time derivative of this expression leads to the equivalent of Equation (C.I) for
Model F. Adding additional input and loss terms for

1. radioactive ingrowth and decay,

2. losses by degassing (included here for generality although it is only important for a
few volatile radionuclides, e.g., l29I), and

3. losses by cropping,

gives

(C.5)

which, in addition to being written in terms of Bq, now includes terms for

1. a time varying source: S{t) [Bqy"1],

2. the ingrowth from the parent radionuclide: \M^{t) [Bq kg"1 y"1],

3. the loss from degassing (lJegas [y"1]), cropping (\ropping [y~1]) and radioactive decay

[y1]).

Note that this additive process is precisely equivalent to that written in Equation (C.2)
and that this equation is exactly equivalent to Equation (C.I) but with the water and
solid material fluxes implicit in the terms for the top-soil concentrations on the right-
hand side of Equation (C.5).

In the runs for Model F, other FEPs are implemented. For example (see Section 2.1.2)
a time limit for the usage of contaminated soils is an input parameter - the argument
being that indefinite habitation and use of a single plot of land is not realistic. This has
the effect of limiting the build up of radionuclides in soils. The value of the parameters
used in the this exercise was 176 years, but the parameter normally has a distribution
of values when the model is run in its normal probabilistic mode. After this time
constant values of soil concentration are assumed. Thus, this FEP is both conservative
since the constant value of the concentrations leads to higher doses, but also non-con-
servative, since the concentrations are not allowed to reach dynamic equilibrium3.

One might question whether this process is implemented for the decay chain members, as indicated in
Figures 2-2 to 2-4, particularly for the release to deep soil, where total doses continue to increase
beyond this time limit.
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C.2.2 The influence of the conceptual models on the definition of the mathematical
models

This section lists the representations of the key transport FEPs which determine the
exposures to the hypothetical inhabitants of the Complementary Studies biosphere. Of
particular interest is the way the different modelling groups apply the data given in the
case specification (Appendix A). Appendix E reproduces the Reference Biospheres
FEP list [BIOMOVS H, 1996a] and matrices showing how the FEPs are combined in
the Complementary Studies transport models are also show.

The preceding section shows the two different mathematical forms used to deal with
the time-evolution of the distribution of contaminants in the biosphere. However, even
those models which use the compartment model approach show clear differences of
interpretation and these can be traced to:

• whether the model is intended purely for waste disposal assessments or whether it
has a wider applicability

• whether the model has a fixed structure of compartments, or whether the structure
is chosen for each specific application,

• whether mass balance is explicitly included in the representation or not,

• the degree to which pessimistic assumptions are built into the mathematical struc-
ture or whether they are used first to define the conceptual model on which the
mathematical model is based.

There is a distinction to be drawn between the mathematical model (based on the con-
ceptual model) and the solution tools applied (i.e., the computer codes). In general
models intended solely for waste disposal have fixed structures (Models A, B, F, I and
J) which implies that a single, all-encompassing conceptual model is expected to be
applicable to all assessment eventualities (of course with screening of FEPs to ensure
that modelled FEPs fit the purpose of the models). The corresponding computer codes
reflect this structure. Flexibility comes from their being able to handle datasets which
represent different realities. In general the newer codes have far fewer hard-wired pa-
rameters than their older counterparts.

if

The codes used by Participants D, E, and G provide a mathematical framework in
which generic problems can be solved. In this sense the actual models applied to this
case are unique to this exercise. The model structures are decided after the definition
of the conceptual model and this can change for each assessment (although the
assumption of the applicability of compartment models remains).

In practice, however, there is a library of model representations which the modeller
uses to construct models for specific applications. In these cases the conceptual model
might indicate that a certain FEP is present in the system, but the modeller might
decide that it need not be included because it could never significantly affect the end-
point of the calculations. The fixed-structure models are not significantly less flexible -
with broad conceptual bases, the modellers are content to let the model database
determine the relative strengths of the included FEPs - e.g., the use of explicit mass
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balance in Model A. Note also that Participant G also uses an explicit mass balance
scheme for this mathematical representation.

Models C and H are somewhat different. The structure is intentionally simple, which
means that the conceptual bases have been limited to a small number of key FEPs. For
such models the default databases are chosen to be rather more pessimistic. This
approach is very similar to that used for Model F.

The way in which pessimism is incorporated in the mathematical models also has quite
a large bearing on the structure of the models. In the documentation for Model F, the
mathematical descriptions are quite detailed, and then the requirements of pessimism
are used to simplify the mathematical structure in such a way as to maximise the
consequences and this includes choosing pessimistic data values. Thus, in Model F,
the conceptual models, mathematical models and application databases are very tightly
linked. Other models apply this pessimistic filter in the construction of the conceptual
model. The mathematical model is then constructed and subsequently the database is
attached - whether from site specific sources or from generic databases. Pessimistic
values are often chosen where knowledge is poor.

The use of the compartmental approach is very useful because of the property
expressed by Equation (C.2) - i.e. that of linearity. Those models using explicit mass
balance schemes make additional use of this but caution is required, mass balance is
not a quick way to include FEPs for which there is no clearly defined mathematical
basis.

C.3 The mathematical representation of key transport FEPs in the
Complementary Studies exercise

C.3.1 237Np as an example of a generic representation

The models participating in the exercise used generic representations of radionuclide
transport. This means that the mathematical form of the transport equations is applied
in the same way to I as it is to the members of the Np chain. Some of the key
FEPs in the Complementary Studies exercise are listed here, together with their
mathematical representations.

Although the representations are generic, the data for the different radionuclides in the
case are, of course, very different. In order to present a numerical example - one which
illustrates the numerical consequences of the different implementations - the dataset
for the release of 237Np to the local aquifer is chosen. The reasons for this are

1. 237Np is an important radionuclide in many assessments and its mathematical
representation is therefore of interest,

2. It is also treated genetically in almost all waste disposal assessment situations - i.e.,
it is not treated as special in the way that (for example) 129I is.

3. The kd values for the members of the 237Np chain in this example, mean that the
effect of sorption is more apparent than in the case of I, which is weakly sorbing.

C-6



BIOMOVSII
TRI2

4. Release to the aquifer is perhaps most realistic of the release forms investigated in
the case. However, the generic forms of the mathematical representations include
all relevant combinations of FEPs. Thus although the river water is not used for
irrigation in the case of the release to the aquifer, the generic expression for this
FEP would include the necessary parameters, but in this case the value for the
transfer from river to crop/top-soil would be zero.

C.3.2 Tabulation of FEPs directly affecting the top soil

Figure 3-3 illustrates the central role of the top soil in the models used in the
Complementary Studies exercise. This is not at all surprising given the assumptions for
the behaviour of the implied critical group. The results in Chapter 2 of this report
indicate that the highest doses come from the pathways associated with the cultivation

) of arable crops, particularly in the case of the release of 237Np to the irrigation source.
For this reason the discussion of the mathematical representation of the FEPs in the
models in Complementary Studies concentrates on the FEPs transporting radionuclides
to, and removing them from, the top soil zone. Other aspects of the system are

) important, but their representations are not as involved as those of the top soil.

Tables C-l, C-2 and C-3 give the representations of the transport processes from the
other compartments to the top soil. In turn, the donor compartments are the aquifer
(Table C-l), the deep soil (Table C-2) and the river bed sediment (Table C-3). Note
that, because attention is focused on the release to the aquifer the transfer of activity
from the river water is not included here. However, in most cases the representation of
this transfer is relatively simple compared with the transfer from the aquifer. Some of
the models can only represent irrigation with river water, and the implementation of
this is discussed in the corresponding part of Chapter 3.

Tables C-4, C-5 and C-6 give the representations of the losses from the top soil. These
are either to other compartments in the models (Table C-4 - transfer to the deep soil,
Table C-5 - transfer to the river water) or true losses from the system (Table C-6 -

! cropping losses or losses to atmosphere).

To save space, the expressions in these tables are written using a mathematical
nomenclature based on the names of the parameters used in the Complementary
Studies database. These are given in Appendix D, together with the corresponding data
values used in the calculation of the numerical values used found in the tables. In some
cases the data used here were additional to those given in the case specification
(Appendix A). The additional data are also given in Appendix D.
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Table C-l: Mathematical description of the transport process from the aquifer to top soil
showing the contributing FEPs and the numerical values from the case of the release of
237Np to the Complementary Studies aquifer. See Appendix D for a complete list of the
Complementary Studies nomenclature.
* Explicit mass balance scheme used

Model

A

FEPs

value -

B

FEPs

value

c

FEPs

value

D

FEPs

value

E

FEPs

value

F

FEPs

value

aquifer
retardation

coefficient RL [-]

0L + {\-£L)pLKL

sorption

2.12X103

£T + (l-eT)pTKD

sorption

1.59xlO3

-

-

-

0L + {l-£L)pLKL

sorption

2.12X103

eL + {l-eL)pLKD

sorption

2.12xlO3

-

water flux

1 FLT

FLT=dLTAf

irrigation*,
sorption

9.43x10"*

irrigation, sorption

1.26X10"5

dLT

eJL

irrigation

0.1

1 dLT

k RL

irrigation, sorption

9.43x10"*

1 <*rda

k RL

irrigation, sorption

9.43X10"6

-

solid flux

1 KLMLT

k*f RL '
MLT=aLFLT

susp. solids*,
sorption

9.43X109

^ - 1 aLdLT

RL (l-£r)pA

susp. solids, dry
soil, sorption

1.26xlO"s

-

-

-

-

-

-

-

screened out

-

-

others transfers
•^(others) r - I ,

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Aquifer treated as part of the geosphere model. Concentration in the groundwater
calculated externally to the biosphere model.

n.a. | n.a. n.a. n.a.

total [y-1]

9.44x10"6

1.26x10s

0.1

9.43X10"6

9.43X10"6

n.a.
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Table C-l: Mathematical description of the transport process from aquifer to top soil
showing the contributing FEPs and the numerical values from the case of the release of
237Np to the Complementary Studies aquifer. See Appendix D for a complete list of the
Complementary Studies nomenclature. (Continued).
* Explicit mass balance scheme used

Model

G

FEPs

value

H

FEPs

value

/

FEPs

value

J
FEPs

value

aquifer
retardation

coefficient RL [-]

6L+{\-sL)pLKL

sorption

2.12X103

-

-

-

sorption

1.60xl03

-

water flux

ti[°""e) [y1]

1 FLT

irrigation*,
sorption

1.82X10"5

d,r

£JL

irrigation

0.1

1 dLT

irrigation, sorption

1.25X10"5

-

solid flux
i(.ra/M) , - | ,
ALT ly J

1 KLMLT

kAf RL '

MLT = awFLT

susp. solids*,
sorption

1.82xlO"6

-

-

-

-

-

-

-

others transfers
pothers) r -1-.
ALT [y ]

-

-

-

-

-

-

-

-

-

-

Aquifer not included in the model. Release from groundwater is represented as a
release to deep soil (cf. Complementary Studies release type 3). Irrigation only

assumed from river water.
|i

n.a. n n.a. n.a. n.a.

total [y1]

9.44x10"6

0.1

1.25X10"5

n.a.
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Table C-2: Mathematical description of the transport process from deep soil to top soil
showing the contributing FEPs and the numerical values from the case of the release of
237Np to the Complementary Studies aquifer. See Appendix D for a complete list of the
Complementary Studies nomenclature.

* Explicit mass balance scheme used

Model

A

FEPs

value

B

FEPs

value

C
FEPs

value

D

FEPs

value

E

FEPs

value

deep soil
retardation

coefficient RD [-]

6D + (l-eD)pDKD

sorption

1.59xlO3

£T + (l-eT)pTKD

sorption

1.59xlO3

-

water flux

X ^ [y1]

1 For
lDAf RD'

FDT=dca,,UAf

capillary rise*,
sorption

8.38xlO5

-

-

-

-

solid flux

I KDMDT

lDAf Ro '

MDT = aDFOT

+ mDwDAf

+ mcAf

susp. solids*,
bioturbation,

erosion, sorption

1.76xlO"3

lTmDW[> RD-i

PD RD

1

;f lmin(;o,;r)

bioturbation,
sorption

l.OlxlO'3

-

others transfers
^(others) , .1-

8DD0 1

RDTD lDmin(lD,lT)

diffusion, sorption

9.80xl0"6

e^TDa 1
TTRD ^min^, / , )

diffusion, sorption

3.92xlO6

-

Deep soil not represented

n.a.

eD+(l-eD)pDKD

sorption

1.59xlO3

sorption

1.59X103

n.a.

1 /capil

RD 1D

capillary rise,
sorption

8.38xlO"5

1 Ojd^

RD 'D

capillary rise,
sorption

2.52x10'5

n.a.

1 mDwDKD

RD lD

bioturbation,
sorption

1.68X1O"3

wDmD

ID{1-£D)PD

bioturbation

1.68X10"3

n.a.

6DDg 2

ROTD /B(/0+/r)

diffusion, sorption

4.9X10"6

1 eDTDD0

RD lotmn^,^)

sorption. diffusion

1.49X10"4

total [y*1]

1.85xlO"3

1.O3X1O"3

n.a.
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Table C-2: Mathematical description of the transport process from deep soil to top soil
showing the contributing FEPs and the numerical values from the case of the release of
237Np to the Complementary Studies aquifer. See Appendix D for a complete list of the
Complementary Studies nomenclature. (Continued).
* Explicit mass balance scheme used

Model

F

FEPs

value

G

FEPs

value

H

FEPs

value

/

FEPs

value

J

FEPs

value

deep soil
retardation

coefficient RD [-]

"sail + Pliutk^loit

water flux

-

solid flux

ADT ly J

-

others transfers
^(others) r -u

-

Transfers from lower soil layers to the rooting zone is calculated by a response
function approach. Parameters based on calibration with model output to results

from a detailed research model of water movement in soils. Transport by capillary
rise is modelled explicitly and by diffusion and dispersion implicitly. Solid material

transport not represented explicitly. Sorption follows the kj approach

n.a.

0o + (l-£D)poKo

sorption

1.59xlO3

-

n.a.

1 For

lDAf RD '

For =dcapiiAf

capillary rise*,
sorption

8.38xlO"5

-

n.a.

1 KDMDT

lDAf RD '

MDT=mDwDAf

bioturbation*,
sorption

1.76xl(T3

-

n.a.

-

-

-

Deep soil not represented

n.a.

< •

sorption

5.33xlO3

sorption

6.63x103

n.a.

1 dcapU

capillary rise,
sorption

2.50XI0'5

arable: j - "cap*
eDlDRD

pasture:

<>DlDKD

n{ arable f c

cropix

capillary rise,
sorption, land use

arable: 2.30x10'8

pasture: 5.O3xlO"5

n.a.

RD -1 mDwu

RD lD{\-eD)pD

bioturbation,
sorption

1.68X1O'3

arable:
/.Vo

lD[eDPw + {l-£D)Po]

pasture:

{l-fa)mDWD

ID[£DPW+(I-£D)PO]

bioturbation,
sorption, land use

arable: 6.14xlO'7

pasture: 1.34xlO'3

n.a.

Do 1

RDTD lDma([D,lr)

diffusion, sorption

9.80XKT6

Do 1

£DRD lD(lo+lr)

diffusion, sorption

1.91xlOs

total ly'1]

n.a.

1.76xlO"3

n.a.

1.71X10"3

1.98xlO's

1.4lxlO"3
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Table C-3: Mathematical description of the transport process from river bed sediment to
top soil showing the contributing FEPs and the numerical values from the case of the
release of 237Np to the Complementary Studies aquifer. See Appendix D for a complete list
of the Complementary Studies nomenclature.
* Explicit mass balance scheme used

Model

A

FEPs

value

B

FEPs

value

c
FEPs

value

D

FEPs

value

E

FEPs

value

river sediment
retardation

coefficient Rs [-]

6s + {l-es)psKs

sorption

1.33X1O3

not used

n.a.

n.a.

-

water flux

1 Fsr

ds^wk, Rs '

water flux*,
sorption

0

solid flux

1 KsMs,
dswwk, Rs

A ^ = S,Ar

dredging/
flooding*, sorption

7.54X10"2

S, A,

PT dsww>w

dredging/flooding - combined solute and
solid representation

3.77xlO'2

- -

others transfers
Mothers) , - 1 ,

AST ty J

-

-

-

-

-

-

-

river bed sediment not represented

-

Os + {l-es)psKs

sorption

1.33xlO3

not used

-

-

-

-

-

-

-

dsRs

= U25xl0'kgm-lyI

SLA,
twww

= i.425xlO! kgm !y'

dredging/flooding,
mass balance

sorption

7.54X10"2

s,
ds0sps

dredging/flooding - combined solute and
solid representation

7.55x10"4

-

-

-

-

-

-

-

total [y"1]

7.54X10"2

3.77X10"2

7.54X10*2

7.55x1 Q-4
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Table C-3: Mathematical description of the transport process from river bed sediment to
top soil showing the contributing FEPs and the numerical values from the case of the
release of 237Np to the Complementary Studies aquifer. See Appendix D for a complete list
of the Complementary Studies nomenclature. (Continued).
* Explicit mass balance scheme used

Model

F

FEPs

value

G

FEPs

value

H

FEPs

value

/

FEPs

value

FEPs

value

river sediment
retardation

coefficient Rs [-]

Using suspended
solids in the river

water flux
^(solute) , -1 ,

-

solid flux

X^M) [y1]

-

others transfers

-

Probabilistic approach normally used. Some simulations assume a transformation
of lake bed sediments into soil for cultivation. Not assumed in deterministic case

-

6s+(l-£s)psKs

sorption

1.33xlO3

l + awKw

Partitioning in
water column

2.0

not used

-

-

not used

-

-

-

1 Fsr
dswwlw Rs '

Fsr=0

water flux*,
sorption

0

-

-

-

-

1 KsMsr

dswwk/ Rs
Msr= S,A,

dredging/
flooding*, sorption

7.54xlO2

-

-

-

S,A,
dslwww(l-£s)Ps

dredging/flooding - combined solute and
solid representation

7.55xlO"2

arable:

[esPw + (l-£s)Ps]
pasture:

(l-/>/%**
[espw + (l-es)ps]

trops.c

dredging/flooding, land use - combined
solute and solid representation

arable: 2.5txlCT5

pasture: 5.48xlO"2

-

-

-

-

-

-

-

-

-

-

-

-

total [y1]

7.54xlO'2

7.55X10"2

8.36x10'

I.83xlO5
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Table C-4: Mathematical description of the transport process from the top soil to deep
soil showing the contributing FEPs and the numerical values from the case of the release
of 237Np to the Complementary Studies aquifer. See Appendix D for a complete list of the
Complementary Studies nomenclature.
* Explicit mass balance scheme used

f Direct transfer not modelled - rate inferred from loss terms

Model

A

FEPs

value

B

FEPs

value

cf

FEPs

value

D •

FEPs

value

E

FEPs

value

top soil
retardation

coefficient RT [-]

eT + (l-eT)pTKT

sorption

1.59X103

eT + {l~eT)prKD

sorption

1.59X103

{\-£r)pTKT

sorption

1.59xlO3

0r + ( l -£r )p r K r

sorption

1.59xlO3

8T+(l-eT)pTKT

sorption

1.59X103

water flux

%°D""e) [y 1 ]

1 Fro
lrAs RT-

^ _ = dra;n-ETP
Af +diT+dwr

+ dcapil

mass balance*,
sorption

1.71xlO"3

dry,;,, + f,;,r idiT+durr )

lrRr

fw = °^

rainfall, infiltration,
sorption

1.46xlO"3

d^+d^d^r-ETP
lTRr

rainfall, irrigation,
ETP, sorption

1.46xlO"3

rainfall, irrigation,
ETP, sorption

1.71X10"3

dr^+d^+dm-ETP

1T*T T/eT

rainfall, irrigation,
ETP, sorption

1.46xlO'3

solid flux

1 KsMn

W*S Us '

Ai <xLdLT +

awdwr +

mass balance*,
sorption

5.28xl0"3

PD RT

1

/rmin(/r,/o)

bioturbation,
sorption

3.02X10'3

-

-

-

mDwDKT

lrRT

bioturbation,
sorption

5.03xl0"3

mDwD

bioturbation

5.03xl03

others transfers

erD0 I
RTTT lrmm{lr,lD)

diffusion, sorption

2.94X10"5

eAD0 I
TTRT / rmin(/ r>/o)

diffusion, sorption

1.18xlO'5

-

- •

-

-

-

-

1 Tr8TD0

RT lrmm{lT,lD)

diffusion, sorption

4.47X10"4

total [y1]

7.02xl0"3

5.37xlO-3

1.46xlO"3

6.71X10"3

6.57X10'3
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Table C-4: Mathematical description of the transport process from the top soil to deep
soil showing the contributing FEPs and the numerical values from the case of the release
of 237Np to the Complementary Studies aquifer. See Appendix D for a complete list of the
Complementary Studies nomenclature. (Continued).

* Explicit mass balance scheme used

f Direct transfer not modelled - rate inferred from loss terms

Model

F
FEPs

value

G

FEPs

value

FEPs

value

/

FEPs

value

FEPs

value

top soil
retardation

coefficient RT [-]

-

water flux
yUotute) r -I ,

-

solid flux

-

others transfers
leathers) r - i ,
A\D [y ]

-

Interaction with deep soil Implicit in regression model formulation

-

eT + (\-eT)pTKT

sorption

1.59xlO3

6T + (l-eT)pTKT

sorption

1.59xI03

1+ eT

• sorption

5.33X103

sorption

6.63xlO3

-

l.k, RT'

_ ^ a = d^-ETP
A, +dLT+dWT

mass balance*,
sorption

1.46xlO"3

d^-ETP + d^

1TRT

rainfall, capillary
rise, ETP, sorption

1.13x10^

lT£TRT

rainfall, irrigation,
ETP, sorption

1.O9X1O"3

arable:

<'nun+dm-ETP+^-

ijSjRr

pasture:

dfaM+Jwr-ETP+^

l{
r
UnKr'XMmc)

£rRr

rainfall, capillary
rise, ETP, sorption,

land use

arable: 9.26x10"4

pasture: 1.54xlO"3

-

1 KsMn

l,Af RT '

Mm =mDwDAf

mass balance*,
sorption

5.03xl0"3

-

-

-

RT -1 irij-Wj-

RT /.(l-erK

bioturbation,
sorption

5.03X10"3

arable:
mgWo/lr

[eDpw+{\-eD)pD]
pasture:

[eDpw+(l-eD)pD]

bioturbation,
sorption, land use

arable: 4 .02xl0 ' 3

pasture: 6 .70x10 3

-

-

-

-

-

-

-

A, i
RTTr / . m i n ^ . / J

diffusion, sorption

2.92X10"5

-

-

-

total [y"1]

6.49xI0"3

1.13X10"4

6.15X10"3

4.95x10'3

8.24x10"3
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Table C-5: Mathematical description of the transport process from the top soil to river
water showing the contributing FEPs and the numerical values from the case of the
release of 237Np to the Complementary Studies aquifer. See Appendix D for a complete list
of the Complementary Studies nomenclature.

* Explicit mass balance scheme used

f Direct transfer not modelled - rate inferred from loss terms

Model

A

FEPs

value

B

FEPs

value

c
FEPs

value

D

FEPs

value

E

FEPs

value

top soil
retardation

coefficient RT [-]

67 + {\-eT)pTKT

sorption

1.59xlO3

£T + {l-eT)pTKD

sorption

1.59xlO3

{l-£T)pTKT

water flux

1TA; RT '

-

0

solid flux

^iid) [y'l

I KsMn

lTAf Rs '

MTD = mAf +

erosion*, sorption

2.52x10"*

pTlT

erosion, combined representation

1.51X10"4

others transfers

-

-

-

-

-

-

not modelled

1.59xlO3

er + (l-eT)pTKT

sorption

1.59xlO3

<?r + 0-£r)PrKr

sorption

1.59xlO3

-

-

-

{V«J-VK)KT IWWW

lrRT Af

= U25xl01kgm!y1

SLA,

^L-ttSxlO'lcgm-V

balance for
sediment transfer

2.52XKT4

mc

lT{l-er)pT

erosion, combined representation

2.52XKT*

-

-

-

-

-

-

total [y-1]

2.52X10"4

1.51X10"4

2.52X10"4

2.52x10"4
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Table C-5: Mathematical description of the transport process from the top soil to river
water showing the contributing FEPs and the numerical values from the case of the
release of 237Np to the Complementary Studies aquifer. See Appendix D for a complete list
of the Complementary Studies nomenclature. (Continued).
* Explicit mass balance scheme used

f Direct transfer not modelled - rate inferred from loss terms

Model

F

FEPs

value

G

FEPs

value

Hf

FEPs

value

/

FEPs

value

J

FEPs

value

top soil
retardation

coefficient RT[-]

-

water flux

^ [y l]

-

solid flux

^f} [y'l

-

others transfers

-

not modelled - conservative assumption

-

6T + (l-eT)pTKT

sorption

1.59X103

6T + {\-eT)pTKT

sorption

1.59xlO3

pBKT

sorption

5.33X103

1+PQKD

sorption

6.63X103

-

lTAf RT •

mass balance*,
sorption

0

-

-

-

-

1 KsMm

lTAf Rs •

Mm = meA,

mass balance*,
sorption

2.52x10-4

-

not modelled

-

erosion, combined representation

2.52X10"4

m<

erosion, combined representation

2.52x10"^

-

-

-

-

-

-

-

-

-

-

-

-

total [y1]

2.52x10^

2.52X10"4

2.52X10-4
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Table C-6: Mathematical description of the additional transport process contributing to
losses from the top soil showing the contributing FEPs and the numerical values from the
case of the release of 237Np to the Complementary Studies aquifer. See Appendix D for a
complete list of the Complementary Studies nomenclature.

Model

A

B

c*

FEPs

"" value

D

E

F

FEPs

value

G

FEPs

value

.FEPs

value

/

J

FEPs

value

losses from top soil to elsewhere XTE [y'1]

not modelled

not modelled

1 Y ' ' •'
[l-ej-jPj-lj. crops,/

loss to crops: root uptake

5.74x10"4

not modelled

not modelled

/ 7 i ~ ^nttlreadtd i(.imnM F) -Arnold F) ' Lr = 0 .3 III,
lT Phulk

P£T = 1500 kg rn3

loss to crops: root uptake, non-recycled

1.67xlO"6

^ETPjlrRr

loss to atmosphere: ETP, sorption

1.26xlO"3

crvps,c ' c C

root uptake, growing period

6.90X10"5

not modelled

UMr) i 1 i l / /

crapx.c crops.c
r7\ f\JvKef) fKbcrf) _i_ Kjvtoiry) j\da*ry} ]( X{ • o \y

loss to arable crops, root uptake, harvesting

^rahU) = 7 2 5 x l Q - 5 y> ^pasture) = , 3 6 x l Q - 3 y - l . t Q t a ( , Q S S = 1 4 3 x l 0 - 3 y-l

o
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C.4 The exposure pathway sub-model

C.4.1 Generic form of the calculation of radiological dose

In Complementary Studies, the information given describing the FEPs the exposure
pathways were, perhaps, over specified compared to the detail provided to the
participants for the radionuclide transport sub-model. The main reason for this caution
was that in the corresponding investigations in the first BIOMOVS, more attention
was paid to the transport aspects of the biosphere and exposure pathways were not
considered in any detail. By being fairly prescriptive in defining the doses to be
calculated, the intention was to include a wide coverage of exposure pathways that had
relevance both for the generic type of biosphere considered as well as to include a
representative sample of exposure pathways from the participating models.

This being the case, the network of exposure pathways shown in Figure C-l is valid
for all of the participating models (inasmuch as all the models were able to calculate
results for all of the specified exposure pathways) and the route by which activity in
the three dynamic compartments (i.e., from the transport model, shown at the bottom
of the figure) reaches the recipient of dose is representative of all of the models. As
with the transport models, there is great commonality in the FEPs included (not wholly
attributable to the case specification) but at the level of the mathematical
representation there is a great deal of divergence. This is probably due to the
BIOMOVS I study stopping short of the calculation of dose.

Mathematically, the dose from pathway p is given by

DP%) = X EpV&PpM') [Sv y l ] (C.6)
i,exp

where iV(.(r) [Bq] provides the only time dependence in the expression for dose,
from the integration of Equation (C.I) or Equation (C.5),

Pp,i is a processing factor which transforms N^t) into a concentration

in pathway p. As seen in Table C-7, these factors can require
detailed parameterisation - consider the pathway leading to dose
from meat or milk.

Ep is an exposure factor for the pathway which can represent the
consumption rate of foodstuffs, or occupancy of the modelled
region, etc.

and /yM [Sv Bq"1], is the dose per unit intake for radionuclide N and is used
to convert the exposure to environmental concentrations to dose.
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river
water

aquifer top-soil

pathways with the river water (dashed - release to river water only)

pathways originating with the aquifer

pathways originating with the top-soil

Figure C-l: The network of pathways in the Complementary Studies exposure pathway
sub-model. The number of exposure pathways is limited by the case specification to eleven
but even so this figures gives some idea of the complexity of the modelling problem. Because
of the case specification, this figure represents all of the participating models. Differences are
in the details of the mathematical representations of the exposure FEPs.
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C.4.2 Tabulation of FEPs leading to annual individual dose from grain consumption

Equation (C.6) is generically applicable for all exposure pathways. As with the transfer
coefficients there are often parallel exposure roots leading to a dose via a particular
route. Table C.7 focuses on exposures from the consumption of root vegetables as an
illustrative example. There are two main reasons for this:

1. in the deterministic phase calculations (Chapter 2) doses to exposes humans in the
modelled biosphere are dominated by the consumption of arable crops. Doses from
the consumption of meat and milk are of lesser importance. For 237Np (used as a
numerical example) the dose from root vegetables is the highest;

2. the representations of the dose from the consumption of root vegetables has many
features in common for all exposure pathways involving crops, i.e., root uptake, soil
contamination, irrigation retention, food processing, etc., other exposure pathways
(e.g., drinking-water consumption) have simpler expressions.

3. In root crops, translocation of contaminants intercepted by the leaves during
deposition to the edible portions of the crop must also be represented4

Using the deconstruction of the mathematical expressions for the root vegetable
pathway dose the reason for the dominance of the
vegetable pathway can be readily explained.

237Np exposures by the root

Three parallel exposure routes are implied by the case specification, so that the dose
from the consumption of root vegetables is given by

(C.7)
( root- } {irrigation- ^ (direct—soil \

_ uptake) ^interception) ^consumption)
L^rv ^ rv rv rv

and this can be further deconstructed to

( root— \ (irrigation- ^ (direct—soil \

uptake) . *~iyinterception) , ^{consumption) [Sv/ 1 ] (C.8)

, - l iwhich uses the dose per unit intake on ingestion (Ding [Sv Bq" ]), the annual

consumption of the crop (In [kg y"1]) and the concentration in the consumed crop

which arises via the three parallel pathways (Cn [Bq kg"1]).

With one exception, all expressions are related to the compartment inventories - i.e.,
the result of the integration of Equation (C.I) - or its equivalent by the absolute
concentrations in the compartment:

(C.9)

The same could be said of cereal crops, but the default database for the Complementary Studies exercise
did not include it. None of the participants raised the matter during the exercise.
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where / = L, T, Wand the total volumes of each of these compartments is

VL = lLAf [m3], VT = lTAf [m\ Vw = lwdwww [m3]. (C. 10)

For the purpose of comparing the representations in the exposure pathway models, a
single set of compartment inventories are used (i.e., those from Model A) in the
numerical example. The exception is Model F, which has a fundamentally different
basis. Parameters used in this approach are listed in Table C-8.
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Table C-7: Mathematical description of the annual individual dose to an individual from
the consumption of root vegetables illustrating the contributing exposure routes and the
numerical values from the case of the release of 237Np to the Complementary Studies
aquifer. See Appendix D for a complete list of the Complementary Studies nomenclature and
Tables C-l to C-6 for a definition of retardation coefficients.

model FEPs root uptake irrigation-interception surface contamination
pathway

total

applied
irrigation

Cirri[Bqm2y[] = 5.61xlO"2

'•PC-

irrigation
interception

/(•"" [m2y kg"1] = 5.91xl(T3

cone, on
consumed crop

AT™

= 5.52xlO"3

rv

= 0.0 = 0.0 5.52x10';

B

activity

intake [Bq y"1

frcKfl- ~\

= 1.3

(irrigation-
w ^\ycA crccfH'to
'rv^rv

= 0.0

(direct-soil ~\
r s~\coi\sutH{i(<on)

= 0.0 1.3

pathway dose
{irrigation- \

r s-\in\crccl>liofl)

= 1.43X10"* = 0.0

Cwd

applied
irrigation

irrigation
interception

, , , ,V . . .

Yn(Hn+Wn+Tn)

= 5.91xlO3

cone, on
consumed crop

« • »

n-

= 5.52X103 = 0.0

activity

intake [Bq y"'] = 1.3
/ • - ^ lm eruption J

= 0.0

pathway dose 4J

= 1.43x10-

(irrigation-

= 0.0

(direct-soil \
f-\anuuntp{icin)

= 0.0 1.43x10-'
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Table C-7: Mathematical description of the annual individual dose to an individual from
the consumption of root vegetables illustrating the contributing exposure routes and the
numerical values from the case of the release of 237Np to the Complementary Studies
aquifer. See Appendix D for a complete list of the Complementary Studies nomenclature and
Tables C-l to C-6 for a definition of retardation coefficients. (Continued).

model FEPs root uptake irrigation-interception surface contamination
pathway

total

applied
irrigation

= 5.62X10"2

irrigation
interception

default database

/(;"/)= 8.0x10^

cone, on
consumed crop ™pr(l-£r)

= 5.52xI0"3

few)C-,Jn

= 4.49x10-

' ', \ ' "" *'"

157 10 '

activity

intake [Bq y"1

/ •self redible i
rv J rv

(root- 1 (irrigation- 'l
:lf r edible r s-\intcrcepiio(\)f

I rv Jtv

= 9.74x10"' = 7.92xl0-3 1-2 10

D

pathway dose D

= 1.07x10*

{irrigation- }
. r y~,y interception)

• - £ • •
' J

1 OS-It)'

applied
irrigation

V

av * "V

* -

=1.69x10"'

r < ™ > _ .

irrigation
interception

= 0.0
= 0.17 [y] external exposure period (food i

= 0.125 [y] period irrig. - harvest (loot vc

cone, on
consumed crop

1 = 5.52x10"' = 0.0

/ / A vA-(l-<
= 0.0 5.52x10"'

activity

intake [Bq y'1] = 1.3

(irrigation-
f-^kienxpti*,

= 0.0

(Jirca-loil

= 0.0 1.3

pathway dose

£>i*'[Svy-'] = 1.43X10"*

D
ir

(irrigation- ~
\ M i

= 0.0

(dirca-mil "I
r J v o « u i J

= 0.0 1.43x10"'
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Table C-7: Mathematical description of the annual individual dose to an individual from
the consumption of root vegetables illustrating the contributing exposure routes and the

"9V7

numerical values from the case of the release of Np to the Complementary Studies
aquifer. See Appendix D for a complete list of the Complementary Studies nomenclature and
Tables C-l to C-6 for a definition of retardation coefficients. (Continued).

model

E

FEPs root uptake irrigation-interception
pathway

surface contamination II total

applied! "*•,"'
irrigationi.*.',". , . .

^ • [ B q m - V ] * "

irrigation
interception

V
*:'; •='•

C • =

= 5.62xlO-2,

Airri)_Jrv_ V1 £ CJ-t
lrv irrigation lJ lj-l

events.J

= 6.059 x lO" 3 1^ = 0.0

1 ' ' • -&SW •

cone, on
consumed crop

activity
intake [Bq y"1]

pathway dose

D<"[Svy']

AT™

= 5.52x10"3

(root- 1

= 1.3
(root- ~\

= 1.43xlO"6

see above

= 0.0

(Irrigation- 1
mlcrception)

= 0.0
(irrigation- }

w s-i\\nlcrceplion)

= 0.0

= 0.0

(direct -Sail

= 0.0

D-,.
(direct-ioil

j A consumption

= 0.0

5.52x10"-

1.3

1.43X10"6

F

applied
irrigation

L, na'm+ 2-/Qn
uniwals .a fields,n

=1.17xlO"3

a
iiirri)

irrigation
interception

cone, on
consumed crop

= 3.45xlO"3

K =3.75x10"2 [-],
crop

generic crop

activity

intake [Bq y'1] = 1.12

pathway dose
(root- 1

A * )

= 1.23X10"*

r^crop

TCJB = 100 days

3.94x10"2

4.63x10',
l d a y ' d

harvest
irrigation- \
Mcnxpiiai)

1.5X10"

(irrigation- \

lrvt^rv

1.65xI0"2

= 2.67xlO"2

S =2.9xlO"4 [
crop

generic crop
C /"• (direct-toil \
^hand^T , j /~\conswttption)- + /„

= 1.23X102,

(
A

v*^rv

direct -soit "̂

= 1.36xlO"8

4.64x10'

1.5xl04

1.65x10"'
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Table C-7: Mathematical description of the annual individual dose to an individual from
the consumption of root vegetables illustrating the contributing exposure routes and the
numerical values from the case of the release of 237Np to the Complementary Studies
aquifer. See Appendix D for a complete list of the Complementary Studies nomenclature and
Tables C-l to C-6 for a definition of retardation coefficients. (Continued).

model

H

FEPs

applied
irrigation

irrigation
interception

cone, on
consumed crop

activity

intake [Bq y"1

pathway dose

applied
irrigation

V

irrigation
interception

/<<«<> [m 2 y kg"1]

cone, on
consumed crop

[Bq kg 1 ]

activity!

intake [Bq y"1]

pathway dosej

root uptake

l

= 5.52xlO"3

In.CX

= 1.3
a- \

= 1.43xlO'f

irrigation-interception

•r-rf ir+Q^H

= 5.61xlO"2

=1.41x10-L-3

(-•«)

= 7.90x10-

= 1.86xlQ-2

irrigmiun- \

= 2.04X10"*

surface contamination
pathway

total

S —$-

= 0.0
{dira.1 -soilra.1 -soil \

iitsuntfHiott j

= 0.0
(dirca-uiit \

r \ j *-\caasuttt$iia(i J

= 0.0

* * i -

=3.51x10"'

= 7.68x10"*

T n - 0 . 1 [y] period irrig. - harvest

7 , ;" > - l -exp( -0 .082/ f n , ) = 4.S

A,

= 5.53xlO"3

, AWIIA

= 1.3

A)

= 1.43X10"*

fidecon)
JTV 0[y]

= 2.70x10^

(irrigation- \
. AtocrapluMi)
'rv'-'n

= 6.33x10^

(irrigation-

= 6.97x10"'

5.60x10"

1.32

1.45x10^

5.53X10"3

1.30

1.43x10"*
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Table C-7: Mathematical description of the annual individual dose to an individual from
the consumption of root vegetables illustrating the contributing exposure routes and the
numerical values from the case of the release of 237Np to the Complementary Studies
aquifer. See Appendix D for a complete list of the Complementary Studies nomenclature and
Tables C-l to C-6 for a definition of retardation coefficients. (Continued).

model FEPs

applied
irrigation

Cirri [Bq m"2 y"'

irrigation
interception

cone, on
consumed crop
C*» [Bq kg1]

activity

intake [Bq y"1]

pathway dose

root uptake

Kn
CT

= 5.52x1 Q-3

(root- ~\

= 1.3

= 1.43xlO

irrigation-interception surface contamination
pathway

total

= 5.61xlO"2

= 5.91xlO-3

T
rv y-. riint)

= 0.0

( irrigation- \
murccpiton)

= 0.0
(imgativn-

= 0.0

• \ - * i - * ' , r 4 J l

y. '.••

' i - " ' .'

= 0.0

lrvCn

= 0.0

{direct-toil

= 0.0

5.52x10-3

1.3

1.43x10"'

appli
irrigation

2 1
n.a.

f.-- -IK-.- ;.;

irrigation
interception

(Hn+Wn+Tn)
n.a.

0— ij.ft-;mm
r -xjUraNc)

'r

cone, on
consumed crop

n.a. n.a. n.a. n.a.

activity

intake [Bq y 1] n.a.

irrigation- \
iMcrapciai)

v

n.a.

(direct -sail ~

n.a. n.a.

pathway dose
(r<M-\ (irrigation-

i k t l i

n.a.

(dirca-soil

n.a. n.a.
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Table C-8: Parameters used in the representation of irrigation in Model F. In Table C-7
the radionuclide concentration in the well water is given by

{ w

an ima Is, a fields, n

The following additional parameters are used in the case of the release of 237Np to the aquifer.
The numerical precision of some of the values is an indicator of their origins as the medians of
distributed parameters.

parameter

switch

Sit)

x-'sur

n
m«n

x-'man

*Wa

A,

units

Bqy'1

m y
persons

mV
person"1

animals

m3 day"1

m3mV

m2

value

1

106

4.03009x10*

3

130

3, 1,68

0.05,
0.07,2x10"4

1.15875

1.06590X104

4.41967X102

9.52381X104

0

description

Logical switch to determine source of
irrigation water. NB., when the surface

water is the source of irrigation, the
concentration in is derived in a similar

way to the other models.

External source term

Flow of surface water into well

Size of critical group

Per capita domestic water usage

Respectively the number of meat
animals, dairy animals and poultry

Daily water intake by animals
(correspond to Complementary Studies

database values)

Median value used for all field types
(forage, vegetable plot, wood lot and

peat bog). In fact only the vegetable plot
is irrigated in the Complementary
Studies deterministic calculations

forage field area

vegetable plot area

wood lot area

peat bog area (not included in
deterministic case)
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Appendix D - Common dataset nomenclature for the
Complementary Studies exercise

One of the main aims of the Complementary Studies exercise is to provide for a
detailed comparison of the mathematical representation of the FEPs included in
the participating models. In order to do this a common language for the names of
parameters and concepts greatly eases the task. Participants were asked to
provide the mathematical expressions for the FEPs in this common language so
that these could then be incorporated in spreadsheet comparisons of the using the
Complementary Studies database. Appendix C uses this information to compare
the mathematical forms of the FEPs and the numerical results for the case of the
release of 237Np to the Complementary Studies aquifer. This Appendix lists the
parameters used in Appendix C, both with their mathematical symbols and with
the corresponding Complementary Studies database names, as used in the
spreadsheets used for comparison purposes. Copies of the combined
Complementary Studies spreadsheets area available on request.

The database for the Complementary Studies exercise is closely related to the
default database of Model A (see Appendix A for the complete case
specification). The data tables given here also reflect the structure of Model A,
but this is structure is generically suited to the other models. Table D-l lists the
nuclide-specific parameters used in the transport model and Table D-2 gives the
radionuclide-specific parameters which are additionally required in the exposure
pathways model. Table D-3 lists the parameters used to characterise the
biosphere and Table D-4 lists the parameters used to characterise human
behaviour which affects calculated doses. Table D-5 lists the additional
parameters used by the other models which were not specifically provided in the
case specification.

Table D.I: Parameters describing radionudide characteristics used in the
transport calculations.

Parameter
Name

DECAY

K_D

K_L

K_W

K_S

K_T

Mathematical
Symbol

K

KL

Kw

Ks

Numerical
Value

3.239x10"7

1.0

1.0

10.0

1.0

1.0

Units

y"1

(Bqkg-'XBqm-3)"'

(Bqkg'XBqm3) ' '

(Bq kg'jOBq m"3)'1

(Bq kg'XBq Hi"3)"'

(Bq kg'XBq m V

Description

Radionuclide decay constant.

Solid - liquid distribution coefficient in deep soil.

Solid - liquid distribution coefficient in the local
aquifer.

Solid - liquid distribution coefficient in surface
water.

Solid - liquid distribution coefficient in sediment.

Solid - liquid distribution coefficient in top soil.
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Table D.2: Parameters describing radionuclide- and element- specific
characteristics used in the calculation of annual individual dose.

Parameter
Name

K_FF

K_G

K_GV

K_MEAT

K_MILK

K_P

K_RV

K_EGG

F_G

W_G

W_P

F_GV

W__GV

F__RV

W_RV

T_RV

D_ING

D_INH

G

Mathematical
Symbol

KP

wp

Tn

DinS

Dinh

G

Numerical
Value

1.00x102

1.5OX1O'2

2.70x10'2

2.00X10"4

5.00x10"6

2.40x10'3

6.00x10'2

4.40x10"

1.00x10-'

1.49x10'

1.69x10'

5.00x10'

1.49x10'

0.0

I. lOxlO"*

0.0

l.lOxlO"6

UOxlO"4

1.62x10"

Units

(Bqkg'XBqm-3)-1

(Bq kg-'XBq kg1)"'

(Bq kg-'XBq kg 1 ) 1

(Bq kg-'XBq day"1)"1

(Bq kg"')(Bq day"1)-1

(Bq kg'XBq kg1)"1

(Bqkg'XBqkg1)-1

(Bq kg-'XBq day"1)"1

-

y1

y 1

y1

*

y1

/ '

Sv Bq~'

Sv Bq-I

(Svy-'XPqm-3)'1

Description

Fish concentration factor - fresh weight of fish

Soil to grain transfer factor: fresh weight crop /
volume of dry soil

Soil to green vegetables transfer factor: fresh
weight crop / volume of dry soil

Meat concentration factor

Milk concentration factor

Soil to pasture transfer factor: fresh weight
crop / volume of dry soil

Soil to root vegetables transfer factor: fresh
weight crop / volume of dry soil

Eggs concentration factor

Food processing factor: removal of
contamination on external surfaces of grain

Weathering rate for grain - loss of external
contamination

Weathering rate for pasture - loss of external
contamination

Food processing factor: removal of
contamination on external surfaces of green
vegetables

Weathering rate for green vegetables - loss of
external contamination

Food processing factor: removal of
contamination on external surfaces of root
vegetables

Weathering rate for root vegetables - loss of
external contamination

Translocation rate for root vegetables - external
contamination transferred to plant interior

Dose per unit intake on ingestion (includes
contributions from short-lived daughter)

Dose per unit intake on inhalation (includes
contributions from short lived-daughter)

Semi-infinite plane groundshine factor
corrected for self-absorption (includes
contributions from short-lived daughter)
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Table D.3: Parameters used to characterise the biosphere compartments and
fluxes.

Parameter
Name

AF

DO

ETP

RAINFALL

CAPIL_R

ME

ALPHA_D

EPS_D

L_D

M_D

RHO_D

THETA_D

T_D

W_D

ALPHA_L

EPS_L

L_L

RHO_L

THETA_L

T_L

ALPHA_W

D_W

L_W

RHO_W

W_W

Mathematical
Symbol

*/

A,
ETP

me

£D

ID

mD

PD

6D

TD

wD

«L

£L

k

PL

TL

ccw

dw

k,

Pw

*V

Numerical
Value

1.00x10*

0.038

0.5

0.78

0.1

0.1

l.OOxlO3

4.00x10"'

7.50x10-'

1.00x10"'

2.65x103

3.00x10"'

3.90

2.00x10'

l.OOxlO"3

2.00x10"'

1.50x10'

2.65X103

2.00x10"'

8.60

1.00x10'

5.00E-01

2.00xl03

l.OOxlO3

5.00

Units

m2

2 .
m y

my"1

my"'

my'1

kgm-2y"'

kgm"3

-

m

kgm"2

kgm"3

-

-

y 1

kgm"3

-

m

kgm"3

-

-

kgm-3

m

m

kgm"3

m

Description

Surface area of the biosphere region

Ionic diffusion constant in pure water

Evapotranspiration rate - water loss from top soil
to atmosphere

Annual rainfall

Capillary rise in soils and aquifer

Erosion rate in the biosphere

Suspended solid load in the deep soil porewater

Porosity of the deep soil

Thickness of the deep soil

Biomass in the deep soil per square metre of
surface

Dry density of deep soil material

Volumetric moisture content of the deep soil

Tortuosity of the deep soil material

Activity of earthworms: number of round trips
deep to top soil per year

Suspended solid load in the local aquifer porewater

Porosity of the local aquifer

Thickness of the local aquifer

Dry density of local aquifer material

Volumetric moisture content of-the local aquifer

Tortuosity of the local aquifer material

Suspended solid load in the surface water

Depth of the surface water

Length of surface water compartment (length of
TAME section)

Density of water (also used for milk)

Width of surface water compartment
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Table D-3: Parameters used to characterise the biosphere compartments and
fluxes (continued).

Parameter
Name

EPS_S

KAPPA_SW

D_S

SL

RHO_S

THETA_S

T_S

ALPHA_T

EPS_T

L_T

RHO_T

THETA_T

T_T

F_ij

M_ij

d_ij

Mathematical
Symbol

£s
KS

dS

msi

Ps

os

Ts

aT

£T

h

PT

eT

TT

Pis

Mi}

d«

Numerical
Value

5.00xl0l

1.00

l.OOxlO"1

1.00x10"'

2.65x103

5.00x10"'

2.90

l.OOxlO"3

4.00x10"'

2.50x10"'

2.65x103

3.00x10"'

3.90

-

-

-

Units

-
-i

y

m
, - i

kg m y

kgm' 3

-

-

kgm' 3

-

m

kgm"3

-

-

m3 y ' l

kgy"1

my"'

Description

Porosity of sediment

Turnover rate: bed sediment to suspended sediment in
water column

Thickness of the bed sediment layer

Application rate: mass of bed sediment to area of land in
region

Dry density of bed sediment material

Volumetric moisture content of the bed sediment

Tortuosity for bed sediment particles

Suspended solid load in the top soil porewater

Porosity of the top soil

Thickness of the top soil

Dry density of top soil material

Volumetric moisture content of the top soil

Tortuosity of the top soil material

Water fluxes: compartments i-j: i,j-L, D, T, W, S, E

Solid material fluxes: compartments (' - j : i,j = L, D, T, W,
S,E

Areal water fluxes: Fr = drA,
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Table D.4: Parameters characterising human habits, behaviour and practices in
the model region.

Parameter Name

DAYSPERYEAR

ENERGY

F_MILK

I_MILK

I_FLUID

FILTER

H_DRINK

I_W

I_EGG

I_FF

I_G

I_RV

I_GV

I_MEAT

I_AIR

O_R

O_F

ETA_MILK

ETA_EGG

ETA_FF

ETA_GV

ETA_RV

ETA_G

ETA_MEAT

A_R

A_F

Mathematical
Symbol

"«,

^0

fmilk

Imilk

I fluid

I filter

fwell

^wat

egg*

h
V
In,

'meat

air

Or

°f
Wmilk

Iff

Vgv

tin,

V

« r

af

Numerical
Value

365.252

4.66x106

1.99x10"'

3.30x10"'

1.06

0.0

1.00

7.30x10"'

2.00x102

2.00

1.48X102

2.35x10*

6.22x10'

9.49x10'

8.40X103

0.966

3.40xl0"2

2.81X106

3.49X102

7.31X103

8.40x102

2.86xlO3

1.51x10"

7.31X103

5.00x10"8

I.OOxlO"5

Units

day y*1

kJy"1

-

m3/1

• -

m3/1

egg/'

kgy'

kgy''

kgy'

kgy'1

kgy'1

m y
-
-

Urn"3

kJegg"1

kJkg1

kJkg 1

kJkg 1

kJkg 1

kJkg '

kgm'3

kgm"3

Description

Number of days per year

Calorific value of food consumed annually

Fraction of annual food energy intake obtained from milk

Annual consumption rate of milk

Annual intake of liquids from all sources

Filtration factor for water consumption

Fraction of water taken from the well in the local aquifer

Annual consumption rate of water (calculated)

Annual consumption rate of eggs

Annual consumption rate of fish

Annual consumption rate of grain

Annual consumption rate of root vegetables

Annual consumption rate of green vegetables

Annual consumption rate of meat

Annual inhalation rate of air (breathing rate)

Fraction of year spent at normal airborne dust cones.

Fraction of year spent at high dust concentrations

Food energy content: milk

Food energy content: eggs

Food energy content: fish

Food energy content: green vegetables

Food energy content: root vegetables

Pood energy content: grain

Food energy content: meat

Airborne dust concentration: value for normal background
conditions

Airborne dust concentration: value for high and/or
occupational conditions
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Table D-4: Parameters characterising human habits, behaviour and practices in
the model region (continued).

Parameter
Name

S_G

MU_G

Y_G

F_INTERC_G

H_G

S_GV

MU_GV

Y_GV

F_INTERC_GV

H_GV

S_RV

MU_RV

Y_RV

F_INTERC_RV

H_RV

N_CATTLE

I_WC

I_PC

A_DRINK

Z

S_CP--

MU_P

Y_P

F_INTERC_P

. H_PC

I_WH

I_GH

P_DRINK

Mathematical
Symbol

/v

Ainurap)

sgv

Ysv

Aiimmcf)

Aintenxp)
J rv

Nc

we

pc

JaniHuii

z
SP

ftp

YP

Aiwrtcp)

Hp

Iw

'a>

Jpuultry

Numerical
Value

9.50x10"5

1.01

4.00x10"'

1/3

1.00

2.00x10"4

1.33x10"'

3.00

1/3

1.00

0.0

1.14x10"'

3.50

1/3

1.00

2.00x104

6.00x10"2

1.15x10'

1.00

5.00

1.00x10"2

2.41x10"'

1.66

1/3

2.53

2.00x10"4

7.00x10"2

1.00

Units

-

m2kg"'

kgm"2

-

-

m2kg"1

kgm"2

-

y1

-

m2 kg"'

kgm'2

-

y"1

animals m"2

m3 day"1

kg day"'

-

-

-

m2kg"'

kgm"2

-

y1

m3 day"'

kg day"'

-

Description

Surface contamination factor for grain

Spray irrigation interception factor for grain

Yield of grain

Interception factor for grain

Harvesting rate for grain

Surface contamination factor for green vegetables

Spray irrigation interception factor for green vegetables

Yield of green vegetables

Interception factor for green vegetables

Harvesting rate for green vegetables

Surface contamination factor for root vegetables

Spray irrigation interception factor for root veg.

Yield of root vegetables

Interception factor for root vegetables

Harvesting rate for root vegetables

Stocking density of cattle

Water consumption rate for cattle

Pasture consumption rate for cattle

Fraction of cattle water consumption taken from the
well in the local aquifer

Ratio of weight of fresh pasture to hay

Surface contamination factor for pasture

Spray irrigation interception factor for pasture

Yield of pasture

Interception factor for pasture

Harvesting rate for pasture

Water consumption rate for poultry

Grain consumption rate for poultry

Fraction of poultry water consumption taken from the
well in the local aquifer
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Table D-5: Additional parameters used by participants in the Complementary
Studies calculations.

Parameter Name

F_ARABLE

F_INF

V_RES

V_SED

L_Tpl

L_Tp2

L_Tp3

L_Tp4

L_T_F

E_NOT_RECYC

RHO_BULK_T

c_ageing

grow_p

KK_RV

SS_crop

FF_crop

Mathematical
Symbol

/ .

f«

V,c:

Vsef

(pasture}

( pasture}
Aki"2 J

( pasture}
Afar} j
h
(t,»,e, )

AMudelF)

h
MI recycled

(ModelF)
Phult

ageing

*c

YcropA{

r(tiu)
'rv

J crop

f'eJibU)
J crop

Numerical
Value

4.58X10"4

0.5

1.325xlO2

1.425xlO2

0.01

0.04

0.10

0.15

0.3

0.05

1500

1?

5.5/12

3.5x10*

8.0x10"4

1.0

0.75

Units

-

kgmV

kg m"2 y"1

m

m

m

m

m

-

kgm"3

?

y

kgy1

-

-

-

Description

Surface contamination factor for grain,

f -— y V
J«~ A *-> /Y

nf itraliU / c

crops,c

used by Model J:
Partitioning of infiltrating flow between top to deep
soil and top to river water, used by Model B

Bed sediment resuspension velocity used by Model D:

vm = Ksw(l-es)psds

Sedimentation velocity used bv Model D: •*£•"/

Thickness of top layer of pasture, used by Model J

Thickness of 2nd layer of pasture, used by Mode! J

Thickness of 3"1 layer of pasture, used by Model J

Thickness of lower pasture, used by Model J

Thickness of soil, used by Model F

Fraction of activity removed from soil by cropping
which is not returned to the soil, used by Model F

Bulk density of soil in Model F's exposure pathway
sub-model

Ageing parameter for soils, used by Model H - origin
unknown

Crop growing period for crops - used by Model H,
derivation uncertain

Annual crop produced in modelled biosphere -
numerical value is for root vegetables, used by Model

Irrigation interception factor for 237Np taken from the
default database of, and used by. Model C

Self-sufficiency factor for food types (1-dilution)
assumed equal to 1 for all crops, used by Model C

3dible fraction of harvest crop weight - numerical
value for root vegetables, used by Model C
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Table D-5: Additional parameters used by participants in the Complementary
Studies calculations (continued).

Parameter Name

delta_t_av

tau_irri

tau_ext_rv

tau_h__rv

QWDEM

TEXP

de1ta_t_c rop

K_CROP

SOILPT

SOILHD

-

-

delta_t_rv

delta_t_irri

T_RV_H

F_DECOM_RV

DELTA_T_RV_
CONS

Mathematical
Symbol

TM
CXI

TM

-

^delay

Kaot,

c

P2

•T<H)

J rv

—icons)
rv

Numerical
Value

1.0

0.25

0.17

0.125

9.87xl02

100

I

3.75xlO"2

3.75xl0'2

0.04

0.12

1500

1.0

0.1

0.16

4.91xl0"3

0.0

0.0

Units

y

y

y

y

mV

day

day

-

-

kg/'

-

kgm"3

m3kg-'

y

y

-

y

Description

Averaging period for exposure pathway calculations -
used implicitly by all models, but explicitly by Models
DandH

Duration of irrigation period, used by Model D

Duration of growth during which accumulation and
weathering occur, used by Model D

Period between irrigation and harvesting, used by
Model D

Well water demand, used by Model F, see Appendix
C, Table C-8

Duration of growth during which accumulation occurs,
used by Model F

Delay before consumption of harvest crop, used by
Model F

Root uptake factor for the generic crop in Model F
(numerical value for 237Np)

Fractional weight of harvested crop made up by soil,
used by Model F

Soil consumption direct from hands, used by Model F

Volumetric moisture content of the deep soil in Model
F

Bulk density of deep soil in Model F. Implies an
effective porosity of 0.434 relative to the default solid
material density

Deep soil kd for 237Np assumed by model F. Same as
default value in the deterministic database

Period between irrigation and harvest, used by Model
H

Duration of irrigation period, used by Model H

Translocation factor for root vegetables, calculated in
Model H as

l-exp(-0.082/: rv)

Decontamination factor for crops, numerical value
assumed for root vegetables, used by Model H

Delay between harvest and consumption, numerical
value for root vegetables, used by Model H
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Appendix E - The Reference Biospheres FEP list for the
Complementary Studies example

The Complementary Studies case specification (Appendix A) has been used as a
test case for the Reference Biospheres methodology [BIOMOVS II, 1996a]. The
following tables list the relevant parts of the Reference Biospheres FEP list, and
matrices illustrating how FEPs in the Complementary Studies transport sub-
model were implemented in the exercise.
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Table E-l: Structure of the International Biosphere FEP-Iist. See
BIOMOVS II [1996a] for details.

1 FEATURES
1.1 assessment context

1.1.1 assessment purpose
1.1.2 assessment endpoints
1.1.3 repository type
1.1.4 site context

1.2 source term
1.2.1 geosphere/biosphere interface
1.2.2 release mechanism
1.2.3 source term characteristics

1.3 basic system description
1.3.1 general climate description

• • — 1.3.2 general biosphere system description
1.3.3 general human society description

2 EVENTS AND PROCESSES
2.1 natural events and processes

2.1.1 environmental evolution
2.1.1.1 natural biosphere dynamics
2.1.1.2 climate driven changes

2.1.2 radionuclide transport
2.1.2.1 atmospheric transport processes
2.1.2.2 surface water aqueous transport processes
2.1.2.3 porous media aqueous transport processes
2.1.2.4 transport processes between surface water and porous media
2.1.2.5 solid phase transport
2.1.2.6 dual flow systems
2.1.2.7 transport mediated by flora and fauna

2.1.3 processes affecting radionuclide concentrations
2.1.3.1 chemical processes
2.1.3.2 physical processes

2.1.4 radionuclide metabolism
2.1.4.1 crops and natural, semi-natural flora
2.1.4.2 livestock and natural, semi-natural fauna

2.2 events and processes related to human activity
2.2.1 chemical changes by human action
2.2.2 physical changes by human action
2.2.3 recycling of materials and mixing by human action
2.2.4 radionuclide transport mediated by human action

2.3 event and processes related to human exposure
2.3.1

2.3.2
2.3.3

human habits
2.3.1.1
2.3.1.2
2.3.1.3
2.3.1.4
2.3.1.5
external
internal <

resource usage
storage of products
air, water and food processing
location and shielding factors
diet

exposure processes
jxnosure processes
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Table E-2: Matrix of transfer processes for CSB 1 & CSB 2 & 3 from Aquifer.

To

Compartment
transfers

TJJ ,

Aquifer (JL)

I.I

Sutft»!lJ_O)

-Top-soil 'CD

1.3

River CW)

i.4

Bed Sediment
(IS)

1.5

Elsewhere
CE)
1.6

AEA , » ANDRA'

Sorption to
suspended
sediment

Irrigation
(CSB2&3

only)

Groundwatcr
Discharge
(CSB2 & 3

only)

Frpm Aquifer

CIEMAT*

Capillary Rise

Irrigation
(CSB2&3

only)

Groundwatcr
Discharge

Ground water
Discharge

* 'NRPB

Diffusion
Capillary Rise

Irrigation

Ground water
Discharge

Mass balanced
groundwaier

discharge

PSU -

Radioactive
Decay

Sorption /
Desorption

Capillary rise
Susp Solid
Transfer
Erosion

Diffusion

Irrigation
Susp solid

transfer

Ground water
Discharge
Susp solid

transfer

Diffusion

Mass balanced
water flux
Susp solid

transfer

V>RIVM

Ground water
Row

Diffusion

Irrigation

Ground water
Discharge

SCK-CENN -

Diffusion

Irrigation
(CSB2 & 3

only)

Groundwaier
Discharge

Diffusion

Groundwaicr
Discharge

STUDSVIK

Advection
(CSB2 only)

Diffusion
(CSB3 only)

Irrigation
(CSB2&3

only)

Ground water
Discharge

Groundwaier
Discharge

Table E-3: Matrix of transfer processes for CSB 1 & CSB2&3 from Subsoil.

From Subsoil

<•

-

To

Compartment
transfers,
' T J J %

Aquifer (_I-)

2.1

Sub-soil CO)

2.2

Top-soil CT)

^ 3 -

River (_W)

2.4

Bed Sediment
CS>
2.5

Elsewhere
<_E)
2.«

AEA

Radioactive
Decay

Capillary rise
Diffusion

Biolurbalion
Sorplion /
desorption

Aquifer
exfiltration
Infiluation
Sorption /
desorption

ANDRA CIEMAT>

Percolation

Bioturbation
Capillary Rise

(CSB2&3
only)

NRPB

Infiltration
Diffusion

Biolurbation
Diffusion

Groundwatcr
flow

* PSI

Mass Balanced
for solid and
liquid fluxes

Diffusion

Radioactive
Decay

Sorption /
Desorplion

Capillary rise
Diffusion
Susp solid

transfer
Bioturbalton

Erosion

RIVM

Infiltrauon
Diffusion

Bioturbation
Diffusion

SCK-CENj

>

Percolation

Capillary Rise
Bioturbation

DilTusion

'STUDSVIK

^ \
.. >

Advection
DilTusion

(CSBI&2
only)

Biotucbation
Capillary Rise

Diffusion
(CSB2 only)
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Table E-4: Matrix of transfer processes for CSB 1 & CSB2&3 from TopsoiL

From Tppspil

To

/

Compartment
transfers T J j "

• Aquifer CU,

34
Subsoil ip)J

32

Top-soil (XO

3.3' ,

- River O W

3.4 '

Bed Sediment
CS)

35
Elsewhere (_E)

3.6

AEA

[ntll (ration
Diffusion
Ploughing

Bioturbation

Radioactive
Decay

Erosion
Cropping

Root uptake
Soil

contamination

ANDRA

Infiltration

Rainfall
Evapotranspira

lion
Radioactive

decay

Transfer lo
vegetables

dEMAT

Infiltration
Biolurt>a(ion

Erosion

Evapotranspira
lion

(not directly)

NRPB

Infiltration
Bioiurbarton

Diffusion

Erosion

PSI

Mass balanced
for solid and
liquid fluxes

Diffusion

Radioactive
Decay

Sorption /
Desorption

Erosion

RIVM

Infiltration
Diffusion

Biolurbalion

Erosion

SCK-OEN

Infiltration
Bioturbation

Erosion

STUDSVIK

Advection
Capillary Rise
(CSB3 only)

Erosion

Table E-5: Matrix of transfer processes for CSB 1 & CSB2&3 from River.

From River

To

Compartment
transfers T i i

Aquifer (_L)

41

Sub-soil (_p)

42

> ->

Riwr'LW-''

Bed Sediment

/ )

45 -
Hsewhere{JE)

46 " ^

AEA

Irrigation
(CSB I only)
Interception
Weathering

Translocation

Radioactive
Decay

River Flow

Sediment
exchange

ANDRA

Irrigation
(CSB I only)

Flooding

transfer lo fish
+ sorption to
suspended
solid food

Sorpdon to
bed sediment

River
Discharge

(CSB 1 only)

CIEMAT

Irrigation
(CSB 1 only)

Sedimentation
Biotufbation

River
Discharge

NRPB

Irrigation

Net
Sedimentation

Diffusion
Bioturbation

River
Discharge

PSI

Irrigation
Suspended

solid transfer

Radioactive
Decay

Sorpcion/
desorption

Mass balanced
Sedimentation

(1)

Mass balanced
(water flux)
Suspended

solid transfer

RIVM

Irrigation

Sedimentation
Biolurbalion

Diffusion

River
Discharge

SCK-CEN

Irrigation
<CSB I only)

Sedimentation

(1)

River
Discharge

STUDSVIK

Diffusion

Irrigation
(CSB I only)

Sedimentation

River
Discharge

(1) Including liquid mixing
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Table E-6: Matrix of transfer processes for CSB 1 & CSB2&3 from Bed Sediment.

Compartment
transfers T_I_J

Aquifer CM

5.1

Sub-soil CD)

52,

Top-sod CT)

53

Rivet i_W)

54

Bed Sediment
CS)

5.5
Elsewhere CE)

5.6

AEA

Flooding

Radioactive
Decay

Sediment Row

Fipm Bed Sediment
ANDRA CIEMAT

Dredging

Resuspcnsion
Water

Discharge

NFPB

Dredging

Biotuibation
Diffusion

River sediment
transfer

PSi ;"\

Diffusion

Dredging

Turnover of
bed sediment

Radioactive
Decay

Sorption/
desorpiion
Set zero by
boundary
conditions

fctVM

Dredging

Bioturbation
Diffusion

Sediment
movement

Dredging

Resit spens ion

Diffusion

Dredging

Resuspension

(1) Including liquid mixing

Table E-7: Matrix of transfer processes for CSB 1 & CSB2&3 from Elsewhere.

Erom Elsewhere

To

Compartment
transfers T J J

Aquifer (_L)

6.1

Sub-soil CD)

62

Top-soil (_T)

6.3

River <_W)

6.A

Bed Sediment
CS)

6.5

Elsewhere CE>

6.6

AEA ANDRA CIEMAT

Rainfall - only
indirectly used

NRPB

Un-
contaminalcd

topsoil
rainfall

RIVM SCK-CEN STUDSV1K
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