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ABSTRACT

The biosphere program in support of the development of the disposal concept for Canadian
nuclear fuel waste since 1978 is scheduled for close-out. AECL's Environmental Science Branch
(ESB) was mainly responsible for work in this program. In order to preserve as much
information as possible, this report highlights many of the key achievements of the program,
particularly those related to the development of the BIOTRAC biosphere model and its
supporting research. This model was used for the assessment and review of the disposal concept
in an environmental impact statement (EIS). The report also treats highlights related to
alternative models, external scientific/technical reviews, EIS feedback, and the international
BIOMOVS model validation program. Furthermore, it highlights basic aspects of future
modelling and research needs in relation to siting a disposal facility. In this, feedback from the
various reviews and the EIS is taken into account. Appendices of the report include listings of
key ESB staff involved in the program, all the scientific/technical reports and papers produced
under the program, contracts let to outside agencies, and issues raised by various participants or
intervenors during the EIS review. Although the report is concerned with close-out of the
biosphere program, it also provides valuable information for a continuing program concerned
with siting a disposal facility. One of the conclusions of the report is that such a program is
essential for successfully siting such a facility.
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RÉSUMÉ

La clôture du programme de biosphère appuyant depuis 1978 l'élaboration du concept de stockage
permanent des déchets de combustible nucléaire canadien a été planifiée. Le service Sciences de
l'environnement d'EACL était principalement chargé des travaux de ce programme. Afin de
conserver autant d'information que possible, le présent rapport donne les faits saillants d'un grand
nombre des réalisations clés de ce programme, en particulier celles liées à l'élaboration du modèle
de biosphère BIOTRAC et aux travaux de recherche de soutien. Ce modèle a été utilisé pour
l'évaluation et l'examen du concept de stockage permanent dans une étude d'impact sur
l'environnement (EIE). Le présent rapport traite aussi des faits saillants relatifs aux modèles de
rechange, aux examens scientifiques et techniques faits à l'extérieur, au retour d'information de
l'EIE et au programme international de validation des modèles de biosphère. En outre, ce rapport
donne les grandes lignes des éléments fondamentaux des besoins futurs en matière de recherche et
de modélisation portant sur le choix du site d'une installation de stockage permanent. Dans ce
domaine, on prend en compte le retour d'information des divers examens et de l'EIE. Les annexes
du rapport comprennent la liste du personnel clé des Sciences de l'environnement ayant participé à
ce programme, de tous les rapports et communications scientifiques et techniques qui ont été
produits dans le cadre du programme, des contrats concédés aux organismes de l'extérieur et des
questions soulevées par les divers participants ou intervenants au cours de l'examen de l'EIE. Bien
que le rapport porte sur la clôture du programme de biosphère, il donne également des informations
précieuses sur un programme continu relatif au choix du site d'une installation de stockage
permanent. Une des conclusions du rapport est qu'un programme de ce type est essentiel au bon
choix du site d'une telle installation.
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1. INTRODUCTION

The biosphere program of the nuclear fuel waste management (NFWM) program was mainly
carried out by AECL's Environmental Science Branch (ESB), as indicated in Section 1.1. The
NFWM program is introduced in Section 1.2 and Section 1.3 focuses on the close-out of the
biosphere program. Finally, Section 1.4 provides the objectives and the outline of this report.

1.1 ENVIRONMENTAL SCIENCE BRANCH

Environmental programs have been part of the Whiteshell Laboratories (WL) since their
establishment in the early 1960s, well before the start-up of the organically cooled WR-1 reactor
in 1965. At first, these programs were mainly concerned with environmental monitoring,
emergency response preparedness, as well as basic botanical, zoological and ecological research.
The programs were carried out by an environmental group in the ESB, originally called the
Environmental Research Branch. The first publication issued by it concerns radioactivity in
Winnipeg River waters (Guthrie 1964); since then a total of almost 500 publications have been
accumulated. This represents a substantial store of information and expertise by ESB staff on a
variety of topics related to all aspects of radioecology in support of Canada's nuclear industry,
including.NFWM.

In the early 1970s research focused mainly on the effects of low-level chronic radiation exposure
on plant and animal populations and communities. The Field Irradiator Gamma (FIG) was the
main facility for this. It consisted of a large circular area of mixed boreal forest with an elevated
radiation source at its center. The forest was irradiated at levels of up to 65 mGy-h"1 for nearly 14
years from March 1, 1973, to October 31, 1986, at an average rate of 19 h-d"1 (Guthrie and Dugle
1983). AECL has declared the FIG area an ecological reserve to allow for radiation recovery
studies. Many valuable data on chronic radiation exposure have been secured, particularly for
plants (e.g., Dugle and May oh 1984, Dugle 1986). However, radiation effects on animals were
also investigated. Results from these and similar studies proved very valuable for the NFWM
program, which began later on (Section 1.2).

1.2 NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

With the formal establishment of the NFWM program in 1978 (Joint Statement 1978), the focus
of the ESB shifted to gain a better understanding of the behaviour and transport of nuclides in the
environment, particularly the biosphere/geosphere interface, surface water, soil, atmosphere, and
human and non-human food chains in support of the postclosure assessment of Canada's nuclear
fuel waste disposal concept (AECL 1994). This concept involves a vault deep in plutonic rock of
the Canadian Shield. The safety of the disposal concept was made subject to full public hearings
(Minister of the Environment Canada 1989). For this purpose, an environmental impact
statement (EIS) was prepared and submitted to the review panel by AECL (1994). The panel
issued the guidelines for the EIS in 1992 (FEARP 1992). The public hearings with their three
phases were completed March 28, 1997. In addition to the postclosure assessment, the biosphere
program also provided some support for the preclosure assessment (Grondin et al. 1994).
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The new biosphere program greatly complemented the studies on the effects of radiation on
plants and animals (Section 1.1), and it provided a complete ecological perspective for the
NFWM program. Note that from 1978 to 1986, the surface water component of the NFWM
program was carried out by the Environmental Research Branch (ERB) at the Chalk River
Laboratories (CRL); subsequently, it was taken over by the ESB to better achieve integration of
all the program components.

Much of the work on the behaviour and transport of nuclides in the environment focused on the
development of a credible biosphere model for the postclosure assessment to demonstrate the
safety of the disposal concept. Data from a variety of field and laboratory experiments, and from
the literature were used to develop the probabilistic BIOTRAC biosphere model with its many
parameter values and probability density functions (PDFs) (Davis et al. 1993a, Zach et al.
1996a). The BIOTRAC model was interfaced with a geosphere model and a vault model to trace
the movement of nuclides released to the surface environment to estimate doses to people, plants
and animals (Goodwin et al. 1994). The vault, geosphere and biosphere models together form
the systems model, which was implemented with the SYVAC software (Dormuth and Quick
1980). Supporting research touched on all aspects of BIOTRAC - model structure, parameter
values and model validation. Furthermore, work also included the development of alternative
assessment models, and support for the public and scientific/technical reviews and hearings -
analyzing comments and intervenor issues, and addressing them. Although not further detailed
here, much of the work carried out under the biosphere program is also relevant for various
aspects of siting a disposal facility, unrelated to models and performance assessment. Little or no
work has been done in reviewing program results from this angle.

The general development and progress of the biosphere program can be traced through a series of
program documents and summaries. They include Iverson (1981, 1982a, 1982b, 1983), Iverson
et al. (1982), Zach (1985a) and Zach et al. (1987). Convenient recent summaries are included in
Davis et al. (1993a) and Zach et al. (1996a), as part of BIOTRAC model descriptions. This
report can be considered the latest in this series of documents.

Note that up to 1986/87, all the work by the ESB was funded by AECL. From then on, work for
the NFWM program was jointly funded by AECL and Ontario Hydro under the Candu Owners
Group (COG) program. However, from 1996 on, this program was fully funded by Ontario
Hydro. This meant that virtually all the research carried out by the ESB became funded by
Ontario Hydro. This change in funding is consistent with the 1996 federal government's policy
framework for nuclear waste disposal and Ontario Hydro's positioning as the disposal concept
implementation agency.

1.3 CLOSE-OUT OF BIOSPHERE PROGRAM

With the completion of the hearings for the evaluation of the nuclear fuel waste disposal concept,
the review panel will prepare and submit its report and recommendations to the governments of
Ontario and Canada. They, in turn, will respond to the recommendations (Minister of the
Environment Canada 1989), perhaps sometime early in 1998. The outcome of all this may well
be that the disposal concept is deemed acceptable so that siting of a disposal facility can begin.
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This is expected to be a complex, cooperative process in which potential host communities
would volunteer (AECL 1994). This would then be followed by site characterization and
perfomance assessment to select a suitable site to demonstrate its safety and acceptability to the
community, regulators and other interested parties. These activities are expected to need
biosphere support, but not in the immediate future. Therefore, the existing biosphere program
needs to be closed out.

To make close-out an orderly process and to ensure that all the relevant information is preserved
for future siting, a close-out program has been initiated by Ontario Hydro in 1997. Several
reports are scheduled for completion to cover the biosphere/geosphere interface, surface water,
soil, atmosphere, and human and non-human food chains. The present report is part of this series
of reports, but it treats close-out on a more comprehensive level.

1.4 OBJECTIVES AND OUTLINE

The primary objective of this report is to document close-out of the biosphere program for
NFWM to help ensure all the relevant information is saved and made available for future use
during siting. In this, the focus is on highlights. However, the aim is to give an integrated
picture and to provide a "road map" to the work done so the relevant references can be found in
the future. The second objective of the report is to document information gained from the public
hearings, particularly issues raises by some of the main intervenors. The response to some of
these issues is contained in various reports produced by the ESB in 1996 and also in the record of
the EIS hearings conducted by the review panel. The final objective is to present basic aspects of
future modelling and research needs and developments, based on the vast store of information
and experience accumulated in the biosphere program.

Chapter 1 comprises the introduction; it includes background and some details not mentioned
elsewhere. Chapter 2 presents the development of the BIOTRAC model for concept assessment,
through two interim assessments, and subsequent revisions of the model. It also covers
alternative models, external scientific/technical reviews, EIS feedback, participation in the
international BIOMOVS program on biosphere model validation, and key BIOTRAC model and
assessment aspects. Chapter 3 addresses future modelling needs and developments. Chapter 4
presents the most important research highlights, together with future research needs and
developments. Chapter 5 consists of the summary and conclusions of the report.

Four appendices are designed to give more details for specific topics. Appendix A lists key ESB
staff with areas of expertise and contribution to the biosphere program. Appendix B provides a
categorized list of all the scientific/technical ESB publications concerned with or related to
NFWM. Appendix C lists the contracts let by AECL in support of the biosphere program and,
finally, Appendix D provides a detailed list of the biosphere issues raised by various intervenors
during EIS review.
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2. BIOSPHERE MODELS

The key end product of the biosphere program is the BIOTRAC model for concept assessment
(Davis et al. 1993a, Zach et al. 1994). Work on this model began right at the start of the NFWM
program in 1978. Early on, the emphasis was on human food-chain and dose models (Zach
1978, Zach and Iverson 1979a); these models evolved then for use in the first and second interim
assessments (Sections 2.1 and 2.2, Wuschke et al. 1981, Mehta 1985). The effort culminated in
the completion of the BIOTRAC model with its six submodels in 1993 for the first or EIS
postclosure assessment case study (Sections 2.3). To further demonstrate the flexibility and the
safety of the disposal concept, an updated version of the model, BIOTRAC2, was completed
three years later for the second postclosure assessment case study (Section 2.4, Zach et al.
1996a). Similarly, alternative models were developed in response to feedback from external
reviewers and the EIS review (Sections 2.5 to 2.7). Development of the BIOTRAC model was
influenced by the validation studies under the international BIOMOVS program, which
progressed through two phases, BIOMOVS and BIOMOVS II, and is now continuing under the
BIOMASS program (Section 2.8, BIOMOVS 1996a). The BIOMOVS program also added
credibility to the BIOTRAC model. Finally, in Section 2.9 the focus is shifted to key BIOTRAC
model and assessment aspects.

2.1 FIRST INTERIM ASSESSMENT - 1981

The main highlight was that the first interim assessment was completed and documented very
rapidly, within three years of the start of the NFWM program in 1978. This involved the
completion of a simple biosphere model with time dependent lake and soil compartments, which
received nuclides released from the geosphere (Wuschke et al. 1981). The nuclide
concentrations in these compartments were then transformed to radiological doses to people with
dose consequence ratios (DCRs), based on detailed aquatic and terrestrial food-chain models
outside the systems model (Zach and Iverson 1979b, Zach and May oh 1980).

Recently, the use of DCRs, or even more comprehensive ratios that transform nuclide releases
from the geosphere directly into dose, have been advocated. This can simplify the systems
model, which would mainly focus on the vault and the geosphere. However, it would not
necessarily mean a more simple biosphere model, it would merely mean that the biosphere model
can be run externally to the systems model, regardless of its actual complexity. The
disadvantages of this approach are that it does not promote model and scenario transparency,
linkages and integration (Sections 2.2 and 2.9.3).

2.2 SECOND INTERIM ASSESSMENT - 1985

This interim assessment was completed in 1985 (Wuschke et al. 1985), four years after the first
of these assessments (Section 2.1). As far as the biosphere is concerned, the two main highlights
were an improved biosphere model and a separate biosphere model report (Mehta 1985). The
biosphere model featured surface water, soil, atmosphere, and human food-chain and dose
submodels. The latter was made part of the biosphere model because DCRs could not handle
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parameter correlations within the biosphere model or between the biosphere and the geosphere
models (Section 2.1).

An important feature of the biosphere model report (Mehta 1985) was a list of future model
developments, and new pathways and processes that needed to be considered. Thus there was a
call for improved lake, well and soil models, as well as more realistic treatment of the shallow
groundwater region, and consideration of soil ingestion by animals, forest fires and irrigation of
plant crops. All of these have been included in the BIOTRAC model for concept assessment
(Section 2.3). All the submodels used in the biosphere model for the second interim assessment
were replaced in BIOTRAC by new or improved models. These improvements were based on
feedback from scientific/technical reviews (Section 2.7), new developments and new data.

2.3 BIOTRAC MODEL FOR THE EIS - 1993

The BIOTRAC model, as applied to the first postclosure assessment case study presented in the
EIS (AECL 1994, Goodwin et al. 1994), has been documented by Davis et al. (1993a). Key
aspects of the six submodels are highlighted in Sections 2.3.1 to 2.3.6. Section 2.3.7 treats
submodel integration. This is very important and it was one of the most challenging aspects in
the development of the BIOTRAC model.

The BIOTRAC model is supported by four comprehensive submodel reports concerned with the
surface water (Bird et al. 1992), soil (Sheppard 1992), atmosphere (Amiro 1992) and human
food-chain and dose (Zach and Sheppard 1992) submodels. Furthermore, these four submodels
and the BIOTRAC model as a whole have all been published in the open literature (Amiro and
Davis 1991, Zach and Sheppard 1991, Bird et al. 1993, Davis et al. 1993b, Zach et al. 1994).
This is also so for the non-human food-chain and dose submodel (Amiro and Zach 1993). This
thorough documentation and the external review that goes with it were very valuable during the
EIS review because they enhance model and assessment credibility (Chapter 3).

2.3.1 Biosphere/Geosphere Interface Submodel

This model accomplishes the transfer of nuclides from the geosphere to the biosphere with its
surface environment (Davis et al. 1993a). Transfer occurs in three types of locations - the bottom
of a lake, the bottom of the soil profile, and a well drilled into bedrock. The interface model is
required to ensure the output of the geosphere model is compatible with input requirements of
the BIOTRAC model. Among other things, this involves the change from the site-specific
geosphere model (Davison et al. 1994), which is based on the Whiteshell Research Area (WRA),
to the generic BIOTRAC model. Although the interface model is complex and not always easy
to understand, there are highlights. They include the use of realistic but flexible discharge zones
(Section 2.3.1.1) and the bedrock well model (Section 2.3.1.2).

2.3.1.1 Realistic Discharge Zones

The discharge zones included in the BIOTRAC model are closely linked to the discharges of
nuclides estimated by the geosphere model for the WRA. In the EIS postclosure assessment case
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study, there are three discharge zones (Davis et al. 1993a), and the location and extent of them
are determined by the geosphere model (Davison et al. 1994). Note, however, that the size of
one of the discharge zones is influenced by biosphere attributes, more specifically the amount of
water withdrawn from the bedrock well by the critical group because both the discharge zone and
the well are linked to the same groundwater source associated with a fracture (Zach et al. 1994).
This is a good example of the integration and feedback expected in realistic systems model. The
discharge zones are also made compatible with the generic nature of the BIOTRAC model. This
mainly relates to the use of the discharge zones by the critical group, which is independent of the
strict geographic configuration of these zones implied by the geosphere model. This means the
BIOTRAC model can in principle handle any number and size of discharge zones, a very
important attribute for use in siting a disposal facility. This was recognized in the development
of the BI0TRAC2 model for the second postclosure assessment case study by further enhancing
the flexibility regarding the number and nature of discharge zones (Section 2.4, Zach et al.
1996a). Thus, there can now be any number of discharge zones, and each of them can be defined
individually in terms of geochemical and surface environmental characteristics related to use by
the critical group. This flexibility is important because it can accommodate site-specific
discharge zones. Only with such discharge zones can realism be sufficiently high to satisfy the
most demanding reviewers (Appendix D).

2.3.1.2 Bedrock Well Model

The BIOTRAC model recognizes that people on the Shield may depend on wells for their
domestic water needs. Some of the existing wells are shallow overburden wells, but others
penetrate deep into bedrock to tap water in fractures (Killey 1987). The BIOTRAC model
includes both types of well, although the use of overburden wells is equivalent to use of lake
water in terms of dose estimation.

The bedrock well model is jointly handled by the geosphere and BIOTRAC models (Davis et al
1993a). Briefly, the BIOTRAC model calculates the total domestic water need made up by
various water budget components, such as for the household, garden irrigation and farm animals.
In this, the size of the critical group is a key factor because large groups need more resources and
water than small ones. The total need is then passed to the geosphere model to see whether the
well has sufficient capacity to satisfy this need on a sustainable basis. If not, the need may be
reduced by using lake water for irrigation. The resulting need can then be met by two water
sources - deep groundwater and shallow groundwater infiltrating into the well. The geosphere
model determines the relative contributions from these two sources. However, shallow
groundwater is assumed to be equivalent to lake water and its nuclide concentration is
determined by the BIOTRAC model. Thus, the bedrock well model is another good example of
model integration and feedback. It is also a realistic model because it takes into account well-
water capacity, influx of surface water in relation to water demand, and switching by the critical
group to an alternative water source if the well is insufficient to meet ongoing needs. For siting a
disposal facility, two factors regarding wells need to be carefully considered; they are the number
of wells and their locations in relation to a disposal vault.



- 7 -

2.3.2 Surface Water Submodel

This model is a generic compartment model of a typical Shield lake (Bird et al. 1992, 1993). The
model receives nuclide input directly into the water column through a compacted sediment layer
that is part of the geosphere model (Davison et al. 1994). This nuclide input is the time
dependent nuclide mass output from the geosphere. The lake model's configuration is simple,
but it has a number of special features worth highlighting here. These include its simple structure
(Section 2.3.2.1), an extensive supporting model database (Section 2.3.2.2), and several
validation tests (Section 2.3.2.3).

2.3.2.1 Model Simplicity

The lake model includes two compartments - water column and mixed sediment (Bird et al.
1992, 1993). Nuclides released from the geosphere enter into the water column, and from there
may be transferred to mixed sediment, or be lost through lake flushing or radioactive decay.
Gaseous nuclides, such as 14C, can also be transferred to the atmosphere. From the mixed
sediment, nuclides can only be lost through radioactive decay, although in the BIOTRAC model
mixed sediment can become part of soil for supporting terrestrial food chains as part of a
landscape evolution scenario (Davis et al. 1993a). The lake model also accounts for the ingrowth
of radioactive daughters. The heart of the lake model are two mass balance equations that
determine nuclide concentrations in the water column and mixed sediment with the help of first-
order rate constants that define the various transfers and losses. Thus, the model maintains a
nuclide mass balance, a very important feature of any assessment model.

Simple models, such as the lake model, have been successfully used to predict the transfer of
various contaminants in surface waters (Snodgrass and Dillon 1983). Thus, the simplicity of the
lake model is technically appropriate and a model like it might well be suitable for siting a
disposal facility. Its simplicity is also advantageous because it enhances clarity, which facilitates
understanding and checking, desirable attributes of any assessment model. Although it has
sometimes been argued that the lake model can represent wetlands (Section 2.3.2.3), this is not
really the case.

2.3.2.2 Supporting Model Database

In model development, the formulation of conceptual models is usually easy compared to
securing the necessary supporting data (Chapter 3). One of the lake model's most notable
features is the supporting Shield database of observed distributions of values for many of the
most important parameters (Bird et al. 1992, 1993). These include runoff rate, catchment area,
lake area, lake mean depth, sediment accumulation rate and sediment thickness, as well as
nuclide transfer rate to sediment and gaseous nuclide evasion rate to the atmosphere. For some
of these parameters, particularly for the physical attributes of lakes, extensive databases are
readily available from governments and other sources. Even so, data must be selected carefully,
as was done for the lake model, because each of the data bases has been collected for a specific
purpose and so is subject to certain limitations. Data on nuclide transfer to sediment and the
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atmosphere are less numerous and so laboratory and field studies, as well as extrapolations were
necessary to establish some of the PDFs for the lake model (Section 4.2).

2.3.2.3 Model Validation

The lake model was validated in no less than eight separate tests involving six nuclides (Bird et
al. 1992). These tests included the following.

Calcium water and sediment concentrations for a relatively large lake in northwestern
Ontario with natural calcium influx.
Cadmium water and sediment concentrations for an average sized lake near Sault Ste.
Marie with atmospheric cadmium input.
Cobalt-60 water and sediment concentrations for a relatively large, shallow, contaminated
lake in the Ottawa Valley.
Phosphorus water concentrations for 13 lakes in the Haliburton-Kawartha region with
inflow of phosphorus.
Phosphorus water and sediment concentrations in five wetland areas with inflow of
phosphorus.
Cesium-34, 60Co and 3H water concentrations for a Shield lake in northwestern Ontario
with experimentally added nuclides.
Cadmium water and sediment concentrations for Shield lakes in northwestern Ontario
with atmospheric cadmium input.
Cadmium water and sediment concentrations for 64 lakes in central Ontario with
atmospheric cadmium input.

As noted by Davis et al. (1993a), "These eight validation studies tested the surface water model
under a wide range of conditions. The comparisons involved permanent wetlands and lakes
substantially different in area, depth and geographic location. They treated six contaminants with
very different geochemical properties. They tested the model in both its deterministic and
stochastic formulations, and in both its time-dependent mode and its steady-state limit. In all
cases, the model predictions were consistent with observations when uncertainties in the
observed data were taken into account...". Needless to say these tests inspire confidence in the
lake model and the concentrations estimated by it.

2.3.3 Soil Submodel

The soil submodel included in the BIOTRAC model is one dimensional and based on the
SCEMR1 soil model, a detailed mechanistic time-dependent water and solute transport model
(Sheppard 1992, Davis et al. 1993b). The model receives nuclide input at the bottom of the soil
profile via discharging groundwater from the geosphere. It also receives input from the top
through atmospheric deposition and irrigation. The derivation of the simple soil model included
in BIOTRAC is highlighted in Section 2.3.3.1. This is an interesting case because it underscores
both strengths and weaknesses of model simplification. Sections 2.3.3.2 and 2.3.3.3 focus on
the partition coefficient database and model validation.
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2.3.3.1 Derivation of Simple Soil Model

The SCEMR soil model can be considered a research model - it is complex, involves numerous
parameters and takes a long time to run (Sheppard 1992). As such, it was not suitable for direct
inclusion in the BIOTRAC model and so a simple model was derived from SCEMR1 output. As
a first step, a detailed sensitivity analysis was carried out on SCEMR1, which identified four
important parameters - soil type, soil depth, effective precipitation and solid/liquid partition
coefficient, Kd (Sheppard and Bera 1984). A series of regression equations were then established
to allow prediction of the time to steady-state nuclide concentration in soil and the corresponding
concentration per unit input. This was done for nuclide input from the bottom of the profile, and
from the top through atmospheric deposition or irrigation. For each of these cases, a simple
expression was then established, describing the nuclide soil concentration from time zero to
steady state concentration. These expressions allowed determination of the soil concentration in
the BIOTRAC model at any time for the four most important parameters, and for contamination
from below or from above. The simple model was then cast into a response function form that
also took into account radioactive decay. The derivation of the simple model is described in
detail by Davis et al. (1993b).

The derivation of the simple soil model is ingenious because all the features of the detailed
SCEMR 1 model are retained with some new ones added, yet the derived model can be run
simply and efficiently. However, there are serious drawbacks related to model and assessment
flexibility and clarity, important attributes in any assessment model. Substantial model changes
are difficult to make because they must start over with SCEMR output and all that follows from
there. Furthermore, because processes such as irrigation are fully integrated into the simple
model, it is difficult to modify them for assessing specific scenarios. Both these factors reduce
model and assessment flexibility. SCEMR 1 is a complex soil model in itself and the derivation
of the simple soil model is also complex. Consequently, the model is difficult to understand and
check, which is not helpful in an assessment model. These factors make it clear that pros and
cons for simplifying complex models must be carefully considered in terms of model and
assessment flexibility and clarity.

2.3.3.2 Partition Coefficient Database

The Kd is a very important parameter in the soil model (Section 2.3.3.1) and one of the
outstanding features is the extensive supporting Kd database (Sheppard and Thibault 1990,
Thibault et al. 1990). Because Kd values are strongly influenced by soil type, the model uses
separate PDFs for sand, loam, clay and organic soils rather than single PDFs to encompass all
these soil types. Consequently, realistic soils and their chemical and physical properties can be
simulated.

Sheppard and Thibault (1990) indicated the following procedures for establishing the database
and its limitations.

"We have reviewed the literature and updated the soil Kd compendiums published by Baes and
Sharp (1983), Sheppard et al. (1984a) and Coughtrey et al. (1985). Our compilation also
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specifies Kd values by soil type. We conclude the Kd literature could be greatly improved if more
attention was given to comprehensive descriptions of the soil used in the Kd determinations.
Examination of the factors affecting solute transport, including solute reactivities and
dependencies on concentration, pH and redox status led us to conclude that the simplicity of the
Kd model presently makes it appropriate for screening assessments. Modelers must be cautioned
that the use of generic Kd values can lead to gross error if used to predict absolute impacts of a
disposal facility; site specific Kd values are essential."

Two points need to be stressed in this connection. Firstly, establishing parameter databases for
assessments requires literature familiarity and scientific/technical expertise (Section 4.7).
Secondly, even though the Kd database is appropriate for concept assessment, site specific values
are needed for siting a disposal facility.

2.3.3.3 Model Validation

The SCEMRl soil model was experimentally validated in three series of lysimeter tests on the
migration of several nuclides in several soil types. The first involved chromium and uranium
placed in the unsaturated zone of a coarse sand and an organic clay loam (Sheppard et al. 1984b).
The second included iron, phosphorus, technetium and uranium introduced, at and below the
water table in an organic clay loam (Sheppard and Evenden 1985). Finally, the third involved
eight different nuclides with varying sorptive properties, introduced at various locations in the
soil profile (Sheppard and Hawkins 1991). This series extended over four seasons under typical
Shield conditions. In all instances, SCEMRl was able to successfully duplicate the redistribution
of nuclides in the soil profile. An important aspect in this was the use of specific rather than
generic parameter values.

To extend validation, the SCEMRl model was also tested in two model intercomparison studies
under the BIOMOVS program (Section 2.8). One is based on observed field lysimeter data from
England (BIOMOVS 1996b) and the other on hypothetical data to assess the effects of model
complexity on uncertainty estimates. In both case, the SCEMRl model performed well in
relation to the models from other BIOMOVS participants (BIOMOVS 1996c).

Model validation is essential for establishing model credibility and, thereby, assessment
credibility. NFWM poses very serious challenges in model validation because of the limited data
available and the very long time spans involved. Therefore, the best way to establish model
validity is to use multiple avenues - experimental data, literature data, model intercomparison
studies.

2.3.4 Atmosphere Submodel

This model is driven by the nuclide concentrations in soil, surface water and vegetation or
biomass, as detailed by Amiro and Davis (1991) and Amiro (1992). These concentrations are
used to calculate the rate at which nuclides are suspended into the atmosphere by a variety of
mechanisms. This information is then used to estimate concentrations in air to be used directly
in the food-chain and dose models to calculate doses to humans and non-human biota. Airborne
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nuclide concentrations are also used to calculate the rate at which nuclides are transferred from
the atmosphere to soil and vegetation in atmospheric deposition. Several features of the model
deserve special attention here. These include the model's pathway focus (Section 2.3.4.1), its
explicit treatment of suspension, dispersion and deposition (Section 2.3.4.2), and the detailed
development of both indoor and outdoor air concentrations (Section 2.3.4.3).

2.3.4.1 Pathway Focus

In the atmosphere submodel, nuclides follow distinct pathways, as is the case in the food-chain
and dose submodels (Sections 2.3.5 and 2.3.6). This makes the model realistic, transparent and
easy to understand, very desirable features in any assessment model. The model includes all the
significant natural and anthropogenic pathways, taking into account nuclide characteristics and
data availability. For example, it includes forest fires that occur naturally on the Shield as well as
agricultural fires related to land clearing and stubble burning. It considers nuclides attached to
particulates and gases to realistically treat the most important nuclides, I4C, 36C1 and 129I (Section
2.9.1). As indicated in Section 2.3.4.3, both indoor and outdoor pathways are included.
Alternatives to the pathway focus would have been process or statistical models, which would
have been less transparent and so less suitable for NFWM assessments.

2.3.4.2 Explicit Treatment of Processes

Within its pathways, the atmosphere model explicitly treats suspension, dispersion and
deposition to account for the transfer of nuclides from underlying surfaces to the atmosphere, in
the atmosphere, and from the atmosphere to the underlying surfaces. Suspension is particularly
important because it is the main process by which nuclides from an underground source can enter
the atmosphere. Suspension and deposition are treated using simple bulk parameters that are
well recognized. Dispersion is modelled with dispersion factors to determine air concentrations.
These factors are based on simple geometric assumptions regarding the underlying surfaces.
Also, the model treats both terrestrial and aquatic surfaces as explicitly separate sources. The
treatment of suspension, dispersion and deposition is consistent with the pathway focus of the
atmosphere model so that the model is concise and fully balanced.

23.43 Separate Indoor and Outdoor Air

People in Canada and on the Shield spend most of their time indoors, particularly in winter (Zach
and Sheppard 1992). This is recognized in the atmosphere model by including both outdoor and
indoor air for calculating doses to people. Most assessment models consider outdoor air only
(e.g., CSA 1987). However, explicit consideration of indoor air is important because houses can
trap nuclides released from underlying soil and domestic water, pathways fully considered in the
atmosphere model.

2.3.5 Human Food-Chain and Dose Submodel

This model, referred to as CALDOS, has been documented in detail by Zach and Sheppard
(1991, 1992) and summarized by Davis et al. (1993a). The CALDOS model receives input from
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some of the other BIOTRAC submodels and the geosphere model to estimate radiological doses
to humans from both internal and external exposures. Basically, CALDOS is a conventional
linear, steady-state transfer model, but it has a number of special attributes that deserve to be
highlighted here. These include specific activity models and groundwater dose limits (Section
2.3.5.1), man's food and water ingestion and inhalation rates (Section 2.3.5.2), radioactive
ingrowth (Section 2.3.5.3), and plant uptake (Section 2.3.5.4).

2.3.5.1 Specific Activity Models and Groundwater Dose Limits

In CALDOS, most of the nuclides are treated through transfer models governed by transfer
coefficients. However, because of their special properties, 3H, 14C and 129I are treated by specific
activity models. For 3H, there is only a specific activity model, but 14C and I29I are treated with
both specific activity and transport models. This use of alternative models is important because
it can inspire confidence in model estimates (Section 2.5). The most important aspect of specific
activity models in CALDOS are the groundwater dose limits for 14C and 129I.

These limits were implemented in response to preliminary output from the BIOTRAC model
which showed that transport models can greatly overestimate doses. This is related to the fact
that most of the model parameter values are represented by PDFs and thus some model runs can
result in unreasonably high dose estimates because they are based on an extreme combination of
parameter values. Furthermore, conservative model and parameter assumptions in transfer
models tend to have a cumulative effect so that doses can be greatly overestimated. The
groundwater dose limits involve very simple specific activity models that estimate doses for
humans directly from the nuclide concentration of groundwater discharging to the biosphere.
Even so, these models are conservative because they do not take into account the dilution of I4C
and 129I by stable carbon and iodine in the biosphere. Note that the groundwater dose limits for
these nuclides are applied in many of the simulations for the EIS postclosure assessment case
study to truncate unreasonably high doses estimated by the transport model (Goodwin et al.
1994). This was never questioned during the scientific/technical or public EIS reviews
(Appendix D). Clearly, in the future it would be worthwhile to expand the use of groundwater
dose limits, as was done in the BIOTRAC2 model (Section 2.4). There is also the possibility of
developing limits based on different principles.

2.3.5.2 Man's Food and Water Ingestion and Inhalation

These intake rates are handled in the CALDOS model in an integrated way based on simplified
equations derived from the EWAM model (Zach and Barnard 1985,1987). The EWAM model
is summarized in Zach and Barnard (1987) as follows.

"A computer model, EWAM (Energy, Water and Air Model), has been designed and
implemented for predicting food and water ingestion, and inhalation rates of man for use in
environmental assessment models. EWAM uses physiological, energetic, nutritional and
physical relationships in combination with activity time budgets, and mass and energy balances.
The calculated ingestion and inhalation rates are closely related. Various age and sex classes of
man are taken into account. EWAM is best described as a deterministic equilibrium or steady-
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state model, operating on a daily time-scale, with both detailed research and more general
assessment model features. The parameters of EWAM are reviewed and suitable values
recommended to allow biologically meaningful predictions."

This highlight shows how information from a relatively complex model can be simplified and
used in a stochastic assessment model such as CALDOS. Even so, some EIS intervenors thought
the treatment of man's intake rates in CALDOS too complex (Appendix D). Perhaps, further
simplifications are possible by using correlation coefficients to maintain realism and to enhance
simplicity without loosing the essence of the underlying model.

2.3.5.3 Radioactive Ingrowth

Unlike most steady-state food-chain and dose models, CALDOS considers radioactive ingrowth
in various environmental compartments (Zach and Sheppard 1992). For example, plant foods
eaten by people contain 90Y taken up directly by the plant and 90Y produced by the decay of 90Sr
in the plant. Ingrowth is treated in an approximate way, assuming secular equilibrium, for
radioactive daughters with a radioactive half-life between 1 d and 20 a. Nuclides with a half-life
of less than one day are not explicitly modelled in BIOTRAC, but they are considered through
dose conversion factors (DCFs); nuclides with a half-life greater than 20 a would have an
insignificant ingrowth component. Consideration of radioactive ingrowth in this way is both
realistic and conservative. However in steady-state models, radioactive decay can only be
approximated. Decay could be handled much better in time dependent model. This is an
important consideration in future model development.

2.3.5.4 Plant Uptake

The plant uptake of nuclides in the CALDOS model includes two important features. First of all,
a check assures that no more of a nuclide can be transferred from the soil to plants than is
actually present in the soil (Zach and Sheppard 1992). Secondly, the plant concentration ratio
(CR) is correlated (r = -0.7) with the soil Kj in recognition of the fact that only dissolved
nuclides can be absorbed by plant roots (Sheppard 1985). Both of these features enhance realism
of the BIOTRAC model and so the credibility of its estimates.

2.3.6 Non-Human Food-Chain and Dose Submodel

This model has been documented in detail by Davis et al (1993a) and by Amiro and Zach (1993).
The model closely reflects the human food-chain and dose submodel (Section 2.3.5), and it is
used to estimate radiological doses to plants and animals from both internal and external
exposures. The entire model can be regarded as a highlight because it was done quickly in
response to the EIS guidelines (Section 1.2) and because it is unique; most NFWM programs
focus on human dose prediction only. The model was successfully applied in both the preclosure
(Grondin et al. 1994) and the postclosure assessments for the EIS (Davis et al. 1993a). The
specific highlights presented here are the comprehensive framework for demonstrating
environmental protection (Section 2.3.6.1), use of generic organisms (Section 2.3.6.2) and DCF
values (Section 2.3.6.3).
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2.3.6.1 Comprehensive Framework

The non-human food-chain and dose submodel is part of the BIOTRAC model, but it is also part
of a more extensive methodology, used in the two postclosure assessment case studies to assess
and demonstrate environmental protection (Goodwin et al. 1994, 1996). This is very important
because assurance of environmental protection cannot be a mere matter of radiological doses to
plants and animals; the underlying abiotic environment must also be considered. The overall
framework has been documented by Amiro and Zach (1993), who summarize it as follows.

"A method to evaluate the potential of radionuclide releases to harm the environment is
presented. The method involves four steps. First, humans are used as an indicator species
because of their known radiosensitivity and because assessment methodology has been well
developed. Second, predicted or measured radionuclide concentrations in soil, water and air are
compared to environmental increment values for each radionuclide. The environmental
increment values are mostly based on natural variability and are used for screening potentially
unacceptable concentrations. Third, radiological doses are calculated to generic target organisms
and compared to a dose criterion. We define a generic plant, fish, mammal and bird using
available methods and data. We suggest that if the dose < 1 mGy-a"1, radiological impacts on
non-human biota should be negligible. The fourth step is an in-depth assessment, which would
only be required if doses to the generic target organisms exceed the criterion. This method was
used to evaluate environmental protection from geological disposal of nuclear fuel wastes in
Canada, and may be applicable in other cases."

The non-human food-chain and dose model is used in the third step and it, or a related model,
might also be used in the fourth step for estimating doses to specific organisms or species rather
than to generic organisms. The non-human food-chain and dose model has been improved for
the BIOTRAC2 model (Section 2.4.4) and further improvements are needed for siting a disposal
facility.

2.3.6.2 Generic Organisms

The use of generic organisms for estimating doses to plants and animals is one of the strengths of
the food-chain and dose model for non-human biota, and, therefore, a highlight. The four generic
organisms used - plant, fish, mammal, bird - can encompass a variety of species so that
consideration of specific species was not required in the two postclosure assessment case studies
(Goodwin et al. 1994, 1996). The use of generic organisms also allows pooling of the limited
database on the behaviour and transport of nuclides in the environment; this database is
inadequate to estimate doses for most specific species. Finally, generic organisms are also useful
because it is difficult to say what species would be exposed to nuclide releases from a disposal
vault far in the future. The distribution of many species is dynamic in response to natural and
anthropogenic factors, and, furthermore, it is likely that we are at the threshold of a major period
of extinction, given the ever increasing human population. Undoubtedly, over time spans of
thousands of years, the occurrence of various species and their distribution on the Shield will
change.
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Even so, the use of generic organisms, rather than specific species, was criticized by some EIS
intervenors (Appendix D). One of the obvious solutions is to expand the model and include
more generic organisms for siting a disposal facility. This could be done by adding new generic
organism, e.g., worms, insects, amphibians, etc., or by dividing existing generic organisms, e.g.,
the fish into bottom feeders and non-bottom feeders, or some other ecological dimension. Some
of the background information for expanding the concept of generic organisms for animals has
been provided by Bird and Schwartz (1996) and by Macdonald (1996).

2.3.6.3 Dose Conversion Factors

The BIOTRAC model used for the EIS case study included only the most important nuclides -
I4C, 99Tc and I29I - and thus a limited set of DCF values for the four generic organisms (Davis et
al. 1993a). However, this set of values was greatly expanded by Amiro (1995a, 1997) and this
represents the substantial highlight. Amiro (1997) summarizes the set of DCF values as follows.

"Protection of non-human biota from radionuclides in the environment is an important aspect of
many environmental assessments. Biosphere transport models can be used to estimate
radionuclide concentrations and a dose-rate conversion factor (DCF). Here, we calculate and
present DCF values for 99 radionuclides that can be used in a generic sense to estimate the dose
to a wide variety of plants and animals. DCF values for internally incorporated radionuclides are
based on the absorption of all emitted radiations from within the body. DCF values for external
exposures include immersion in air, water, soil/sediment and vegetation. We implicitly include
the energy from the decay progeny if they have a half-life of less than 1 day, to be consistent with
many biosphere transport models. The DCF values can be used for simple screening of potential
doses in assessments where the specific target organisms cannot be defined."

The DCF values can be readily used for a variety of generic organisms. They could also be used
for specific species although for such applications, values can be refined by taking such things as
body mass and non-uniform distribution of nuclides in the body into account. This would move
DCF values for plants and animals closer to those used for humans (Zach and Sheppard 1992).

2.3.7 Submodel Integration

Submodel integration is concerned with linking the various BIOTRAC submodels to allow
smooth operation as a unit. Two highlights are presented here - determination of the resources
required for sustaining the critical group (Section 2.3.7.1) and determination of the water balance
parameters (Section 2.3.7.2). However, before doing so, it is worth briefly reviewing some of the
problems and challenges encountered in BIOTRAC submodel integration.

The main problem was that all the submodels were developed relatively independently, in
accordance with the state of knowledge and practice of the various scientific/technical disciplines
involved (Amiro and Davis 1991, Zach and Sheppard 1991, Bird et al. 1993, Davis et al. 1993b,
Amiro and Zach 1993). This resulted in very heterogeneous submodels that varied in
fundamental ways, which in turn made integration difficult. Clearly, for future model
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development, a top down approach must be established in which general modelling principles are
first established to ensure that submodels are balanced and can be harmoniously linked. These
principles might address model type, mass balance, time dependence, mathematical formulation,
flexibility, transparency, level of detail, treatment of parameters, shared parameters, etc.

2.3.7.1 Resources Required by Critical Group

The key determinant to resource requirements in the BIORAC model is the size of the critical
group. It can vary according to historic data regarding household size on the Shield (Davis et al.
1993a, Zach et al. 1994). Once the number of people and some related parameter values have
been established for a given BIOTRAC simulation, the corresponding resource requirements are
calculated in a simple way. They include the number of terrestrial animals to provide meat, milk
and eggs; the amount of peat or wood for home heating; the sizes of the garden, forage field,
wood lot or peat bog; and the amounts of domestic and irrigation water. In this way, all the
resource requirements are realistic and meaningfully related. Furthermore, the garden, forage
field, wood lot or peat bog are assigned in a reasonable way to the groundwater discharge zones
from the vault (Section 2.3.1.1). This means spatial aspects of contamination from the vault are
explicitly treated in the BIOTRAC model. However, this is only so for the area occupied by the
critical group and not beyond it. Thus, the BIOTRAC model does not provide a basis for
calculating population doses (Section 2.5.3).

2.3.7.2 Water Balance Parameters

Water is an exceedingly important quantity in the environment and in NFWM because only
dissolved nuclides are mobile and so can reach humans and other biota, and because water also
relates to nuclide dilution. Not surprisingly, several of the BIOTRAC submodels have input
parameters related to water. Parameters of the soil and surface water models are specifically
related to water balance. This balance simply states that over longer times precipitation, P, is
equal to evapotranspiration, ET, plus runoff, R. Infiltration of water is ignored because it is
assumed to average zero over the long run. This assumption is reasonable as far as the biosphere
is concerned. However, small amount of infiltrating water can be important in driving water
flow in the geosphere.

Davis et al. (1993a) established the water balance used in the BIOTRAC model with data from
the Hydrological Atlas of Canada (Fisheries and Environment Canada 1978). Since ET is not
measured routinely, the data in the atlas were deduced indirectly from geographical and climatic
data. Unfortunately, the ET values were found to be inconsistent with the P and R values.
Balance was achieved by adjusting both the P and ET values. Normal distributions were then
fitted to the P, ET and R values, and correlation coefficients established between them. The
coefficients for P and ET was found to be 0.7, and that for P and R 0.8. A sampling strategy was
then established for BIOTRAC simulations. It involved selection of P and R, taking into account
correlation, and calculation of ET by difference. This strategy reflects the fact that P and R are
usually measured parameters. A test simulation was then carried out to ensure the selected P and
R value, and the calculated ET values reflect the underlying data, which was indeed the case.
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This represents an excellent example of the selection of a database, and its interpretation and
adaptation for use in an assessment model such as BIOTRAC. Furthermore, the use of the water
balance introduced realism, consistency and scientific/technical rigor into establishing parameter
values related to water balance in various BIOTRAC submodels. For siting a disposal facility,
this might also become an important factor for integrating the biosphere and the geosphere
models because the hydrosphere is continuous.

2.4 BI0TRAC2 FOR THE SECOND POSTCLOSURE CASE STUDY - 1996

The BIOTRAC model, as applied to the second postclosure assessment case study (Goodwin et
al. 1996, Wikjord et al. 1996), has been documented by Zach et al. (1996a). The significantly
expanded and improved version of the model is called BIOTRAC2. However, the BIOTRAC2
model is not changed fundamentally. Note that the complete documentation of the BIOTRAC2
model is given by Davis et al. (1993a) and Zach et al. (1996a) together because the latter report
focuses only on the changes made to the model.

The BIOTRAC2 model is important because it demonstrates the flexibility of BIOTRAC and
shows how it can be changed readily in response to a new assessment situation and new data. It
also suggests how BIOTRAC can be further improved for siting a disposal facility. This is
important because the BIOTRAC model has become firmly established, and it has received a
tremendous amount of scrutiny as part of external scientific/ technical reviews (Section 2.6), the
EIS review process (Section 2.7), and the BIOMOVS model validation program (Section 2.8). If
for nothing else, it can always be used for bench-marking or as an alternative model
(Section 2.5).

A number of improvements in the BIOTRAC2 model are highlighted here. They include
additional nuclides (Section 2.4.1), animals inhalation pathway (Section 2.4.2), International
Commission on Radiological Protection (ICRP) 61 DCFs (Section 2A3), and non-human food-
chain and dose submodel (Section 2.4.4).

2.4.1 Additional Nuclides

One of the main highlights of the BIOTRAC2 model is the inclusion of 36C1, one of the most
important postclosure nuclides (Section 2.9.1). Previously, this nuclide was treated in a separate
model because its importance was not recognized in time for the EIS case study (Johnson et al.
1995). Chlorine being a halogen and an essential nutrient for humans, 36C1 is treated similarly as
129I, complete with a groundwater dose limit to cap any unreasonably high dose estimates made
by the transport model included in BIOTRAC2 (Section 2.3.5.1). A number of other nuclides
were also added to the BIOTRAC2 model, showing that this can usually be accomplished by the
addition of the appropriate parameter values. However, if an added nuclide involves an element
not already considered in the model, this task can be very demanding because of the potential
lack of suitable parameter values or underlying data to establish such values.
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2.4.2 Animals Inhalation Pathway

This pathway has been fully implemented in the BIOTRAC2 model for terrestrial animals -
mammals and birds - even though it was earlier demonstrated that the pathway is relatively
unimportant (Zach 1985b). This is an example where feedback from the EIS review has shown it
is far easier to include a pathway or process, regardless of importance, rather than to defend the
position of having left it out for sound technical reasons. The model for animal inhalation
pathway is simple; the real difficulty was to come up with appropriate parameter values for
animals inhalation rate and for the transfer of inhaled nuclides to human food products. Few data
are available to accomplish this.

Realistic inhalation rates were obtained by relating inhalation to ingestion and body mass, using
published allometric equations for mammals and birds (C.R. Macdonald and S.C. Sheppard,
unpublished data, 1995). A consistent set of inhalation transfer coefficient values was
established for the BI0TRAC2 model, by weighting ingestion transfer coefficient values by the
ratio of the amount of a nuclide absorbed from inhalation to the amount absorbed from ingestion
per unit input for humans (S.C. Sheppard, unpublished data, 1994, Zach et. al 1996a). Human
data had to be used because few or no other data were available for animals. These data are
reasonable for mammals, but less so for birds, which have very different lungs than humans and
other mammals. This shortcoming may have to be considered in the future. Furthermore, future
changes made by the ICRP to its gastrointestinal tract and lung models for humans might affect
the inhalation transfer coefficient values.

2.4.3 ICRP 61 Dose Conversion Factors

In the BI0TRAC2 model the ingestion and inhalation DCFs, based on ICRP 26 (ICRP 1977),
were replaced by the more recent ICRP 61 values (ICRP 1991). This in itself is not much of a
highlight but it stresses two important points. Firstly, feedback from the EIS review
(Section 2.7) clearly indicated that up-to-date parameter values need to be used in assessment
models; secondly, it is not always easy to decide what the most up-to-date parameter values are.

While the EIS case study was in progress, the ICRP issued its 61 values, which, for most
nuclides, were similar to the values used in the BIOTRAC model (Zach and Sheppard 1992).
However, the values for l29I, one of the most important postclosure nuclides (Section 2.9.1), were
about 67% higher. Even though these differences were fully explained in the EIS (AECL 1994)
and the relevant supporting documents (Goodwin et al. 1994), many intervenors were unhappy
with this treatment and indicated that the most recent DCF values should have been used
(Appendix D). In retrospect, it would have been far easier to switch to the more recent values
than trying to explain and defend the use of the older values.

The ICRP 61 DCF values which were implemented in the BIOTRAC2 model were quickly
supplanted by the updated values in ICRP 68 (ICRP 1994). Furthermore, the ICRP has now
issued separate DCF values for estimating doses to the public in ICRP 67, 69, 7land 72 (ICRP
1993, 1995a, 1995b, 1996). What are then the most up-to-date DCF values that should be used
in the future? As it stands now, ICRP 68 values should be used for occupational exposure, and
ICRP 67, 69, 7 and 72 values for public exposure. Use of the public values require some
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fundamental model changes because they consider age dependence (Reid and Corbett 1997).
However, the situation needs to be carefully monitored on an ongoing basis so the most recent
DCF values are indeed used for siting a disposal facility.

2.4.4 Non-Human Food-Chain and Dose Submodel

This submodel was never fully part of the BIOTRAC model and the systems model for the EIS
postclosure assessment case study (Goodwin et al. 1994) because the need for such a model only
became apparent when the final EIS guidelines were issued by the review panel (Section 1.2,
FEARP 1992). Thus, to obtain dose estimates for plants and animals for the EIS, the model was
run separately (AECL 1994).

One of the highlights of the BIOTRAC2 model is the full inclusion of the non-human food-chain
and dose submodel to the same standard as the corresponding submodel for humans. Among
other things this meant the inclusion of 36C1 (Section 2.4.1), radioactive ingrowth
(Section 2.3.5.3), a specific activity mode for 3H, groundwater dose limits for 14C, 36C1 and 129I
(Section 2.3.5.1), animals inhalation pathway (Section 2.4.2), and updated DCF values
(Amiro 1995a, 1997). Undoubtedly, the model can be further refined; however, this must be
weighted against the need to develop different models to fully meet the needs made apparent
during the EIS review (Chapter 3).

2.5 ALTERNATIVE MODELS

Carrying out an assessment with several independent alternative models can be used to build
confidence when all the models lead to similar results and conclusions, a message stressed by
several EIS intervenors. This multiple-line-of-reasoning approach is particularly important in
NFWM because models are very difficult or impossible to validate (Section 2.5.4).

As far as the biosphere is concerned, alternative models are models other than BIOTRAC and its
submodels (Davis et al. 1993a, Zach et al. 1996a). However, alternative models also need to be
viewed more broadly because they do not necessarily have to follow the traditional subdivision
of vault, geosphere and biosphere models that make up the EIS systems model. For example, an
alternative model might link releases from a disposal container directly to humans for dose
estimation without considering detailed vault, geosphere or biosphere models. In fact an
alternative model might be quite unconventional. By the above definition, the biosphere models
used in the two interim assessments (Wuschke et al. 1981, Mehta 1985) are alternative models.
However, because the biosphere models for these assessment led up to the BIOTRAC model, and
because these models are discussed in Sections 2.1 and 2.2, they are not considered here further.
Needless to say the transition of the interim assessment models to the BIOTRAC model involved
consideration of various alternative models.

Three groups or phases of alternative models can be distinguished in the biosphere program. The
first concerns models developed shortly after the NFWM program started in 1978 (Section
2.5.1). The second includes two ecosystem models completed in the mid 1980s (Section 2.5.2).
Finally, the third concerns models developed after completion and submission of the EIS in 1994
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(Section 2.5.3). Even so, these efforts have resulted in relatively few alternative models, and few
such models available internationally. The reasons for this are briefly explored in Section 2.5.4,
using biosphere models as an example.

2.5.1 Early Models

Zach and Iverson (1979a) used a very simple biosphere model to investigate pathway and
parameter importance. The input for this model was the annual release rate of nuclides from the
geosphere, diluted by the corresponding volume of precipitation for various watershed sizes.
This work was continued by Zach and Iverson (1979b), who predicted time dependent doses to
people from various nuclides far into the future with the RAMM software (Lyon 1976). Unlike
SYVAC (Dormuth and Quick 1980), this software is not suitable for Monte Carlo simulation,
however, it does allow for changes in parameter values during any given simulation. In this way,
landscape evolution can be simulated. Some of the conclusions from this early study still stand,
e.g., the importance of 9I in postclosure. The highlight here is that alternative models and
software were explored early in the NFWM program, but these efforts became greatly reduced
with the advent and dominance of the SYVAC software and modelling approach.

2.5.2 Carbon and Iodine Ecosystem Models

In recognition of the potential importance of 14C and 129I, models of carbon and iodine cycling in
local Shield ecosystems were completed by McKee and Rowsell (1984) and Rowsell et al. (1984)
under contract to AECL (Appendix C). The iodine model, which closely reflects the carbon
model, is summarized by Rowsell et al. (1984) as follows.

The natural cycle of iodine in six hypothetical local Shield ecosystems -jack pine forest,
black spruce forest, mixed deciduous forest, bog, farmland and lake ecosystems - is
described from literature accounts of iodine biogeochemistry, and from knowledge of the
physiochemical and biological conditions in the Ontario portion of the Canadian Shield.
Iodine inventories in soil components, surface and subsurface waters, atmosphere and
biota in each terrestrial system and in water, sediment, atmosphere and biota in the local
freshwater system are calculated. Fluxes and transfer rates for iodine among various
compartments are derived for "typical" ecosystem conditions and for systems subject to
forest fires, tree harvest, crop harvest, livestock grazing, peat harvest and fish harvest.

Iodine fluxes from local ecosystems to two regions, the Great Lakes basin and the
Hudson Bay basin, are also described. Fluxes from regional to global circulation are then
calculated. Existing global iodine cycle models may then be used to predict the
worldwide dispersion of 129I.

Iodine concentrations and fluxes are predicted on the basis of sound background data in
some cases. At other times conservative assumptions or reasonable, but unsubstantiated,
estimates are made to derive the necessary values. These assumptions are documented
and recommendations are made for studies to improve model precision.



- 2 1 -

These compartment ecosystem models were used to assist in the development of the BIOTRAC
model and to establish parameter values. However, the models were not expanded for use as
alternative assessment models to estimate environmental concentrations and radiological doses to
humans and other biota. The models provide a basis for doing this for siting a disposal facility,
and their use would address a variety of issues raised by EIS intervenors concerning the
BIOTRAC model (Appendix D). The highlight is, therefore, that the groundwork has been
established for the development of 14C and 129I compartment ecosystem models for assessment
purposes. However, the compartment models need to be first updated in the light of new data,
and some of their transfer factors and rate constants needed to be better supported. There is also
a need to establish an up-to-date compartment model for 36C1 to provide the basis for a
corresponding assessment model.

2.5.3 Recent Models

In response to the call for alternative models by some EIS intervenors (Appendix D), a number of
such models were developed in the past two years, including a collective population dose model
(Amiro et al. 1995) and a meso-scale atmospheric dispersion model (Zhuang et al. 1996). Some
of these models echo the alternative models developed early in the NFWM program
(Section 2.5.1).

Amiro and Dormuth (1996) present an alternative model in which nuclides released from a
defective container enter directly into a well used by people. Thus, there are no vault and
geosphere models, and the biosphere model is very simple. It included two scenarios, drinking
of well water and consumption of terrestrial foods produced under irrigation with well water.
This simple, holistic model is relatively easy to understand, however, it is based on sweeping
assumptions, the implications of which are not always easy to comprehend. There is an inverse
relationship between model complexity and the extent of the underlying assumptions, and a
careful balance must be struck between these two factors in the development of any assessment
model. Perhaps, alternative models are at their best if they cover various positions along the
gradients of these two factors with low model complexity and sweeping assumptions, and high
model complexity and detailed assumptions at the two extremes. The need to satisfy various
audiences is an additional complicating factor in this (Chapter 3).

Because of their physical, chemical and biological characteristics, specific activity models can be
used for 14C, 36C1 and 129I. In fact such models are used in BIOTRAC as an alternative to more
conventional transport models (Section 2.3.5.1, Davis et al. 1993a). Specific activity models in
relation to the BIOTRAC model and their potential for alternative models are explored by
Sheppard (1996b).

Amiro (1995b) developed a simple specific activity model for 14C, 36C1 and 129I to parallel the
radiological dose estimates provided by the BIOTRAC model for the EIS. Six simple scenarios
are defined to estimate doses based on the maximum possible exposure, nuclide dilution in
groundwater, nuclide dilution in a watershed, nuclide dilution in well water, nuclide dilution in
garden soil, and nuclide dilution in a lake. Of these, calculations based on dilution in either
garden soil or lake water use the most appropriate pools of stable carbon, chlorine and iodine for
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diluting the corresponding radionuclides. Doses for these scenarios are conservative and they
tend to agree reasonably well with BIOTRAC estimates. This is an excellent application of a
simple alternative model to verify estimates by a much more complex model.

2.5.4 Scarcity of Alternative Models

Considering the Canadian and international scenes, relatively few alternative biosphere models
are available for assessing nuclear installations - most of the existing models are similar and
belong to the same family of models. Why is there such a lack of model diversity in the face of
so much uncertainty in NFWM assessments? There are several reasons for this. The biosphere
modelling community is relatively small and there is a continuous exchange of ideas. The very
smallness of this community limits creative thinking and thereby model diversity. The exchange
of ideas, promoted by such institutions as the BIOMOVS biosphere model validation program
(Section 2.8), is undoubtedly healthy, but it can also reduce model diversity. In many cases it is
far easier to simply copy or modify an existing model in some way rather than to start from first
principles. This may be justified because the existing model may have served well, albeit
frequently in quite a different assessment situation.

The main reason why there are so few alternative models is essentially financial - it costs too
much to develop alternative models. Model development started with the fallout of nuclides
from atomic bomb testing in the 1950s and 1960s. In conjunction with this, a database began to
accumulate in support of these early models. With establishment of nuclear power plants in the
1960s and 1970s in many countries, the same models were taken over and adapted, and the
database expanded. The same thing happened when NFWM programs were established in the
late 1970s and early 1980s. Therefore, collectively speaking, a large investment was made in a
single type of model and especially in the supporting database for it. For alternative model
development, the bottleneck is not the models, but the supporting databases. Models are easy to
concoct, the real difficulty is to secure an adequate supporting database. To do so means
laboratory experiments, field experiments and field studies involving entirely natural situations.
This research can be costly, and this is the basic impediment for alternative model development.

To illustrate this further, many modelers have lamented the inadequacies of the Kd model for
treating sorption of nuclides in soil and the CR model for quantifying nuclide uptake by plants.
Even so, these models are being continuously applied because there are convenient existing
supporting K^ and CR databases whereas there are few or no data for alternative treatment of
these processes. The same applies for biosphere models as a whole and also for entire systems
models. No wonder then there are so few alternative models.

Alternative models are important because NFWM models cannot be strictly validated - the time
spans involved are too long. A good way to establish confidence is to show that several
alternative models lead to similar assessment results and conclusions, i.e., multiple lines of
evidence are used to demonstrate safety and acceptability. There is no doubt that much more
work needs to be done in the development of alternative models for successfully siting a disposal
facility. An annotated bibliography of some alternatives models is given by Ewing and Amiro
(1996).
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2.6 EXTERNAL SCIENTIFKYTECHNICAL REVffiW

The focus here is on external scientific/technical reviews as opposed to internal review by AECL
peers, and approval by management. This focus should not detract from the importance of
internal review. Internal peers are usually aware of all the intricate details and connections, say
of a model, and so are more likely to find inconsistencies and mistakes. However, their very
closeness to the work can result in too narrow a perspective. This can be a problem in processes
involving broader audiences, such as public hearings (Section 2.7) and siting of a disposal
facility. External review can raise the credibility of the work done, particularly if the review is
independent. Unfortunately, this cannot always be achieved because doing thorough reviews is
time consuming and so may have to be funded. It also needs to be stressed that reviews can only
be effective if good advice is being recognized and acted upon.

A distinction must be made between program and document reviews. Ideally, program review is
a continuous process so that it covers all the major decisions in a program, be they documented
or not. Thus, program review can be very effective in providing general directions and in
avoiding costly basic mistakes. Document review is simply concerned with reports and papers,
which may be judged on their own scientific/technical merits without considering the merits of
the overall program.

Three types of external scientific/technical reviews were used in the biosphere program and the
BIOTRAC model in particular: (1) review by the Bioscience subcommittee of the Technical
Advisory Committee (TAC), (2) solicited external review, and (3) review of journal articles and
other publications. The first of these is a continuous program review with some document
review, and the other two are mainly document reviews with only peripheral program
implications.

2.6.1 Technical Advisory Committee Reviews

The program and document reviews by the TAC have been very valuable. These reviews have
been documented in a series of annual reports from 1980 to 1996 (TAC 1980, 1996). It is
difficult to pick highlights from the many TAC recommendations and activities, but one of them
must surely be that the TAC continued its work so effectively over more than 15 years while
maintaining a sense of independence, which was never seriously challenged during the EIS
review in spite of the TAC's funding by AECL.

The TAC has commented on many aspects of the biosphere program, including program
development, consolidation, continuation and documentation, as well as many
scientific/technical areas, too numerous to mention. Through its varied, long-term involvement,
TAC developed excellent national and international expertise in NFWM. In the biosphere
program this became particularly important during the preparation of the key documents (e.g.,
Zach and Sheppard 1991, Amiro 1992, Bird et al. 1992, Sheppard 1992, Davis et al. 1993a) for
the EIS for which TAC provided very helpful reviews. Such reviews could not have been
provided by internal AECL peers or by uninitiated outside agencies.
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TAC was very important in the development of the NFWM program and there is a need for a
similar program review group to assist in the siting of a disposal facility.

2.6.2 Document Reviews

The two solicited external reviews for the soil model (Elrick 1988) and the atmosphere model
(HASA 1988) were of limited scope and usefulness. One conclusion that can be reached is that
good solicited reviews need interested, knowledgeable reviewers with adequate funding.
Furthermore, a funding procedure should be established to enhance independence as far as
possible.

The many journal articles and other publications (Appendix B), all subject to external
scientific/technical reviews, represent one of the biosphere program's most important highlights.
These documents and their reviews enhance the credibility of the BIOTRAC model and this was
clearly appreciated by TAC as well as some of the EIS reviewers. The reason for this is not
simply the fact of publishing, but rather with what this implies - independent peer review, high
standard, academic excellence. All of these attributes transcend the importance of a specific
publication because they also reflect on unpublished work of the persons involved as well. This
is important in NFWM because much of the work is very applied and so of little interest to many
journals, which limits this type of external review.

2.7 EIS REVIEW FEEDBACK

With the submission of the EIS (AECL 1994) to the review panel, intervenors had the
opportunity to see whether the EIS complied with the guidelines (FEARP 1992) by writing to the
panel. Many intervenors did so by pointing out deficiencies and most of them also provided
feedback regarding the merits of the EIS and the safety of the disposal concept. The EIS review
then proceeded in three distinct phases of public hearings: (1) Broad societal issues, (2)
scientific/technical and (3) community. During all these phases, intervenors had the opportunity
to submit further information to the review panel - orally, written or both. Many intervenors
based their oral presentations on their earlier, written submissions. However, some new
information was provided during the public hearings. This was particularly so in response to the
second postclosure assessment case study, submitted by AECL during the scientific/technical
hearings (Wikjord et al. 1996, Zach et al. 1996a).

As a result of all this, a vast amount of information on the EIS and the safety and acceptability of
the disposal concept was provided, which was examined in detail by AECL. A key aspect of this
was the identification of deficiencies or issues that potentially needed addressing to ensure the
review panel receives appropriate answers and clarifications. In the biosphere program, most of
the submissions to the panel were screened to identify issues related to the BIOTRAC model and
its supporting work. The issues were compiled and grouped, and various responses were
prepared for many of them, as discussed in Sections 2.7.1 and 2.7.2. Section 2.7.3 provides a
brief perspective of the importance of the biosphere in NFWM, based on EIS reviews and
feedback. Finally, Section 2.7.4 continues this theme by focusing on the perspective of
aboriginal peoples.
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2.7.1 Compilation of Issues

While compiling issues from the reports submitted to the review panel, it became evident that
fewer and fewer new issues were being raised by intervenors as the EIS review proceeded.
Therefore, compilation was relaxed during the scientific/technical hearings phase. However, it
was ensured that issues of key technical intervenors were not ignored. They mainly include the
Scientific Review Group (SRG), attached to the review panel; the Atomic Energy Control Board
(AECB); Natural Resources Canada (NRCan); Environment Canada; and Health Canada.

To allow effective responding, the compiled issues were grouped into 12 general issues.

(i) Climate and ecological changes are not adequately treated, and their effects on
environmental concentrations and doses not addressed,

(ii) The spatial extent of contamination and population doses are ignored in the postclosure
assessment,

(iii) The views of aboriginals are not reflected in the biosphere model, and aboriginals are not
represented by ICRP reference man and the critical group,

(iv) Alternatives to the selected critical group are not discussed and used, and inappropriate
attributes are used to define this group,

(v) The most recent dose conversion and risk factors are not used, and no attempt is made to
estimate effects other than of fatal cancers and serious genetic effects,

(vi) The models used are unnecessarily complex and there is no attempt to explore alternative
model structures,

(vii) The assessment of potential effects on non-human biota is inadequate because not all the
relevant pathways, processes, target organisms and criteria are considered,

(iix) Additional background information is needed on radiation and chemical toxicities for
humans and other biota, and on the toxins included in the waste inventory,

(ix) Some of the biosphere model assumptions are not conservative, and the magnitudes of
conservatism and uncertainty have not been quantified,

(x) The biosphere model is not generic, it does not include all the nuclides, pathways and
processes, and validation is insufficient.

(xi) Microbes have not been included and treated as part of the biosphere,
(xii) Miscellaneous.

The issues compilation is presented in Appendix D. This compilation is very important for
guiding future improvements to the BIOTRAC model and for developing new biosphere models
for siting a disposal facility (Chapter 3). Although the issues were raised by very diverse
intervenors, ranging from the AECB to aboriginals, there are common themes, which are
reflected in the 12 general issues listed above. Therefore, the main highlight is the issue
compilation itself because it can serve as a guide for future work in the biosphere area. In order
to be effective, this work must also focus on supporting research for modelling because
modelling and research go hand-in-hand (Chapter 3, Section 4.7).
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2.7.2 Responses to Issues

The compiled issues were studied in detail and dealt with in various ways. One of the most
important initial responses was the development of the 1996 program for Ontario Hydro, which
focused on addressing intervenors issues. Responses also included position papers, briefing
notes, presentations, interactions with intervenors to resolve issues, and submissions to the
review panel.

The 1996 program and the various reports produced under it represent an important highlight. A
sample of these reports are listed here.

Simple analysis of potential radiological exposure from geological disposal (Amiro and
Dormuth 1996).
Transport of nuclides in rivers (Bird 1996).
Nuclide transfer factors for freshwater biota (Bird and Schwartz 1996).
Detailed biosphere model calculations for 129I (Corbett and Reid 1996).
Radionuclide transfer and sensitivity in amphibians and reptiles (Ewing et al. 1996).
External ICRP 60 dose conversion factors for air and water immersion, groundshine and
soil (Macdonald and Laverock 1996).
Methodology for assessing the credibility and reliability of models (Sheppard and Zach
1996).
Importance of chemical speciation of iodine in relation to dose estimates for 129I
(Sheppard 1996a).
Specific activity models in relation to the BIOTRAC biosphere model (Sheppard 1996b).
Soil-to-plant transfer of nuclides in natural versus agronomic settings (Sheppard and
Evenden 1996).
Alternative human characteristics and lifestyles in the BIOTRAC biosphere model (Zach
etal. 1996b).

Note that many of the issues raised by EIS intervenors were anticipated before the EIS guidelines
were issued in 1992 and addressed in the 1993 to 1995 program for Ontario Hydro.

Responses in the form of position papers, briefing notes, presentations, interactions with
intervenors, and submissions to the review panel were based on detailed responses to issues,
particularly those raised by key scientific/technical reviewers (Section 2.7.1). These responses
give the reason and defense for what was done in the EIS, i.e., more specifically in the
BIOTRAC model. One of the main conclusions from these responses is that it is usually far
easier to deal with issues in the first place, no matter how insignificant they may seem, rather
than to try to address them later.

2.7.3 Importance of the Biosphere

The biosphere is obviously important because it contains the environment with its plants, animals
and people, who need to be protected from potential releases of nuclides from a disposal vault.
This importance is underscored by the many biosphere and BIOTRAC model issues raised by
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EIS intervenors (Appendix D), and by the attention biosphere aspects have received during the
EIS review. People identify with the biosphere because they live in it, unlike the vault and the
geosphere. Furthermore, the general public has a basic understanding of the biosphere and so is
aware of potentially important issues.

Although the biosphere is unimportant in the confinement of disposed nuclear fuel waste, it is
important because long term confinement cannot be guaranteed (AECL 1994). Both the
postclosure assessment case studies have indicated that nuclides would eventually be released to
the biosphere, and so could affect the environment (Goodwin et al. 1994, 1996). A crucial factor
in this is the amount of dilution in the biosphere to reduce environmental concentrations and
doses to humans and other biota. Releases from a disposal vault into the biosphere represent a
potentially explosive conflict between anthrogpogenic radioactivity and the environment. The
nature and place of this conflict further highlights the importance of the biosphere in NFWM.

Sound biosphere models and supporting data may help to defuse this conflict. However, for
siting a disposal facility, there is a need to view the understanding and communication of
radiation in the environment more broadly and not just in terms of assessment models, model
estimates and performance criteria. These are scientific/technical means, which, by their very
nature, exclude the public at large. Without public support it will be very difficult or impossible
to ever site a disposal facility. Therefore, the basic question that needs to be addressed is how
can the public be best assured that the low-levels of radiation that might be released from a
disposal facility will not harm the environment with its plants, animals and people? One thing is
clear, in order to effectively address this question, biosphere expertise on the behaviour and
transport of nuclides in the environment, and on the effects of radiation on plants, animals and
people will be of key importance.

2.7.4 Aboriginal Peoples Perspective

The intention here is not to deal with the many complex issues raised by aboriginals during the
EIS review (Appendix D), but to briefly explore the importance of the biosphere to aboriginals.
Aboriginals closely identify with the environment with its plants and animals on which they still
depend for their survival, and their physical and spiritual well being. As a result of this,
aboriginals have a unique relationship with the environment and have also accumulated unique
knowledge regarding it. Unfortunately, these factors were not fully appreciated and considered
in the biosphere program, the BIOTRAC model and also the EIS.

Aboriginal concerns may have to be fully taken into account in siting a disposal facility, which
may involve or affect their lands or lands claimed by them. This challenge has many complex
dimensions; a key one is the importance of the environment in their lives. Thus, there is a need
to fully understand the relationship of aboriginals with the environment and their knowledge of
it, and to effectively use this understanding for siting a disposal facility. This may involve
unique alternative models in the broadest sense (Section 2.5) and other means of demonstrating
safety of nuclear fuel waste disposal, alluded to in Section 2.7.3. One way of achieving this
might be to directly involve aboriginal peoples in future biosphere work concerned with the
behaviour and transport of nuclides in the environment, and the effects of radiation on it. There
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would be a common basis for this because aboriginals have essentially an ecological view of the
environment, stressing both physical and biological components, and their interconnections.

2.8 BIOMOVS MODEL VALIDATION PROGRAM

The main vehicle for interacting with biosphere modelers in other countries and for validating the
BIOTRAC model was the BIOMOVS program. This international cooperative program was
initiated in 1985 by the Swedish National Institute on Radiation Protection (Haegg and Johanson
1988). In 1991, the program was extended to a second phase, BIOMOVS II, with financial
support from Canada, Spain and Sweden (BIOMOVS 1996a). The program is now being
continued under a changed name, BIOMASS, under coordination of the International Atomic
Energy Agency (IAEA). Most of the countries with nuclear power reactors and NFWM
programs have participated in the BIOMOVS program in order to exchange information, develop
modelling approaches and validate biosphere models. Validation was mainly accomplished by
model comparison studies in which the participants ran their models on scenarios specified by
actual or hypothetical data.

Model comparison studies under BIOMOVS played a key role in validation of the BIOTRAC
model (Davis et al. 1993a). One of the reasons for this is that models, such as BIOTRAC, cannot
be validated in a strict sense because of the long time spans involved. Thus, confidence in model
prediction must be established through other means, e.g., the use of alternative models
(Section 2.5) and model comparison studies. As indicated by Davis et al. (1993a), BIOTRAC
calculations in support of the EIS were carried out for four BIOMOVS scenarios. Because the
scenarios were defined rather loosely, the results from various participants were highly variable.
Therefore, it is difficult to draw quantitative conclusions regarding the performance of
BIOTRAC, but some qualitative conclusions could be reached. Davis et al. (1993a) highlighted
these as follows.

BIOTRAC predictions do not stand out in any way from the overall body of results. The
concentrations that we predict in the various compartments show the same trend with
time as those calculated by the other participants. On a relative basis, our results are
never extremely high nor extremely low, but usually lie within the range of values
predicted by the other models. However, our steady state concentrations tend to be on the
high side when compared with those of others. This reflects on the conservative bias
built into BIOTRAC, and is a desirable feature in a model designed for long-term
assessment.

Although these conclusions are very general, they appeared to have satisfied some of the EIS
reviewers. These reviewers, and, perhaps, Canadians in general, seem to put great store on
international involvement and consensus. Clearly, this must be recognized for successfully
siting a disposal facility.

The BIOMOVS II program covered a wide variety of biosphere modelling aspects. Contributions
were made to studies on reference biospheres, whole biosphere model intercomparisons, 14C
modelling in lakes, effects of model complexity, and model verification using lysimeter data
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(Section 2.3.3.3). The highlight of the reference biosphere study was the development of a
comprehensive FEPs (features, events, processes) list to be used in the development of biosphere
models. The list was agreed upon by an international group of participants as a starting point for
biosphere models and for evaluating existing models. Another highlight was a whole biosphere
model intercomparison where models from different countries were run for a given scenario of a
hypothetical release of nuclides from an underground source. The results indicate that "the
maximum total annual individual dose summed over representative pathways appears to be a
relatively robust assessment quantity ... i.e., the dose calculated by the ten participating groups is
rather insensitive to differences in model structure and mathematical formulation" (BIOMOVS
1996c). However, for some scenarios, the BIOTRAC model gave higher concentrations and
doses than the other models. The reasons for this additional conservatism are not totally clear,
but it likely relates to the way irrigation and buildup of nuclides in soil are treated in the
BIOTRAC model.

2.9 KEY BIOTRAC MODEL AND ASSESSMENT ASPECTS

The focus here is on highlights regarding key aspects of the BIOTRAC model and the two
postclosure assessment case studies. These aspects include the most important nuclides
(Section 2.9.1), exposure pathways and processes (Section 2.9.2), and model parameters
(Section 2.9.3). As such, they can all strongly influence estimates of environmental nuclide
concentrations and radiological doses to people and other biota. Importance can be readily
determined from the results of the EIS and the second postclosure assessment case studies
(Goodwin et al. 1994, 1996), as well as from sensitivity analyses of the BIOTRAC model and its
submodels (Reid and Corbett 1992, 1993* Davis et al. 1993a). It is reasonable to assume that
conclusions regarding importance from these studies are of general validity and, therefore,
relevant for siting a disposal facility. Nevertheless, importance of nuclides, pathways and
processes, and model parameters can be influenced by the exact nature of the disposal system as
well as by the exact models employed.

Note that highlights regarding many of the key aspects of the BIOTRAC model and its
supporting research are given in Sections 2.3 and 2.4, as well as in Chapter 4. Further references
regarding the important nuclides, pathways and processes, and model parameter values can be
found in Appendix B.

2.9.1 Nuclides

The three most important nuclides are 14C, 36Cl and, particularly, 129I for the first
10 000 years and for many years after disposal vault closure. However, results from the second
postclosure assessment case study indicate that other nuclides, such as 79Se, 90Sr 90Y, 99Tc and

Sb, might also become important, depending on the effectiveness of the geosphere barrier
(Goodwin et al. 1996). Even so, 129I followed by 36C1 and then by I4C can be considered most
important with an effective multi-barrier disposal system for used CANDU fuel.

Nuclide importance can be influenced by the assessment model involved, particularly when not
all the nuclides are modelled in the same way to better account for individual physical, chemical
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and biological characteristics, as is the case in the BIOTRAC model. Thus, 14C, 36C1 and I29I are
treated differently than most of the other nuclides, i.e., a groundwater dose limit is applied to
screen out excessively conservative dose estimates (Section 2.3.5.1 and 2.4.1).

Reduction in conservatism for selected nuclides could change the relative importance of the
various nuclides. The BIOTRAC model is undoubtedly conservative (Section 2.8, Amiro
1995b), in some cases likely excessively so. Judicious reduction in conservatism may not only
reduce estimates of environmental concentrations and doses, but also change the relative
importance of some nuclides. Evaluation and reduction of conservatism would clearly be fruitful
areas for further investigation in conjunction with siting a disposal facility.

2.9.2 Pathways and Processes

Internal exposure pathways in which nuclides enter the human body through ingestion or
inhalation are consistently much more important than external pathways in which the body is
irradiated from the surrounding environment. The most important human exposure pathway is
garden soil to plant to man in which crops are irrigated with contaminated well water (Reid and
Corbett 1992, 1993). This importance is related to the potential buildup of nuclides in soil.
However, the high importance of this pathway may be partly related to the way irrigation and
buildup of nuclides in soil are treated in the BIOTRAC model (Section 2.8, Davis et al. 1993a).
Other pathways that are also important are air to plant to man and well water to man. Note that
absence of a bedrock well or crop irrigation can greatly affect pathway importance. Thus,
depending on the exact scenario considered, different pathways can become dominant. However,
given the overall importance of irrigation, it is fruitful to reexamine its treatment in the
BIOTRAC model by assessing its assumptions and also by exploring alternative treatments.

2.9.3 Parameters

The following BIOTRAC model parameters can be considered important in determining doses to
people in approximately decreasing order of importance.

Lake/well water switch (whether lake or well water is used by the critical group).
Iodine evasion from surface water to the atmosphere.
Iodine evasion from soil to the atmosphere.
Plant root uptake of iodine and chlorine.
Sediment/soil switch (whether sediment or soil is used as garden soil).
Garden irrigation switch (whether the garden is irrigated or not).
Iodine soil solid/liquid partition coefficient.
Stable iodine and chlorine concentration in groundwater.
Number of people in critical group.

The exact definition of these parameters can be found in Davis et al. (1993a). Generally
speaking, switch parameters and parameters for 129I are most important. For switch parameters,
the exact states defined by them are important in determining parameter importance; for the other
parameters, the amount of variability/uncertainty is the deciding factor. Note that parameter
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importance is determined by the exact scenario considered, which in turn relates to the switch
parameters. However, it is reasonable to assume that the above group of parameters contains all
or most of the important parameters regardless of scenario.

Switch parameters are an excellent way for incorporating various scenarios, or FEPs, into a
model such as BIOTRAC. They allow a clear way of including or excluding scenarios or FEPs
from a set model simulation or from an assessment. In this way, comprehensive, integrated
environmental concentration and dose estimates can be made, as well as estimates from
individual scenarios or FEPs. Therefore, in future revisions of the BIOTRAC model or in any
other related model more switch parameters might be profitably incorporated.

3. FUTURE MODELLING NEEDS AND DEVELOPMENTS

The intention here is to highlight some of the basic modelling needs rather than to provide a
detailed list of all the potential future needs and developments. This has to be done as part of the
overall plan for siting a disposal facility and the requirements arising during the siting process.
Nevertheless, detailed suggestions for future work are made throughout the report.

The BIOTRAC model has been improved for the second postclosure assessment case study
(Section 2.4). Many further improvements are possible, especially in response to the various
scientific/technical reviews and feedback from the EIS review (Sections 2.6 and 2.7). These
reviews make it clear that several biosphere models will be required for successfully siting a
disposal facility to effectively deal with the various phases of the project and the varied audiences
involved in it. As the various phases of the project unfold, more and more information and data
will become available, and this must be reflected in the model used to allow appropriate decision
making. The audiences comprise the nuclear regulator, the scientific/technical community at
large and the public, including aboriginal peoples. The SRG has made it clear that a
comprehensive, dynamic biosphere model is required (Appendix D) to satisfy the
scientific/technical community. However, such a model might not satisfy the nuclear regulator
for licensing a disposal facility nor the public for agreeing with it (Section 2.7.3). Improved
versions of the BIOTRAC model can play a role in all this, but they would likely not be
sufficient. Future modelling needs can be explored with a matrix made up by project phases or
needs versus audiences. For each cell, model and other requirements can then be specified, and,
on the basis of this, model characteristics can be defined. Similarities among cells can then be
used to define exact modelling needs.

Two additional related basic needs remain to be stressed. They are the linkage of model
development to research data (Section 4.7), and the qualification and expertise of biosphere
modelers. These needs are basic because they directly impact model and assessment credibility.

Models are very easy to concoct (Section 2.5.4). The real challenge is to develop credible
models that are supported by sound and properly applied data. If such data are unavailable, they
need to be provided by an underlying research program (Section 4). Thus, there is a close link
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between models and research. Modelling dictates research needs, but, at the same time,
limitations in research can restrict models. For example, it would be pointless to establish a
model with parameter values that are extremely difficult or impossible to determine. This
underscores the need for modelers to be fully qualified and have expertise on the behaviour and
transport of nuclides in the environment, and their effect on people and other biota. In other
words, there has to be a fundamental understanding of radioecology, and such underlying
disciplines as atmospheric science, botany, chemistry, general ecology, geology, environmental
toxicology, health physics, human ecology, limnology, soil science and zoology. As indicated in
Section 4.7, such expertise is scarce in Canada and elsewhere and is in jeopardy of disappearing.
Lack of adequate qualification by practitioners of environmental consultation and assessment has
become a real concern in countries such as the U.S. Consequently, the Ecological Society of
America has established a formal qualification process with rigorous criteria similar to those
used in various engineering, legal and medical disciplines. Using qualified staff is a basic
requirement of any quality assurance program.

In summary, for successfully siting a disposal facility several biosphere models will be required
to address various project phases and audiences. Exact needs can be determined with a matrix
approach. To be credible, the models must be supported by research data properly selected from
the literature or developed through an integrated research program. Furthermore, modelers need
to be fully qualified and have expertise in radioecology and its underlying disciplines.
Furthermore, as indicated in Section 2.7.3, models alone are likely insufficient to convince the
public that nuclear fuel waste disposal is indeed safe.

4. SUPPORTING RESEARCH

The importance of research has been recognized right from the start of the NFWM program in
1978 (Section 1.2). This can be traced to the following needs.

i) Develop sufficient understanding of nuclides in the environment.
ii) Develop credible assessment models and parameter values.
iii) Validate assessment models as far as possible.
iv) Complete credible environmental and safety assessments.
v) Gain support from the scientific/technical community, and the public.
vi) Gain approval of the disposal concept and proceed to siting.
vii) Maintain and expand expertise for siting a disposal facility.

All of these factors apply to the biosphere program, the research of which focused particularly on
the behaviour and transport of nuclides in the environment, and on the effects of radiation on
plants and animals (Sections 1.1 and 1.2). Little or no research was carried out on the effects of
radiation on humans because sufficient literature data and expertise at CRL were available in this
area. Furthermore, these data are regularly interpreted and summarized by such agencies as the
United Nation Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) and the
ICRP for use in dose and risk prediction for people.
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Biosphere research involved a variety of field and laboratory studies in support of the BIOTRAC
model and its parameter values (Sections 2.3 and 2.4) as well as alternative models (Section 2.5).
Some of them involved tracers whereas others had no experimental manipulations at all. In
Sections 4.1 to 4.6, some of the key studies are highlighted. In Section 4.7, some of the
information and experiences gained are used to address the questions of future research needs
and developments.

4.1 BIOSPHERE/GEOSPHERE INTERFACE

The main topics of research were identification and characterization of deep groundwater
discharge zones in order to get an understanding of where and how potentially contaminated
groundwater from a disposal vault might enter the biosphere. This is important for confirming
predicted discharge zones from geohydrological models, and for meaningfully linking geosphere
and biosphere models. A key tool in all this was the development and testing of a method for
identifying discharge zones with the help of excess helium gas in the discharging groundwater.
Research in this area was very successful and highlighted here are studies related to aquatic
(Section 4.1.1) and terrestrial discharges (Section 4.1.2). Although the results of these studies
did not have a large impact on the development of the BIOTRAC model, their findings are highly
relevant for siting a disposal facility.

4.1.1 Aquatic Discharge of Groundwater

Helium anomalies were studied in the Experimental Lakes Area (ELA) in northwestern Ontario
to develop and test the method, and to show that excess helium in lake-bottom-water originates
with deep groundwater discharged via fractures in the underlying granite (Stephenson et al. 1993,
1995a). Results of a study on helium profiles in sediments of ELA lakes were then used in a
model to predict groundwater seepage rates into these lakes (Stephenson et al. 1994a). Field
work was also conducted at the WRA in support of the postclosure assessment case studies
(Goodwin et al. 1994, 1996). One of the key studies is summarized by Stephenson et al. (1992)
as follows.

The hydrology of the Lac du Bonnet batholith at the Whiteshell Research Area (WRA) in
southeastern Manitoba has been studied extensively. Although the general structure of
the batholith is well known, its near-surface structure is less well known because of the
overburden. Consequently the precise locations of groundwater discharge from deep
fractures into local surface water remain uncertain. Deep groundwater in the WRA is
highly enriched with radiogenic He from the decay of natural U and Th ([He] is up to
50 mL-L"1). Surface waters normally equilibrate with atmospheric He and contain
standard [He] of 47 nL-L"1. We hypothesized that areas of deep groundwater discharge
from the Lac du Bonnet batholith should be characterized by elevated aqueous He
concentrations. We surveyed Boggy Creek and Boggy Lake at the WRA in the winter of
1989 for such He anomalies. In Boggy Creek, three significant anomalies were
identified, whereas in Boggy Lake several were found, the largest occupying the southeast
quarter of the 80 ha lake. All the He anomalies were closely associated with the mapped
or projected locations of faults in the underlying granite. A calculation of the total mass



- 3 4 -

of excess He trapped under winter ice in Boggy Lake suggests that the total volume of
deep groundwater seepage is small.

Results from this and related studies clearly show the potential importance of the helium
methodology for finding and characterizing groundwater discharge zones, as well as for
quantifying groundwater seepage rates into the biosphere. Such data are important for both
geosphere and biosphere models to be used for siting a disposal facility.

4.1.2 Terrestrial Discharge of Groundwater

Ungulates are attracted to salt-rich areas or licks to satisfy their mineral needs in early summer.
Licks are usually wetlands connected to deep groundwater discharge that brings dissolved salts
from the geosphere to the surface and so makes them available to animals. Gascoyne and
Sheppard (1993) investigated a lick at the WRA and showed that soil gas associated with it was
enriched in helium. The Cl" concentration was also elevated. The helium flux for this terrestrial
discharge zone indicated a groundwater discharge rate of about 26 m3-a"'. In a further study,
Sheppard et al. (1995a) showed that about 90% of the helium from the underlying source enters
Boggy Creek and the remainder goes to the lick. Although this represents only a single site, the
aquatic/terrestrial partitioning is of interest in assessment models. In the BIOTRAC model, the
terrestrial portion of discharge varies uniformly from 1 to 10% (Davis et al. 1993a).

These studies complement those for aquatic discharge of groundwater (Section 4.1.1) by showing
that the two types of discharges can be linked. Obviously, licks and the methods used for
studying them will be of much interest in siting a disposal facility.

4.2 SURFACE WATER

Research focused on general and specific aspects of the behaviour and transport of nuclides in
surface waters in support of the corresponding submodel (Section 2.3.2). Use was made of the
facilities and opportunities offered by the ELA in northwestern Ontario to study nuclides in
Shield lakes. However, studies were also conducted in limnocorrals, large enclosures suspended
into lakes, as well as in the laboratory. These three types of studies are complementary because
they offer different levels of control and realism. Here we highlight three studies, concerned with
the fate of 60Co and 134Cs (Section 4.2.1) and of I4C (Section 4.2.2) in Shield lakes, and the
behaviour and transport of iodine in surface water (Section 4.2.3).

4.2.1 Cobalt-60 and 134Cs in a Shield Lake

Much of the database on the behaviour and transport of nuclides in lakes is based on surface
addition of nuclides. This contrasts with the situation in NFWM, which would primarily involve
addition to the bottom or hypolimnion of lakes. One of the major objectives of this whole-lake
study was to see whether the mode of nuclide addition to a lake influences the subsequent fate of
the nuclides. If this is not the case, the extensive database for surface-added nuclides can be used
in support of the surface water model and its parameter values.
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The two nuclides, together with ' H to trace water movement, were added to the hypolimnion of
ELA Lake 226 in the summer of 1989 (Bird et al. 1995a). This lake was previously used to
investigate the fate of 60Co and 134Cs following surface addition (Hesslein 1987). The nuclides
remained in the water and confined to the hypolimnion until turnover of the water in the fall
when the lake cooled. This led to the loss of both nuclides from the water to the sediment, but
this loss was much greater for 60Co than for 134Cs. This is because 60Co is particle reactive, i.e.,
it attaches to particles in the water, which then settle out. One year after the addition, <1% of the
two nuclides had been lost to lake outflow. About 6% of the 60Co and 19% of the 134Cs remained
in the water column; the rest had been transferred to the sediment. These results were similar to
those obtained by Hesslein (1987) for surface addition.

Five years after the addition, about 0.4% of the 60Co and 0.6% of the 134Cs were still in the water
column (Bird et al. 1997). Small amount of 60Co cycled between sediments and the overlying
water. Furthermore 134Cs concentrations in various biota remained relatively high because of
cycling within food chains. These results are in harmony with those obtained for surface
addition. However, they also show that nuclides can persist in lakes for long periods of time
through cycling and food-chain retention.

The results validated the use of the database on the behaviour and transport of nuclides in lakes
for the two postclosure assessment case studies (Goodwin et al. 1994, 1996). There are many
published databases and they are usually not directly applicable to a given problem. Therefore,
care must be taken in their use and, in some cases, studies may have to be carried out to confirm
that a database is indeed applicable.

4.2.2 Carbon-14 in Shield Lakes

Between 1976 and 1978, three ELA lake basins were treated with 14C by scientists from the
Canadian Department of Fisheries and Oceans to measure rates of primary production in relation
to trophic state and to study processes of gaseous exchange with the atmosphere (Stephenson et
al. 1995b). This provided an excellent opportunity to study the long-term fate of 14C in Shield
lakes for NFWM.

Thus, Stephenson et al. (1994b, 1995b) reviewed the existing I4C database and added to it
through a sampling program. Gaseous evasion was the major loss pathway for the added 14C
(Hesslein et al. 1980), but substantial inventories remained in the sediments. The eutrophic north
basin of Lake 226 initially retained 29% of the added 14C, although mineralization reduced this to
<20% within two years. This high level of retention is likely related to rapid assimilation of 14C
by algae or phytoplankton following addition. Sediment shifts or refocusing redistributed the 14C
for 2 to 7 years following the addition. After 11 years, the basin retained about 18% of the
original 14C, with 13% of that remaining in erosional areas of sediment and 87% in transitional or
depositional areas. Although the mesotrophic south basin of Lake 226 and oligotrophic Lake 224
retained only about 7% of the initial 14C additions, its sediment distribution was similar to the
eutrophic north basin of Lake 226. Thus, the fate of the added 14C was basically similar in the
three lake basins, regardless of trophic state.
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This study demonstrates that even highly mobile nuclides, such as I4C, can be retained for a long
time in Shield lakes. It also stresses the importance of biological processes in this. Furthermore,
it highlights that opportunism and collaboration can be very important in providing cost-effective
research (Section 4.7).

4.2.3 Behaviour and Transport of Iodine in Surface Water

For I, the most important postclosure nuclide (Section 2.9.1), sedimentation and volatilization
or evasion to the atmosphere are important loss processes from the water column. In fact, iodine
evasion from surface water is one of the most sensitive BIOTRAC model parameters in terms of
dose estimation for humans (Section 2.9.3). In this model, evasion is represented by a broad
lognormall PDF, a reflection of its uncertainty (Davis et al. 1993a).

The loss rate of iodine from the water column to sediment was studied with limnocorrals, spiked
with 3H and 125I and suspended in two ELA lakes (Bird et al. 1995b). The 125I/3H ratio indicated
a loss rate of 0.62 to 2.7 a'1. In addition to these values, the study also provided Ka values for
partitioning iodine between the water column and sediment, and CR values for quantifying
uptake by fish in a relatively natural setting.

Stephenson and Motycka (1995) measured the volatility of iodine from surface water in a highly
controlled laboratory experiment involving glass flasks. Although this represents a highly
artificial situation, volatility would be very difficult to study in a more natural setting because
gases need to be trapped. The transfer rate from water to the atmosphere for 129I was estimated
to be <0.0019 a"1, whereas the corresponding rate from water to sediment was estimated to range
from 1.0 to 3.4 a'1. This range is similar to that noted above, as determined by Bird et al. (1995b)
in a more realistic setting.

The new data for iodine evasion did not justify changing the PDF included in the BIOTRAC
model, but such a change was justified for sediment transfer rate (Zach et al. 1996). These
parameter values and the supporting data clearly show that much of the I29I would be transferred
to the sediments and only a small fraction released to the atmosphere. Even so, iodine evasion is
a more important parameter than sediment transfer because 129I suspended into the atmosphere
has a higher dose potential through deposition and food-chain transfer. The dose potential for

I in sediment is largely restricted to the case when sediments are used as soil. Accordingly, the
sediment/soil switch counts among the most important BIOTRAC model parameters (Section
2.9.3).

Key features of both of these studies are that they focus on the most important nuclide and on
important BIOTRAC model parameters. Furthermore, both studies provide a variety of
additional useful data.

4.3 SOIL

Several of the key areas included in soil research have already been introduced as part of the soil
model, particularly those related to the Kd database and model validation (Sections 2.3.3.2 and
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2.3.3.3). Here several studies are highlighted that further indicate the close link between the soil
model and the supporting research, and also show the diversity of the studies carried out. Section
4.3.1 focuses on the sorption of iodine in soil, Section 4.3.2 deals with evasion or degassing of
carbon and iodine from soil, and Section 4.3.3 presents a unique field experiment on the
transport of iodine in a peat bog. This is important because large areas of the Shield are covered
by bogs and swamps.

4.3.1 Iodine Sorption in Soil

The mobility and retention of iodine in soil involves complex physical, chemical and biological
processes, and related data have been scarce. These processes are important because mobility of
129I is related to biosphere transfer, including uptake by plants, animals and people. Studies in
this area were first initiated under contract (Appendix C), but later they were continued in-house
to enhance productivity, cost effectiveness, and to make expertise gained more directly available
to the NFWM program.

Sheppard and Thibault (1992) addressed the chemical behaviour of iodine in organic and mineral
soils. They investigated the loss of iodine from solution to soil, the desorption of aged iodine,
and the extraction and analysis of iodine for specific soil components. Results suggested that
loss of iodine from solution is a first-order process. Desorbed iodine is generally anionic, but
some neutral and positively charged species are also present. It was speculated that iodine may
be attracted to soil surfaces through weak electrostatic action, but retention may be primarily
caused by physical association with surfaces and entrapment in micropores and structural cavities
of the organic matter. Furthermore, microbes may play a role in this. Sheppard et al. (1995b)
confirmed that anion sorption plays a role in the retention of iodine in both organic and mineral
soils. However, their results showed that the loss of iodine from solution is not a simple reaction
as previously noted, and that it can best be described by a two-stage model with a fast initial
component and a slower second component. These components are based on fundamentally
different reactions. The potential role of microbes in iodine mobility and retention was addressed
by Sheppard and Hawkins (1995). This work made it obvious that iodine can be toxic to
microbes, and that microbes may only play a minor and indirect role in iodine sorption through
the decomposition of organic matter.

The basic understanding gained from these theoretical studies was applied by Sheppard et al.
(1996) to investigate iodine sorption and desorption across a wide range of soil solution
concentrations for seven soils typical of Shield uplands and lowlands. Kj values ranged from 6
to 1800 L-kg"1 and were significantly correlated with several factors, including soil background
iodine and organic matter content. Over the entire concentration range used, the K<j was not
linear; however, over the concentration range relevant for environmental assessments, it can be
considered linear. These results are important because they include Kd values for 129I and
because they show that use of the Kd model is appropriate for the two postclosure assessment
case studies (Goodwin et al. 1994, 1996). However, in a more general context, the Kj model
needs to be reevaluated and, possibly, replaced (Section 4.7).
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4.3.2 Degassing of Carbon and Iodine from Soil

Degassing of 14C and especially 129I is of key importance in the BIOTRAC mode]
(Sections 2.9.1. and 2.9.3). In recognition of this and the limited available data, Ewing and
Sheppard (1994) established a unique flow-through system in the laboratory for establishing
degassing rates and related factors for these nuclides in combination with data from field studies.

Soil air usually contains elevated levels of CO2 relative to the atmosphere because of plant root
and microbial respiration. This would provide a gradient for the exchange of inorganic I4C
released from an underground disposal vault in the form of CO2. Results show that degassing
rates are driven primarily by diffusion and that rate constants range from 1Q"7 to 10"2 s"1

(Sheppard et al. 1994a). These rates are mainly affected by soil pH and porosity, and to a lesser
extent by temperature, soil moisture content and soil organic matter content. However, freezing
greatly reduces degassing. Sheppard et al. (1994a) then go on to recommend degassing rate
constants of 1 x 10~6 s"1 for acidic soils and 5 x 10"7 s"1 for calcareous soils. For probabilistic
modelling, a lognormal PDF with a geometric mean (GM) of 4.3 x 10"7 s 1 and a geometric
standard deviation (GSD) of 3.26 are recommended. Sheppard et al. (1994b) provide similar
analyses and results for 129I soil degassing. Thus, for probabilistic modelling, a lognormal PDF
with a GM of 6.7 x 10"10 s 1 and a GSD of 3.0 are recommended.

The recommendations made by Sheppard et al. (1994a, 1994b) were implemented in BIOTRAC2
for the second postclosure assessment case study (Section 2.4, Zach et al. 1996a). Thus, the
previously used degassing rate constants were replaced by values based on sound research data.
It is this linkage which is so important in modelling and thereby assessment credibility.

4.3.3 Iodine Transport in a Peat Bog

Bogs and other wetlands are very common on the Shield and they typically occupy
topographically low lying areas. Thus, it is entirely possible that nuclides from an underground
disposal vault would discharge into a wetland rather than a lake (Section 4.1.2). Sheppard et al.
(1989) have conducted a field experiment focused on this possibility. It investigated iodine
dispersion and effects of groundwater chemistry in a peat bog in the WRA. They summarize the
study as follows.

The migration and behaviour of I was investigated in a sphagnum bog on the Precambrian
Shield in eastern Manitoba, Canada. A 6 M solution of KI was released at the base of the
bog to simulate a pulse discharge of contaminated groundwater from a fracture in the
granitic rock. A network of piezometer tubes was used to monitor the dispersion of the I
and the groundwater chemistry over 1 year. Cores of peat were also taken for analysis to
supplement the groundwater data and to investigate the sorption of I. The introduced I
dispersed 2 m horizontally and 1 m vertically within a month. After this, the system
stabilized and further migration was insignificant. The patter of I dispersion indicated
that the bog hydrology was very complex with flow directions changing substantially with
depth. The groundwater concentrations of the major cations rose in response to the mass
action effect of K displacing them from reaction sites in the peat. Humic materials in the
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groundwater decreased in size after the KI release and returned to their pre-release
conformation one month later. The GM soil distribution coefficient value, IQ, for I in the
bog was 1.36 L-kg"1, but it was strongly related to pore water concentration. Thus, a
single Kd value was insufficient for describing the system. Clearly, good groundwater
chemistry, sorption and hydrological data are necessary for meaningful modelling of
contaminant transport in a bog.

The study, which was extended to four years, provided realistic Kd values, but it also provided
data on the dispersion of the iodine in the bog. The dispersion was very limited because the bog
was stagnant and because the iodine was sorbed by the organic peat.

4.4 ATMOSPHERE

Atmospheric research focused on near-surface processes, where information was needed on the
exchange of nuclides between the atmosphere and underlying surfaces. Research included the
basic processes of suspension, dispersion and deposition, which are explicitly included in the
BIOTRAC model (Section 2.3.4, Amiro and Davis 1991, Amiro 1992). Much of the research
was conducted on relatively poorly understood processes, especially those related to forested
areas on the Shield. Here we highlight work on atmospheric turbulence (Section 4.4.1),
evapotranspiration (Section 4.4.2) and nuclide emissions to the atmosphere (Section 4.4.3).

4.4.1 Atmospheric Turbulence in Forests

Dispersion of nuclides and other contaminants in the lower part of the atmosphere is controlled
by turbulent processes whereby eddies of various sizes move mass and energy vertically and
laterally. Much of the Shield is covered with forests, and much remains to be learned about
turbulence in these forests. Research was initiated in 1986 to measure turbulence characteristics
in the boreal forest. Field measurements with fast-response sensors and three-dimensional
anemometers were made to characterize wind and temperature within and above forest canopies.
Work focused first on conditions within a single black spruce forest canopy (Amiro and Davis
1988), then on an intercomparison of three different forest types (Amiro 1990a, 1990b), and
finally on night-time and winter conditions (Amiro and Johnston 1991).

A major finding is that wind speed profiles within a forest canopy can be predicted from simple
measurements made above the canopy. Furthermore, vertical wind speed distributions,
responsible for vertical transport of contaminants, are asymmetric, with the persistence of large,
high-velocity eddies. Many of the same features were present within each of the three canopy
types studied (black spruce, jack pine, aspen/willow), indicating that some universal generalities
can be applied when modelling boreal forest canopies. In addition, the results showed that the
momentum exchange and drag could be used to estimate the distribution of the leaf area through
the canopies in most cases, again suggesting some universality in processes. In-depth studies of
the spectra of turbulence indicated that some of the laws that apply in the free atmosphere do not
apply within the canopy, especially relating to the cascading of energy. Some of the work at
night also identified particular wave structures that may be important in dispersion under certain
conditions.
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These studies and results have not only helped to understand the processes of dispersion within
forests, but have also formed a good basis for a large multinational study of the Canadian boreal
forest (BOREAS) (Sellers et al. 1995). BOREAS was motivated by concerns over global climate
change and it focuses on carbon cycling. Involvement in such studies could be important for
NFWM. The point is that siting a nuclear fuel waste disposal facility cannot succeed if too
narrow an approach is taken that shuts out the scientific/technical community at large. One way
to get access to this community is through involvement in broad studies such as BOREAS
(Section 4.7).

4.4.2 Evapotranspiration from Canadian Shield Catchments

The water budget of local and regional areas is important in determining the movement of
nuclides and other contaminants in ground and surface waters. Thus, the BIOTRAC model
includes a central water budget ( Section 2.3.7.2, Davis et al. 1993a). The water budget is
dominated by P, ET and R (Amiro and Wuschke 1987). Both P and R are reasonably easy to
measure, but ET is a difficult quantity to estimate, especially on a catchment basis. A technique
was developed to measured ET using a combination of energy balance and eddy correlation
(Amiro and Wuschke 1987). This technique was applied successfully to two catchments over a
three-year period where the surface water balance was estimated (Amiro et al. 1988). The
technique is robust and easy to use, and so has been adopted by others. However, it does require
a measurement from a fixed location, and the potential size of the footprint must be considered to
obtain a representative sample from a catchment.

Amiro (1988) created a model to predict ET for catchments. This simple combination model
uses basic climatological measurements as inputs. However, the surface conductance was not
known and several simple schemes were explored to estimate it. Although the model worked
well for some catchments in some years, it did not always agree with actual measurements.
Thus, in many cases it may be easier to measure ET rather than depend on a model. There were
difficulties in establishing consistent ET values for the BIOTRAC model (Davis et al. 1993a).
Thus, for siting a disposal facility actual measurements would seem to be best.

4.4.3 Emissions of Nuclides to the Atmosphere

The atmosphere model includes emission or suspension of nuclides from the surface source to
the atmosphere (Section 2.3.4, Amiro and Davis 1991, Amiro 1992). In some cases, very little
was known about the processes involved and so studies were needed. One of the most important
of them addressed the question of 129I release from vegetation as a gas (Amiro and Johnston
1989). Roots of plants were placed in a solution culture containing 125I, and the release of the
tracer to the air around the foliage measured. A unique cuvette system was developed for the
study. Without determining the exact mechanism involved, the study showed that iodine
emission from living plants probably contributes <0.1% to the stable iodine concentration in the
atmosphere above terrestrial areas. Although this pathway is relatively unimportant for the
natural iodine cycle, it could contribute to atmospheric concentration of 129I in terrestrial areas,
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but likely less than direct volatilization from soil. The important point is that pathway
elimination needs to be based on sound data and not on the unavailability of such data.

4.5 HUMAN FOOD-CHAIN AND DOSE

Research efforts focused on exposure pathways leading to humans and, particularly, on
BIOTRAC model parameter values. Many exposure pathways for humans are well known but
this is not true for all of them. Furthermore, all the pathways need to be considered in terms of
NFWM and the Canadian Shield. In food-chain and dose models, transfer coefficients that
define the transfer of nuclides from soil to plants and then to animals are very important. Here
we highlight research in support of the human soil ingestion pathway (Section 4.5.1), and
transfer of nuclides to vegetables in a garden (Section 4.5.2) and to wild and cultivated
blueberries (Section 4.5.3). Consideration of berries is important because people on the Shield
may depend on them seasonally.

4.5.1 Human Soil Ingestion Pathway

Sparingly soluble nuclides are unlikely to affect human health through food-chain transfer, such
as plant uptake or passage through animal-based foods, because mobility in these pathways is
limited by solubility. Therefore, direct ingestion of contaminated soil can become the dominant
pathway (Sheppard and Evenden 1992a). A key question is whether the nuclide concentration of
soil directly transferred to humans is representative of the bulk contaminated soil. Sheppard and
Evenden (1992a) have clearly shown this is not the case for sorbing nuclides because they
preferentially become attached to small clay-sized particles of the bulk soil. Various processes
can concentrate contaminants by soil sorting so that the soil adhering to plants and the human
skin becomes enriched in nuclides (Sheppard and Evenden 1992a, 1994). Soil adhering to plants
may be ingested by people and soil adhering to skin can lead to ingestion through hand-to-mouth
transfer, particularly by children. Nuclide enrichment can be quantified by a simple model using
information from soil particle-size analysis (Sheppard and Evenden 1994, Sheppard 1995a). The
bioavailability of some nuclides sorbed to soil is similar to nuclides incorporated into plant
tissues as a result of root uptake (Sheppard et al. 1995).

These and similar studies have not only helped to develop appropriate models but also parameter
values for risk assessments concerned with the amount of soil ingested, concentration enrichment
and bioavailability (Sheppard 1995b). This sequence of studies is an excellent example of how
research leads to credible models and parameter values for risk assessments.

4.5.2 Uptake of Halides in a Garden

The halides 36C1 and 129I are the most important nuclides in postclosure assessment
(Section 2.9.1). Therefore, a study was designed to investigate the behaviour and transport of
these nuclides as well as bromine and fluorine in a garden setting (Sheppard and Evenden
1992b). Bromine was included because screening calculations showed that it could be a
potentially important chemical toxic element released from a disposal vault (Goodwin and Mehta
1994). Sheppard et al. (1993) summarize the results of the study as follows.
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This study investigated the behaviour of stable I, Br, Cl and F in a replicated, garden-like
plot experiment. Three crops were grown with two concentrations of each of the halides
applied singly and combined. Several lysimeter studies were integrated among the plots
to provide ancillary information. Sorption of the halides on the soil, measured in the
laboratory, decreased in the order F > I » Br = or > Cl, and the sorption of I and F
increased with time for at least 20 days. The solid/liquid partition coefficient, K<j, at 21
days was 17 litrekg1. The plant/soil concentration ratios (CRs) for I ranged from 0.024
to 0.19, and these were much lower than the CRs for Br and Cl. Cooking losses were
measured and generally did not exceed 50%. Most interesting was the apparent lateral
movement of I, Br and to some extent Cl from treated plots to plants and moss samplers
in adjacent untreated plots and lysimeters. The corresponding plant tissue concentrations
increased significantly, and through consideration of the masses involved and soil
analyses, an atmospheric route was indicated. This has an important bearing on data for
the soil-to-plant transfer of I, and may limit the usefulness of data obtained using small
lysimeters.

This study is highlighted here not only because it focuses on two of the most important nuclides,
36C1 and 129I, but also because it shows that simple studies can lead to misleading results.
Furthermore, it shows that thoughtful planning of research can provide dividends - chlorine was
included for comparison only, but later it became clear that 36C1 was one of the main nuclides
(Section 2.9.1, Johnson et al. 1995) and so the chlorine data provided by the study suddenly
became very important.

4.5.3 Uptake of Nuclides by Blueberries

Sheppard (1991) carried out a large field and literature survey of nuclide concentrations in soil
and uptake by blueberries across the Shield. The data were then used to define CR values
(Sheppard and Evenden 1990). The study is highlighted here not only because it focuses on
blueberries that are important on the Shield, but also because it yielded some interesting results
that are in conflict with the treatment of plant uptake of nuclides in simple assessment models,
including BIOTRAC.

Results of the study indicate nuclide concentrations in soil and plants and CR values are right
skewed, which has important consequences for defining PDFs for the BIOTRAC model.
Concentrations of various nuclides tended to be positively correlated, which was related to
organic matter content of soil and other soil properties. Surprisingly, plant concentrations were
only weakly correlated to soil concentrations, which seems to undermine the CR concept for
plant uptake. Nuclide concentrations of plants were relatively uniform over the Shield,
regardless of soil, and whether the plants were wild or grown under cultivation. The only
exception were plants from the Sudbury area which had elevated levels of magnesium and nickel.
One of the most important results from the study was that the variation of CR values did not
depend on the exact nuclide and so a general value applicable to all nuclides can be used, at least
for blueberries. In spite of this restriction, a single GSD value was used in the BIOTRAC model
for all plants (Davis et al. 1993a).
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There is no doubt the CR concept of root uptake has limitation, especially in the case of nuclides
that are metabolically regulated so that soil concentrations are not reflected in plant
concentrations. The CR concept is certainly ripe for a re-examination, and, perhaps, different
models need to be applied to reflect the chemical properties and metabolic role or treatment by
plants of individual nuclides (Section 4.7).

4.6 NON-HUMAN FOOD-CHAIN AND DOSE

Research in this area focused on the transport of nuclides in the natural environment, and on the
effects of radiation exposure on plants and animals. In NFWM, effects studies were particularly
important to fill in gaps of understanding on the radiosensitivity of various biota and to
determine a radiation protection criterion for them for use in the EIS. Unlike for humans, there
are no generally accepted radiation protection criteria for plants and animals. Section 4.6.1
presents a study on the transfer of nuclides in a boreal environment. In Sections 4.6.2. and 4.6.3
studies on the effects of radiation exposure on a boreal forest and wild birds are highlighted.

4.6.1 Boreal Food-Chain Transfer of Nuclides

Nuclides from a disposal vault on the Shield might eventually enter natural food chains and
expose plants and animals to radiation, as well as the people that depend on these organisms for
food. A study by Zach et al. (1989) provides valuable data on the transfer of natural 40K and
fallout 137Cs from soil to plants to beaver, white-tailed deer, moose to wolf. While the two
nuclides are not important in the postclosure assessment of the disposal concept (Goodwin et al.
1994, 1996), they can serve as analogs. Furthermore, 137Cs is important in the preclosure
assessment (Grondin et al. 1994).

Results from the two nuclides clearly showed that transfer from soil to plants is soil and plant
specific; that CR and transfer factor values tend to be log-normally distributed; that wild
organisms tend to have higher CR and transfer coefficient values than domestic ones; that 40K
and 137Cs do not bioaccumulate; and, finally, that 137Cs can increase in concentration or
biomagnify from prey animals to wolves by about a factor of six (Zach et al. 1989). Absence of
bioaccumulation means that older animals do not have higher nuclide concentration than younger
ones. These data were used in the BIOTRAC model to establish parameter PDFs and also to
effectively address issues related to natural food chains during the EIS review. This review also
suggested that it would have been helpful to have more data on nuclide transfer in natural food
chains on the Shield, particularly to address issues raised by aboriginal peoples. One such study
on caribou was carried out by Macdonald et al. (1996).

4.6.2 Radiation Effects on a Boreal Forest

In Section 1.1, the FIG facility with its studies of the effects of radiation on a boreal forest are
introduced. These studies have focused on long-term chronic low-level exposure on the forest
and a variety of individual plant species. The studies are important for NFWM because the
question of long-term exposure of the environment has been brought up repeatedly during the
EIS review. This question can only be fully addressed by carrying out further studies in FIG to
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see how the damaged forest is recovering from radiation effects over a long time. Here, one of
the latest FIG studies on this topic is highlighted, as summarized by Amiro (1994).

"A section of the Canadian boreal forest was irradiated chronically by a point source of 137Cs
from 1973 to 1986. Tree-canopy cover was measured at permanently marked locations during
the pre-irradiation, irradiation and post-irradiation phases, spanning a period of two decades.
The tree canopy was severely affected at dose rates greater than 10 mGy-h"1 delivered
chronically. The canopy of sensitive coniferous tree species, such as Abies balsamea and Picea
mariana, decreased at dose rates greater than 2 mGy-h"1, but in some cases the tree canopy was
replaced by more resistant species, such as Populus tremuloides and Salix bebbiana. Effects on
canopy cover could not be detected at dose rates less than 0.1 mGy-h"1. Even at dose rates of 5
mGy-h"1, the forest canopy is recovering six years after irradiation stopped."

Clearly, this boreal forest as a whole is relatively radiation resistant in that the damaged forest is
recovering, although not necessarily to its former state. Furthermore, results from another study
clearly show that certain tree species, such as balsam fir, can be affected by radiation levels as
low as 0.05 mGy-h"1 (Dugle 1986), indicating a higher sensitivity than some animal species.
Other noteworthy FIG studies are Dugle and Mayoh (1984), Dugle and Hawkins (1985) and
Amiro and Laverock (1996).

4.6.3 Radiation Effects on Wild Birds

Wild birds are well known to be sensitive indicators of environmental stress. Therefore, several
studies on the effects of radiation exposure have been completed as part of NFWM and other
programs (e.g., Zach and Mayoh 1984, 1986). The studies have mainly focused on breeding tree
swallows and house wrens, particularly the hatching, growth and survival of their young.
Collectively, the studies have shown that birds are about as sensitive to radiation exposure as are
mammals, which are generally deemed the most sensitive (UNSCEAR 1996). Among other
things, results from these studies have been used to establish and defend the radiation protection
criterion for non-human biota used in the EIS (AECL 1994).

The last study in this series (Zach et al. 1993) focused on a long-held belief that radiation
protection of humans also ensures radiation protection of all the other biota (ICRP 1977,
UNSCEAR 1996). In this experimental study, breeding tree swallows were exposed to chronic
radiation levels up to 50 mSv-a"1, the then occupational dose limit for radiation workers. Results
clearly showed that protecting humans would protect birds provided the exposure situation of
humans and birds are the same, which is usually not the case. They also showed that nestling
birds can show certain growth defects that might be interpreted as being radiation induced, even
though they are not. One of the conclusions that can be drawn from the study is that it is far
easier to do a radiation assessment for non-human biota than to argue that radiation protection for
humans is sufficient for all the other organisms as well.
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4.7 FUTURE RESEARCH NEEDS AND DEVELOPMENTS

The intention here is to underscore the fundamental importance and need for
scientific/technological research to successfully site a disposal facility, rather than to provide a
detailed list of research needs and developments. This has to be done as part of the overall plan
for siting a disposal facility, particularly for finding a site, assessing it, and for convincing the
nuclear regulator, the scientific/technical community, and the public that the selected site is
suitable and safe. Nevertheless, detailed suggestions for future work are made throughout the
report.

It is worthwhile to highlight first the contribution research has made to the success of the
biosphere program (Chapter 4). NFWM poses unique problems and so the database for model
development, establishing parameter values, and model validation were very limited in 1978
when the program started. For example, little was known about the fate of underground sources
of nuclides entering into biosphere, and such nuclides as 14C, 36C1 and 129I. Research has
provided data on all these aspects and more, and allowed the development of the BIOTRAC
model. This model has been well received, thanks to the supporting research data. Important in
this is the strong support from the TAC and the scientific/technical community at large (Section
2.6). However, not withstanding this, some EIS reviewers did find fault with the BIOTRAC
model (Appendix D); this is probably unavoidable regardless of the model and other approaches
used. The support by the TAC and the scientific/technical community is founded in the peer
review of all the important data and their publication in the scientific/technical literature
(Appendix B). In this connection it must be recognized that siting a disposal facility is not a
simple process focused on the nuclear regulator. Siting is also a scientific/technical problem and
the respective communities will play their role in it. The ability to play this role effectively will
be of key importance in achieving scientific/technical and public acceptance of a disposal site.

Canada has few experts on the behaviour and transport of nuclides in the environment, and the
effects of radiation on various biota. Such expertise is absolutely essential for developing
credible models and assessments for siting a disposal facility (Section 3). Most of the existing
experts have been part of the biosphere program for NFWM (Appendix A). With the close-out
of this program (Section 1.3), these experts will likely disperse, and expertise will lag and be lost.
Not replacing this expertise would have detrimental effects on the abilities needed for
successfully evaluating a disposal facility.

Scientific/technical research is a dynamic, integrated process in terms of disciplines,
methodology and progress. For example, the international BOREAS program mentioned in
Section 4.4.1 is concerned with the carbon cycle in the boreal forest. Carbon-14 is of key interest
in NFWM (Section 2.9.1) and so is the boreal forest because it covers much of the Shield.
BOREAS has changed methodologies and understanding of carbon transfer on the Shield. Thus,
the treatment of 14C in NFWM models and assessments needs to be consistent with these
advances in order to maintain support from the scientific/technical community. This harmony
can be ensured through an active research program in support of nuclear fuel waste disposal.
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Many of the data in support of the BIOTRAC model are becoming rapidly outdated and some
already are. For example, many of the CR and transfer coefficient values used in the food-chain
and dose submodels of BIOTRAC (Davis et al. 1993a, Zach and Sheppard 1992) are based on
values established in the 1970s. These values in turn are based on data from the 1960s, if there
are any data at all. Outdated data lack credibility because they are not in agreement with current
scientific/technical methodology and understanding; they may also be incorrect. By analogy, car
engines used 30 years ago were OK then but not now because technology has substantially
progressed in the meantime. This makes it clear that the database for NFWM needs to be
continuously evaluated, confirmed, updated and replaced in order to maintain support from the
scientific/technical community. This is especially true for NFWM, given the long time spans
involved in the preparation of the EIS and in the actual siting of a disposal facility. CR and
transfer coefficient values established on the basis of 50-year-old data or on elemental analogy a
long time ago would simply not do.

In summary, biosphere research is of fundamental importance for successful evaluation of a
disposal facility. Research provides experts, advances understanding, ensures concurrent
databases, provides credible models and ensures support from the scientific/technical community
at large. This support is important in itself, but also for ensuring support from the public and
approval from the nuclear regulator.

5. SUMMARY AND CONCLUSIONS

The biosphere program in support of the development of the disposal concept for Canada's
nuclear fuel waste since 1978 is scheduled for close-out in 1997.

The program has made many contributions to model development, to the environmental impact
statement (EIS) for the disposal concept, and to the EIS scientific/technical and public reviews.
Much of the work carried out under the program is also relevant for evaluating a disposal facility,
other than for model development and performance assessment.

The development of biosphere models for tracing the behaviour and transport of nuclides through
the environment, and for estimating radiological doses to people and other biota is highlighted
from the first interim assessment in 1981 to the BIOTRAC2 model used in 1996 for the second
postclosure assessment case study in support of the EIS.

Numerous BIOTRAC model highlights covering the biosphere/geosphere interface, surface
water, soil, atmosphere, human food-chain, and dose and non-human food-chain and dose
submodels as well as their integration are presented. These highlights stress the strengths of the
BIOTRAC model, but also touch on some of its weaknesses.

Improvements in the transition from the BIOTRAC to BIOTRAC2 model are highlighted,
recognizing that further improvements of the model are possible.
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The development of alternative biosphere models is highlighted, showing that such models
flourished early in the program and again later on in response to feedback from the EIS review.
Even so, few alternative models are available, an important shortcoming in the multiple-line-of-
reasoning approach for confidence building.

The benefits of external scientific/technical review and EIS feedback are examined, and an
extensive compilation of the issues raised by EIS reviewers is presented.

The importance of the international biosphere model validation program, BIOMOVS/BIOMASS,
is highlighted for exchange of ideas, model development and model validation.

Key BIOTRAC model and postclosure assessment aspects are highlighted, including the most
important nuclides, pathways and processes, and model parameters.

Future basic modelling needs and developments are indicated, stressing that several biosphere
models will be required for successfully siting a disposal facility, the importance of the linkage
between modelling and research, and the need for qualified modelers with a sound understanding
of the relevant scientific/technical disciplines. The models also need to reflect current ecological
thinking, employing rigorous treatment of landscape processes.

The broader importance of the biosphere in NFWM is explored in terms of the general public and
aboriginal peoples. The EIS review has made it clear that reliance on models alone will not
convince these groups that low-levels of radioactivity released from a disposal vault will not
harm them and the environment.

Numerous research highlights in the areas of the biosphere/geosphere interface, surface water,
soil, atmosphere, human food-chain and dose, and non-human food-chain and dose are presented.
These highlights demonstrate the necessity of research for model development, for establishing
parameter values and for model validation.

Future research needs and developments are highlighted, stressing that research is required for
achieving credible models and assessments, and for securing support from the scientific/technical
community as well as from the public for the selection and approval of a disposal site.

Key staff of the biosphere program are listed together with their areas of expertise and
contributions.

Contracts let by AECL in support of the biosphere program are listed together with their
contributions to the program.

An extensive, categorized list of scientific/technical publications from the biosphere program is
provided, attesting the high productivity of the program, and its contribution to modelling and the
EIS.
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Only professional staff are included here. This is not meant to detract from the technical staff
who have been instrumental in the success of the biosphere program, particularly in laboratory
and field research. For each professional the last academic degree, the general areas of expense
and the areas of contribution to the BIOTRAC biosphere model and the environmental impact
statement (EIS) are listed. More detailed information regarding areas of expertise and
contributions can be inferred from the list of publications presented in Appendix B.

BRIAN AMIRO
(Ph.D. Agricultural Meteorology, University of Guleph)
Areas of Expertise: Micrometeorology

Air quality
Phytotoxicity
Radiation effects
Performance assessment

Areas of contribution: Atmosphere model
Non-human food-chain and dose model
Alternative models
Population dose models
Atmospheric research
Hearings support

GLEN BIRD
(Ph.D. Environnmental Biology, University of Guelph)
Areas of expertise: Limnology

Contaminants in surface waters
Aquatic toxicology
Modelling

Areas of contribution: Surface water model
River model
Surface water research

PHIL DAVIS
(Ph.D. Atmospheric Physics, University of Toronto)
Areas of expertise: Modelling atmospheric turbulence and dispersion

Tritium in the environment
Biosphere transport of contaminants
Emergency prepardness

Areas of contribution: Biosphere model integration
Biosphere/geosphere interface model
Glaciation assessment

COLIN MACDONALD
(Ph.D. Zoology, University of Gulelph)
Areas of expertise: Ecotoxicology

Contaminants in food chains
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Radiation and contaminant effects
Ecological risk assessment

Areas of contribution: External human dose conversion factors
Background radation levels
Research on nuclide transport in non-human biota

KEITH REID
(Ph.D. Environmental Biology, University of Guelph)
Areas of expertise: Computer modelling

Environmental assessment
Wetland ecology

Areas of contribution: Biosphere modelling
Biosphere model sensitivity analysis

MARSHA SHEPPARD
(Ph.D. Soil Physical Chemistry, University of Guelph)
Areas of expertise: Soil physics

Contaminants in soil
Soil remediation
Geographical information systems

Areas of contribution: Soil model
Wetland and terrestrial discharge zones
Soil research
Hearings support

STEVE SHEPPARD
(Ph.D. Soil Science and Plant Physiology, University of Manitoba)
Areas of expertise: Plant physiology

Contaminants in food chains and soils
Toxicity assessment
Modelling

Areas of contribution: Human food-chain and dose model
Alternative models
Food chain and soil research

MALCOLM STEPHENSON
(Ph.D. Aquatic Sciences, University of Guelph)
Areas of Expertise: Limnology

Contaminants in surface waters
Aquatic toxicology
Groundwater discharge zones
Modelling

Areas of contribution: Surface water model
Biosphere/geosphere interface model
Surface water research
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RETO ZACH
(Ph.D. Animal Ecology, University of Toronto)
Areas of expertise: Contaminants in the environment

Biosphere modelling
Radiation effects
Performance assessment

Areas of contribution: Biosphere model integration
Human and non-human food-chain and dose submodels
Alternative models
Food chain and ecological research
Hearings support

YAHUIZHUANG
(Ph.D. Meteorology, University of Alberta)
Areas of expertise: Atmospheric dispersion

Air pollution modelling
Areas of contribution: Atmospheric research
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This Appendix contains all the scientific/technical references concerned with or related to
nuclear fuel waste management (NFWM). The references are categorized into seven subject
areas (Sections B.2 to B.8). Six of these are specific, but Section B.8 is general because it
contains those references that could not be put into any of the more specific categories. Note that
each reference is cited only once even though some of them could have been fit into two or more
of the categories. Such references were simply put into the most relevant category.

References concerned with program documents or summaries are not included here; they are,
however, listed in Section 1.2 in the main body of this report.

B.I BIOSPHERE/GEOSPHERE INTERFACE

Gascoyne, M. and M.I. Sheppard. 1993. Evidence of terrestrial discharge of deep groundwater
on the Canadian Shield from helium in soil gases. Environmental Science and
Technology 27, 2420-2426.

Gascoyne, M., J.J. Hawton, R.L. Watson, M.I. Sheppard. 1993. The helium anomaly in soil
gases at the Boggy Creek site, Lac du Bonnet, Manitoba. Atomic Energy of Canada
Limited Technical Record, TR-583, COG-92-376*.

Sheppard, M.I., D.H. Thibault and P.A. Smith. 1989. Iodine dispersion and effects on
groundwater chemistry following a release to a peat bog, Manitoba, Canada. Applied
Geochemistry 4, 423-432.

Sheppard, M.I., M. Stephenson, D.A. Thomas, J.A.K. Reid, D.H. Thibault, M. Lacroix and
S. Ford. 1995. Aquatic-terrestrial partitioning of deep groundwater discharge using
measured helium fluxes. Environmental Science & Technology 29, 1713-1721.

Sheppard, M.I., D.H. Thibault, G.M. Milton, J.A.K. Reid, P.A. Smith and K. Stevens. 1995.
Characterization of a suspected terrestrial deep groundwater discharge area on the
Canadian Precambrian Shield. Journal of Contaminant Hydrology 18, 59-84.

Stephenson, M., W.J. Schwartz and M. Motycka. 1993. Regional survey for He
anomalies in Canadian Shield lakes: Sources of variation and implications for
nuclear fuel waste management. Applied Geochemistry 8, 373-382.

Stephenson, M., W.J. Schwartz, L.D. Evenden and G.A. Bird. 1993. Identification of
deep groundwater discharge areas in the Boggy Creek catchment, southeastern
Manitoba, using excess aqueous helium. Canadian Journal of Earth Sciences 29,
2640-2652.

Stephenson, M., W.J. Schwartz, T.W. Melnyk and M. Motycka. 1994. Measurement of
advective water velocity in lake sediment using natural helium gradients. Journal of
Hydrology 154, 63-84.
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Stephenson, M., WJ. Schwartz, M. Motycka, J.P.M. Ross and R.R. Henschell. 1995. Regional
and basin-specific surveys for excess helium in water at the Experimental Lakes Area,
northwestern Ontario, with associated data for radon and salinity. Atomic Energy of
Canada Limited Technical Record, TR-709, COG-95-441*.

B.2 SURFACE WATER

Bird, G.A., M. Stephenson and R.J. Cornett. 1992. The surface water submodel for the
assessment of Canada's nuclear fuel waste management concept. Atomic Energy of
Canada Limited Report, AECL-10290, COG-91-193.

Bird, G.A., W.J. Schwartz, M. Stephenson. 1993. A safe, simple method to add radionuclides to
a lake. Atomic Energy of Canada Limited Technical Record, TR-607, COG-93-170*.

Bird, G.A., M. Stephenson and R.J. Cornett. 1993. The surface water model for assessing
Canada's nuclear fuel waste disposal concept. Waste Management 13, 153-170.

Bird, G.A. and W.G. Evenden. 1994. Effect of sediment type, temperature and colloids on the
transfer of radionuclides from water to sediment. Journal of Environmental Radioactivity
22,219-242.

Bird, G.A., W.J. Schwartz and J. Rosentreter. 1994. Evolution of I from freshwater and its
partitioning in simple aquatic microcosms. Science of the Total Environment 164,
151-159.

Bird, G.A., M. Stephenson, R. Roshon, W.J. Schwartz and M. Motycka. 1995. Fate of 60Co and
134Cs added to the hypolimnion of a Canadian Shield lake. Canadian Journal of Fisheries
and Aquatic Sciences 52, 2276-2289.

Bird, G.A., M. Motycka, J. Rosentreter, W.J. Schwartz and P. Vilks. 1995. Behaviour of 125I
added to limnocorrals in two Canadian Shield lakes of differing trophic states. Science of
the Total Environment 166, 161-177.

Bird, G.A. 1996. Transport of radionuclides in rivers: A review of river transport models.
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Few contracts were let in support of the biosphere program of the nuclear fuel waste management
program, and all of them were relatively small. Below is a list of references that includes all the
main contracts. Smaller contracts concerned with analysis of samples are not included. Most of
them were with the Saskatchewan Research Council, Saskatoon, SK.

1. Chesworth, W. and S.E. Shipitalo. 1983. Geochemistry of podzolization in the Nipigon area.
Research report, Department of Land Resource Science, University of Guelph, Guelph,
ON.

Use of information: Support for AECL's soil research.

2. Elson, J.A. and G.R. Webber. 1991. Data and modelling of radionuclides through the
biosphere during a glacial cycle. Atomic Energy of Canada Limited Technical Record,
TR-527,COG-91-73*.

Use of information: Change of BIOTRAC model parameters to carry out a simple glaciation
assessment (Davis et al. 1993, Sheppard et al. 1995).

3. Koch, J.T. and B.D. Kay. 1987. Transportability of iodine in some organic soil materials

from the Precambrian Shield of Ontario. Canadian Journal of Soil Science 67, 353-366.

Use of information: Support for AECL's soil research.

4. Koch, J.T., D.B. Rachar and B.D. Kay. 1989. Microbial participation in iodine removal from
solution by organic soils. Canadian Journal of Soil Science 69, 127-135.

Use of information: Support for AECL's soil research work.

5. Loewen, N.R. and R.J. Flett. 1984. The possible effects of microorganisms upon the mobility
of radionuclides in the groundwater of the Precambrian Shield. Atomic Energy of
Canada Limited Technical Record, TR-217*.

Use of information: Support for AECL's biosphere research and modelling work.

6. Male, D.H. 1985. Wind transport of soil aerosols. Atomic Energy of Canada Limited
Technical Record, TR-295*.

Use of information: Development of the atmosphere submodel for BIOTRAC model.

7. McKee, P.M. and J.A. Rowsell. 1984. A model of the carbon cycle in local terrestrial and
aquatic ecosystems of the Ontario portion of the Canadian Shield and in the Great
Lakes and the Hudson Bay regions. Atomic Energy of Canada Limited Technical
Record, TR-246*.
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Use of information: Development of the BIOTRAC model (Davis et al. 1993) and establishment
of parameter values.

8. Rowsell, J.A., P.M. McKee and P.A. Gillespie. 1984. A model of the iodine cycle in local
ecosystems of the Canadian Shield and in the Great Lakes and Hudson Bay regions.
Atomic Energy of Canada Limited Technical Record, TR-247*.

Use of information: Development of the BIOTRAC model (Davis et al. 1993) and establishment
of parameter values.
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As discussed in Section 2.7.1 of this report, the issues compiled and grouped here are based on intervenor
reports submitted to the environmental impact statement (EIS) review panel. Because most of the
important issues had been raised by the time of the scientific/technical hearings phase, compilation was
relaxed after it. However, the compilation includes the issues raised in the Scientific Review Group
(SRG) addendum in response to the second postclosure assessment case study (Wikjord et al. 1996, Zach
et al. 1996). The reports upon which the issues are based are part of the hearings record and may be
obtained from AECL, Ontario Hydro or the Canadian Environmental Assessment Agency (CEAA) in
Ottawa. The issues are grouped into 12 general issues for ease of interpretation.

The following abbreviations are used in the compilation.

AECB Atomic Energy of Canada Limited
HC Health Canada
M.T.C. Modelling Thoughtware Corporation (M.S. Elzas)
NRCan Natural Resources Canada
RSC Royal Society of Canada
SRG Scientific Review Group

D. 1 GENERAL ISSUE Climate and ecological changes are not adequately treated, and their effects
on environmental concentrations and doses not addressed.

SRG Executive summary
1-1 The modelling of the exposure of humans and other living organisms to contaminants passing

through the biosphere does not accommodate the likelihood of environmental or ecological
changes over a 10,000 year period.
Pages xvi to xvii; page xxii; bullet 5.

HC
1-2 Risk is not addressed from changes in the short-term environment.

Page 6, paragraph 2.

1-3 The surface model does not take into account climate change and other long-term phenomena
in its parameter distributions.
Page 14, paragraph 5; page 16, paragraph 4; page 18, recommendation 13.

RSC
1-4 More information is requested on AECL uses of progress that has been made on climatic

conditions.
Page 1, point 3.

Durham Wetland and Watersheds
1-5 The discussion of continental glaciation in the EIS is inadequate.

Page 2, recommendations 1 to 4.

Northwatch
1-6 The EIS should include in its discussions the effects of local climate change and glaciation.

Page 13, bullet 1; page 16, bullet 1.
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Canadian Coalition for Nuclear Responsibility
1-7 Climate change and biosphere evolution need to be considered in the models.

Summary, page xvi, deficiency 15.

M.T.C. Inc.
1-8 Global warming scenario must be comprehensively considered.

Section 6, bullet b.

1-9 Inhalation, food ingestion and water ingestion rates of man are dependent on climate.
Section 10, bullet for page 120.

SRG Detailed report
1-10 Biosphere evolution, ecological change and biological evolution are ignored in BIOTRAC.

Page 73, paragraph 2; page 122, bullet 5; page H-13, section i; page H-17, section vi.

1-11 BIOTRAC predictions may not be reliable to 10,000 years because the model cannot be
validated and because time dependent changes are not considered.
Page 84, paragraph 4; page H-17, section vi.

1-12 Global climate change scenarios with raised or lowered water tables are not addressed.
Page 93, bullet 3; page H-13, section i.

1-13 Global warming can lead to changes in the flora and fauna, and to changes in the behaviour of
the critical group.
Page E-26, bullet 6; page H-17, bullet vi.

1-14 The SRG does not accept the argument that transient biosphere processes can be taken into
account through wide probability density functions in BIOTRAC.
Page E-41, last paragraph.

1-15 BIOTRAC does not include short-term events that might have important effects on nuclide
concentrations and doses.
Page H-9, section vi.

1-16 The effects of humans on the biosphere are not considered.
Pages 70-73; page 76, last paragraph; page H-17, section vi.

SRG Addendum
1-17 The biosphere model must include human-induced activities that might affect the environment

as well as variable rates with time, feedback and multiple paths.
Page 18, right paragraph 1.

1-18 AECL still models radionuclide transport in the surface environment under the assumption that
no major changes in topography are likely to occur during 10 000 years, that changes in
climate, surface water flows and soils will be negligible, and that vegetation types will be
within the range observed at present.
Page 19, left paragraph.
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D.2 GENERAL ISSUE The spatial extent of contamination and population doses are ignored in the
postclosure assessment.

EC
2-1 The issue of spatial extent of contamination is not addressed in the biosphere model.

Section 2.14, page 33, paragraph 2.

HC
2-2 The EIS does not address population doses and risk in postclosure.

Page 4, paragraphs 2, 3 and 4; page 17, recommendation 6.

Energy Probe
2-3 Population doses are not calculated for the postclosure phase and risks not interpreted in terms

of such doses.
Pages 3 to 5.

Aboriginal Rights Coalition
2-4 A thorough study on human health and the natural environment needs to be undertaken that

includes possible effects during all the stages of implementation and operation of a nuclear fuel
waste depository that includes immune system degradation, non-fatal cancers within the human
and animal populations, mental retardation, effects on critical organs, and possible effects on
the mating and nesting behaviour of birds.
Page 9, recommendation 9.

Saskatchewan Environmental Society
2-5 Additional information is needed on population implications of radiation exposure.

Page 6, paragraph 7.

M.T.C. Inc.
2-6 BIOTRAC does not take into account the geographic extent of contamination.

Appendix, BIOTRAC.

SRG Detailed report
2-7 The spatial extent of contamination is not taken into account for collective doses and for far-

field environmental effects.
Page E-28, paragraph 2.

2-8 Population doses should be calculated, and they should extend into both space and time.
Page E-51, paragraph 1; page E-58, paragraph 4; page H-3, last paragraph.

D.3 GENERAL ISSUE The views of aboriginals are not reflected in the biosphere model, and
aboriginals are not represented by ICRP reference man and the critical
group.

HC
3-1 The EIS should discuss the adequacy of ICRP reference man of a northern, and in particular, an

aboriginal population.
Page 3, paragraph 4.
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3-2 Aboriginals are not considered in the critical group used in the postclosure assessments.
Pages 7 to 8, last and first paragraphs; page 17, recommendation 9.

3-3 The critical group should more fully include aboriginals.
Page 31, paragraph 2.

Aboriginal Rights Coalition
3-4 Assessment is needed on the effects of nuclear waste disposal on traditional land uses, such as

harvesting of fish, animals, wild rice, berries, and other foods and medical plants.
Page 2, concern 3; page 3, last paragraph.

Serpent River First Nation
3-5 The EIS needs to be enhanced to include the views of aboriginal peoples concerning potential

environmental impacts of the proposal.
Page 4, recommendation 3.

3-6 The EIS does not consider potential effects on a representative aboriginal community.
Page 4, paragraph 6.

Campaign for Nuclear Phaseout
3-7 The EIS needs to take aboriginal issues more fully into account.

Page 17, item 17.

Joint First Nations' Submission
3-8 The proponent has failed, almost completely, to adequately present First Nations'

understanding of their environment and their links to the land.
Page ii, paragraph 6; page v, paragraphs 2 and 3.

Secretariat of the Assembly of the First Nations of Quebec and Labrador
3-9 The rights, knowledge, views and concerns of aboriginals about the environment regarding this

concept have been ignored.
Page 1.

Manitoba Metis Federation Inc.
3-10 The views and concerns of aboriginals are not adequately represented in the EIS.

Page 3.

Grand Council Treaty #3
3-11 AECL's conclusions and predictions are based on knowledge that is incomplete and on

understanding of the natural world that is fundamentally flawed.
Page 4,1.5.

3-12 Traditional economic activities of natives need to be considered.
Page 5, paragraph 3; page 7, paragraph 1.

3-13 Aboriginal perspective is not taken into account
Page 6, bullet 3; page 18, bullet 7; page 20, bullet 2.
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SRG Detailed report
3-14 Aboriginals need to be considered explicitly in the critical group included in BIOTRAC.

Page E-34, paragraph 6.

D.4 GENERAL ISSUE Alternatives to the selected critical group are not discussed and used, and
inappropriate attributes are used to define this group.

AECB
4-1 The use of parameter "switches" to define traits of the critical group in the biosphere is not

shown to be appropriate.
B.2.3, page 30.

4-2 The only critical group considered by AECL in the EIS is a self-sufficient farm household, and
this assumption is not adequately justified.
C.6.1, page 63 to 64.

EC
4-3 Alternative scenarios or receptors (e.g., a family of hunters/gatherers near the discharge zone)

should be addressed.
Page 33, paragraph 2.

SRG Executive summary
4-4 Only one critical group is considered (a hypothetical rural family living near a place of

discharge of waters from the vault) who are judged in advance to be at risk of maximum
exposure, but no alternative human situations are explored for comparison.
Page xvii, paragraph 1.

HC
4-5 Aboriginals are not considered in the critical group used in the postclosure assessments.

Pages 7 to 8, last and first paragraphs; page 17, recommendation 9.

4-6 The critical group should more fully include aboriginals.
Page 31, paragraph 2.

M.T.C. Inc.
4-7 It might be wise to consider an urban critical group as well because population may increase.

Section 6, bullet a.

4-8 BIOTRAC does not take into account temporal changes in man's cultural and social behaviour.
Appendix, BIOTRAC.

4-9 BIOTRAC does not take into account effects of the impact of future human activities.
Appendix, BIOTRAC.

SRG Detailed report
4-10 The size and nature of the critical group included in BIOTRAC may not be appropriate in the

long term.
Page 92, bullet 1; page E-26, bullet 2; page H-13, section ii.
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4-11 The critical group in BIOTRAC should have been defined as a large urban population.
Page E-34, paragraph 4.

4-12 Demographic, economic, meteorological, social and other considerations should have been
used to estimate the continuity of the population type selected for the critical group.
Page E-34, paragraph 5.

4-13 Various options in BIOTRAC on human exposure need to be examined, including soil for
sediment exposure, inhalation and complete oxidation of food, fish ingestion rate, non-element
specific variation in transfer coefficients, and water occupancy factor.
Page H-19, section x.

4-14 A wide range of human exposure situations are not addressed in BIOTRAC.
Pages 70-73; page 76, last paragraph; page H-17, section vi.

SRG Addendum
4-15 The types of scenarios considered for concept development should include simulations such as

extreme lifestyle habits in terms of diet, transitional processes, and the bioaccumulation of
radionuclides in food (plant, fish).
Section 2.6.

D.5 GENERAL ISSUE The most recent dose conversion and risk factors are not used, and no
attempt is made to estimate effects other than fatal cancers and serious
genetic effects.

AECB
5-1 The dose estimates do not use the ICRPs most recently recommended dose conversion (DCFs)

and risk factors.
C.5.1,page62.

HC
5-2 The EIS does not consider the new ICRP risk coefficient of 0.073/Sv, which should be done; it

also does not include new ICRP 67 dose conversion factors.
Page 3, paragraph 3; page 17, recommendations 3 and 4.

NRCan
5-3 The EIS does not discuss the health impacts of non-genetic and non-fatal cancers.

Page 3, paragraph 5.

Energy Probe
5-4 The old risk conversion factor is used and not the new higher ICRP value.

Page 5, bullet 2.

5-5 No attempt is made to estimate non-fatal cancers (or non-fatal genetic effects).
Page 5, bullet 1.
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M.T.C. Inc.
5-6 Genetic effects might be passed on from one critical group to the other, if there is no movement

of people.
Section 10, bullet for page 108.

5-7 ICRP 60 dose conversion factors should have been used.
Section 1 lb.

SRG Detailed report
5-8 Detailed methods of how the annual dose equivalent is calculated are not given.

Page E-51, paragraph 3.

5-9 ICRP 60 dose conversion factors should have been used.
Page E-57, paragraph 4.

D.6 GENERAL ISSUE The models used are unnecessarily complex and there is no attempt made to
explore alternative model structures.

AECB
6-1 SYVAC is unnecessarily complex and the documentation of its development and use is

incomplete, precluding effective review.
B.2.4, (i) to (iii); page 32, paragraph 2; C.7.4, paragraph 4.

SRG Executive summary
6-2 The lack of any attempt to explore alternative model structures of various transport pathways is

a fundamental flaw in the postclosure performance assessment.
Page xix, paragraph 1.

SRG Detailed report
6-3 Alternative models should have been developed and applied.

Page E-40, paragraph 5.

SRG Addendum
6-4 The unidirectional treatment of the movement of radionuclides in the biosphere model remains

a concern.
Page 19, right paragraph 3.

6-5 Detailed probabilistic models should be deferred to the siting stage when actual surface
environment data are available, which will allow development of more representatative and
relevant biosphere models.
Page 19, Left paragraph 3.

6-6 For siting, conceptual models need to receive broad review from a variety of stakeholders; the
models must be robust and well accepted.
Page 19, left paragraph3.
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6-7 For siting, advantage must be taken of more flexible and powerful technologies to eliminate the
computational limits of SYVAC and its models.
Page 19, left paragraph 3.

D.7 GENERAL ISSUE The assessment of potential effects on non-human biota is inadequate
because not all the relevant pathways, processes, target organisms and
criteria are considered.

AECB
7-1 AECL has not identified potentially significant exposure pathways for non-human biota but

rather relied on the fact that the broad PDFs used for transfer coefficients would include most
organisms of interest.
C.5.3, page 63; D.2.1, page 74; D.2.2, page 74.

EC
7-2 Potential effects on non-human biota that are deemed relevant are not indicated in BIOTRAC.

Page 33, paragraph 2.

7-3 The environmental risk assessment methodology as presented in the EIS cannot be considered
to be credible without further work.
Section 2.14, pages 28 to 31.

7-4 Consideration of physical and social stress or (habitat loss, impacts on hunting and fishing)
have been avoided in the EIS (preclosure).
Section 2.14, page 27, summary.

7-5 The discussion of the specification of ecological effects does not meet the requirements of the
EIS guidelines.
Section 2.15, page 31.

7-6 Consideration of ecological end points for monitoring and prediction of effects on non-human
receptors has been deferred (pre-closure).
Section 2.15, page 33, paragraph 5.

M. Shields
7-7 Doses to non-human biota do not take into account the increased biological effectiveness of

alpha radiation from 239Pu.
Page 2, paragraph 5; page 4, deficiency III.

Campaign for Nuclear Phaseout
7-8 The EIS needs to include a fuller account on the biological and health effects of radiation on

humans and other biota.
Page 12, paragraph 4; 54.4, page 34.

Aboriginal Rights Coalition
7-9 A thorough study on human health and the natural environment needs to be undertaken that

includes possible effects during all the stages of implementation and operation of a nuclear fuel
waste depository that includes immune system degradation, non-fatal cancers within the human
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and animal populations, mental retardation, effects on critical organs, and possible effects on
the mating and nesting behaviour of birds.
Page 9, recommendation 9.

Serpent River First Nation
7-10 The EIS must set out environmental exclusionary criteria so that such criteria can be publicly

reviewed.
Page 4, recommendation 5.

Manitoba Metis Federation Inc.
7-11 The EIS is very vague with detailed and specific information regarding the activities

(monitoring) that will take place to ensure the protection of human health and the environment.
Page 2.

Northwatch
7-12 The EIS should discuss how AECL looked at non-linear models, e.g., chaos theory, and the

reasons for relying on linear models only.
Page 16, bullet 2.

7-13 The EIS fails to provide a description of the effects on the natural environment in the event of
system breakdown.
Page 18, bullet 6.

Mouvement vert - Mauricie
7-14 No environmental monitoring plan is described to quantify impacts and validate them.

Page 9, paragraph 3.

7-15 The impact of radiation on the ecosystem is inadequately covered.
Page 35, bullet 6.

7-16 AECL needs to clearly demonstrate there is no risk of bioaccumulation/bioconcentration.
Page 38, paragraph 1.

SRG Detailed report
7-17 Accurate transport and effect data for wild organisms are missing and BIOTRAC relies on data

from domestic organisms.
Page 77, paragraph 5; page E-34, last paragraph; page H-13, section ii; page H-16, section e;
page H-20, bullet 6.

7-18 In the methodology for assessing environmental effects, environmental increments are not
treated as assessment or measurement endpoints, and no use is made of chemical toxicological
data.
Page 101, paragraph 3; page E-51, paragraph 6; page E-57, paragraph 5.

7-19 The estimated doses for non-human biota are unsatisfactory because specific Shield organisms
should have been used and the estimated doses should have been compared with doses that are
known to cause effects.
Page 101, paragraph 4; page E-52, paragraph 2; page E-57, last paragraph.
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7-20 Biological endpoints should have been used for assessing effects on non-human biota.
Page E-35, paragraph 1.

7-21 The way the environmental increments take into account extremes in the background variation
of potential contaminants is unclear.
Page E-51, paragraphs 4 and 5.

7-22 Cumulative environmental impacts are not included in BIOTRAC and are not discussed.
Page E-55, paragraph 2.

7-23 The (living) response of organisms to long-term, low-level radiation exposure and chemical
exposure is ignored in BIOTRAC.
Page H-8, paragraph 1.

D.8 GENERAL ISSUE Additional background information is needed on radiation and chemical
toxicities for humans and other biota, and on the toxins included in the waste
inventory.

RSC
8-1 Details are needed on the variations in background radiation.

Page 2, point 5.

8-2 Details are needed on the hazards due to chemical toxicity of the longer-lived isotopes
produced in nuclear fuel waste or its container.
Page 2, point 5.

HC
8-3 Insufficient evidence is presented on health effects from low radiation exposure studies.

Page 3, paragraph 1; page 5, paragraphs 2 and 3.

8-4 More information is needed on radiation effects other than fatal cancers and serious genetic
effects from epidemiological studies that either contest or support such effects.
Page 3, paragraph 2; page 5, paragraphs 2 and 3; page 13, recommendation 2.

8-5 The chemical and radiochemical baseline conditions of groundwater and surface water on the
Shield are not defined.
Page 16, paragraphs 6 and 7.

Canadian Voice of Women for Peace
8-6 The use of background radiation as an acceptability standard is not justified.

Page 1, point l(b).

Aboriginal Rights Coalition
8-7 A thorough study on human health and the natural environment needs to be undertaken that

includes possible effects during all the stages of implementation and operation of a nuclear fuel
waste depository that includes immune system degradation, non-fatal cancers within the human
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and animal populations, mental retardation, effects on critical organs, and possible effects on
the mating and nesting behaviour of birds.
Page 9, recommendation 9.

Saskatchewan Environmental Society
8-8 Additional information is needed on organ implications of radiation exposure.

Page 6, paragraph 7.

8-9 Additional information is needed on the relationship between the exposure to ionizing
radiation and health problems in subsequent generations.
Page 6, paragraph 8.

8-10 Information is needed on the state of knowledge of each radionuclide in used Candu fuel and
its potential health and environmental impacts, if released into the environment.
Page 6, paragraph 9.

National Action Committee on the Status of Women
8-11 Further research on and documentation of the potential health impacts of the proposed concept

on women needs to be conducted, with particular attempts to the impacts on woman's health
and safety.
Page 6, bullet 2; 7.2, pages 23 to 31.

8-12 Risk estimates should be presented in terms of morbidity not mortality.
Page 6, bullet 3; 7.2.5, pages 27 to 35.

8-13 More information is needed on radiation effects on women.
Section 7.2, pages 23 to 31.

Campaign for Nuclear Phaseout
8-14 The EIS needs to include a fuller account on the biological and health effects of radiation on

humans and other biota.
Section 3, page 12, paragraph 4; 54.4, page 34.

8-15 The EIS should comprehensively evaluate impacts of radiation by gender (especially women)
and age, including chronic low level exposure at sub-level levels.
Section 3, page 12, paragraphs 5,6,7; 54, pages 32 to 33.

8-16 The EIS needs to explain the risk criteria used to evaluate model predictions.
Section 55, pages 34 to 35.

Northwatch
8-17 The EIS does not describe the effects of alpha particles entering the body and the discussion of

beta particles is confusing.
Tage 8, bullet 2, part 1.

8-18 No description of the behaviour and effects of the nuclides in the inventory is given.
Page 8, bullet 2, part 2; page 8, bullet 4.
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Canadian Coalition for Nuclear Responsibility
8-19 The toxicity of the nuclear waste needs to be defined.

Summary, page vi, deficiency 6; summary, page x, deficiency 10.

8-20 The presentation and discussion of the biological effects of ionizing radiation on humans in the
main AEGL document is inadequate, inaccurate and biased.
Summary, page viii, deficiency 8.

8-21 The treatment of radiation induced fatal cancers and serious genetic effects in the main AECL
document is inadequate.
Summary, page ix, deficiency 9.

Mouvement vert - Mauricie
8-22 AECL's description of the effects of ionizing radiation and chemical toxins on human health

leave a lot to be desired.
Section 2.4.1, page 25.

M.T.C. Inc.
8-23 What would be the impact if the background level of radiation were higher, e.g., because of an

other "Chernobyl"?
Appendix, BIOTRAC.

D.9 GENERAL ISSUE Some of the biosphere model assumptions are not conservative, and the
magnitudes of conservatism and uncertainty have not been quantified.

AECB
9-1 Some of the biosphere-related assumptions used in the model development are not conservative

or not adequately supported.
C.5.2, page 62.

9-2 The assumed background concentrations of stable iodine in the biosphere model are based on
WRA data, which are not conservative with respect to Canadian Shield data.
C.5.4, page 63.

EC
9-3 The magnitude of conservatism in the predicted doses and concentrations should be quantified.

Page 31, paragraph 1.

9-4 Uncertainty in BIOTRAC and SYVAC3 is not adequately addressed and is not subdivided into
process, model and site components.
Section 2.14, page 30, paragraph 6.

HC
9-5 The level of conservatism and uncertainty in the biosphere model has not been quantified.

Pages 14 to 15, last and first paragraphs; page 15, paragraph 5.
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9-6 The generic biosphere and food-chain model contain many parameters for which data is not
well known and this has implications on sensitivity analysis and uncertainty.
Page 15, paragraph 3; page 18, recommendation 12.

M.T.C. Inc.
9-7 How can the public accept predictions from a model such as BIOTRAC with so many

assumptions and so much uncertainty?
Appendix, computer models and public perceptions.

9-8 Instantaneous uniform mixing of the lake may not be conservative.
Section 10, bullet for pages 113-116.

9-9 Swimming in domestic water sounds unreasonable.
Section 10, bullet for page 170.

9-10 Violation of mass balance may obscure important mass-transfer effects.
Section 1 lb, bullet 7.

SRG Detailed report
9-11 Indiscriminate use of conservatism can increase uncertainty in some BIOTRAC submodels.

Page 87, paragraph 2; page E-47, paragraph 1; page H-3, paragraph 3.

9-12 The terrestrial areas used by the critical group are not entirely underlying the discharge zones,
which is not conservative.
PageE-26, bullet 11.

9-13 Some BIOTRAC parameter values are not conservative, including catchment area, total
precipitation, depth of soil profile, and water content of food.
Page E-44, paragraph 7.

9-14 In the median case simulation, the water renewal rate for the lake is 90 times per year; a more
representative value would be in the range of 0.1 to 10 times per year.
Page E-47, last paragraph.

9-15 Transfer of nuclides in the biosphere would not be independent of the effects of nuclides, if
nuclides cause toxicity or other effects.
Page H-19, section ix,; page H-23, section 3.12.

9-16 The assumptions on pages 401-404 of the biosphere model report need to be critically reviewed
to see whether they hold up over long time spans (10,000 years).
Page 71, paragraph 5; page 73, last paragraph.

9-17 Not depleting source compartments could obscure important processes and redistribution of
nuclides in the biosphere.
Page 73, paragraph 6; page H-15, bullet c.

9-18 All the assumptions should have been documented following a standard protocol.
Page 77, paragraph 5.
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9-19 BIOTRAC treats biological systems as inactive with no allowance on their effects on nuclide
transport.
Page H-3, paragraph 2.

9-20 Model simplifications and extrapolation, and probability density functions for parameters need
to be justified by rational arguments.
Page H-7, paragraph 2.

9-21 The possibility that small but persistent changes or non-steady state biological action could
cause significant changes in food-chain transfer needs to be further investigated.
Page H-15, bullet a.

9-22 The assumption that biological processes in BIOTRAC can be considered steady state needs to
be re-examined, particularly the sensitivity of the model to input.
Page H-15, bullet b.

D.10 GENERAL ISSUE The biosphere model is not generic, it does not include all the nuclides,
pathways and processes, and validation is insufficient.

AECB
10-1 Generic aspects of the disposal concept are not demonstrated because models are not generic.

A(i),pagel3.

10-2 Failure of AECL's ability to timely implement the disposal concept because old data are used
in the postclosure assessment.
A.5, pages 18 to 19, last and first paragraphs; B.4.3, page 38, paragraph 2.

10-3 Cl-36 does not have a maximum body burden and so its dosimetry is different from that of I-
129.
B.3.2, page 34, paragraph 3.

10-4 There is no indication that (model) sensitivities have been used to define the input PDFs or to
determine which processes and mechanisms to include.
B.4.1, page 37, paragraph 1.

10-5 The testing work carried out for the SYVAC sub-models is flawed, and key aspects of the
testing are not yet complete.
C.8.5, page 70.

EC
10-6 AECL does not adequately address the potential release of radioactive gases to the biosphere.

Section 2.10, page 21; 2.12, page 23.

10-7 There are differences between source terms used in the biosphere model and the postclosure
assessment (given that the result and risk in some cases may approach AECB limits, and the
inconsistencies between the source terms raises a serious credibility issue).
Section 2.13, page 27, bullet 3.
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10-8 Chlorine-36 is only briefly reviewed in the postclosure assessment, despite its importance.
Section 2.13, page 27, bullet 7.

10-9 The input terms to BIOTRAC and intermediate results are not reported which makes model
intercomparisons difficult or impossible.
Section 2.16, page 36, paragraph 1.

10-10 Detailed documentation of the BIOTRAC and S YVAC3 codes should be made available.
Section 2.16, page 36, paragraph 1.

10-11 Validation and verification of SYVAC3 is insufficient to credibly demonstrate the safety and
acceptability of AECL's disposal concept.
Section 2.9, page 20, paragraph 6.

10-12 The BIOTRAC soil model (the use of the mixing cell approach) for calculating concentrations
in the soil may tend to simulate physically unrealistic behaviour. The use of only four layers to
model a total soil depth of up to 2.5 meters is insufficient to give a good description of the
movement of water through soil. Also, the bottom three soil layers are assumed to have the
same physical and chemical properties.
Section 2.13, page 27, bullet 9.

SRG Executive summary
10-13 BIOTRAC is driven by site specific input from the geosphere and so is unsuitable for

comparing biosphere performance at alternative candidate sites.
Page xvi, paragraph 4.

HC
10-14 Exposure pathways not modelled explicitly need to be better justified.

Pages 13 to 14, last and first paragraphs.

10-15 The treatment of radionuclides in the food model is incomplete.
Pages 13 to 14, last and first paragraphs.

10-16 The surface environment model does not address all the pathways.
Page 14, paragraph 2.

Energy Probe Research Foundation
10-17 The plant/soil model includes a discontinuity that is not reflected in reality.

Page 8, paragraph 4.

Brethour, E.
10-18 One of the most important aspects of the Shield, the presence of continuous/discontinuous

permafrost is ignored.
Page 1.

Chemical Institute of Canada
10-19 Bioaccumulation is not obviously noted as a possible pathway to exposure in the biosphere.

What are the bioaccumulative properties of radioactive contaminants?
Page 24, bullet i.4.
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Northwatch
10-20 Research models are not validated; proof is needed

Page 6, bullet 5; page 8, bullet 1; page 15, bullets 1, 2 and 5.

Canadian Coalition for Nuclear Responsibility
10-21 Clearer information is needed on model development, the models themselves and their validity.

Summary, page xii, deficiency 11; summary, page xv, deficiency 14.

10-22 The parameter values used in the models need to be systematically listed.
Summary, page xiii, deficiency 12.

10-23 The assumptions made in the models should be systematically listed.
Summary, page xiv, deficiency 13.

Mouvement vert - Mauricie
10-24 The assessment models have not been validated.

Section 2.4.5, Pages 30 to 33.

M.T.C. Inc.
10-25 Water content of food is an important parameter not identified by us.

Section 5b.

10-26 Parameters that might not have conservative values are: catchment area, total annual
precipitation, depth of soil profile, and water content of food.
Section 5b, table.

10-27 The BIOTRAC model needs to be more flexible to explicitly address various scenarios,
especially during siting.
Appendix, computer models and public perceptions.

SRG Detailed report
10-28 Transfer from sediment to fish is not explicitly modelled in BIOTRAC.

Page 71, paragraph 5.

10-29 The scope of BIOTRAC is restrained because the model is not comprehensive.
Page H-2, paragraph 2.

10-30 Scenario analysis is prematurely restrictive, and a variety of scenarios need to be included in
BIOTRAC so they can be assessed.
Page H-10, section ii.

10-31 BIOTRAC does not include discharge of nuclides to a river.
Page H-ll , section iv.

10-32 Nuclide sorption in mixed sediment should have been included because benthic biota interact
with mixed sediment rather than compacted sediment.
Page H-ll , section v.
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10-33 The treatment of chemical toxicity in the biosphere model report is inadequate as far as
comparisons with criteria, additivity/synergism of effects, dosimetric procedures and inclusion
in equations are concerned.
Page H-12, section vi.

10-34 Biochemical speciation, fixation and transport of nuclides are not given sufficient attention.
Page H-12, section vii; page H-19, section viii.

10-35 The CALDOS model is unidirectional with simple transfer coefficients and it does not
represent a more realistic food web.
Page H-15, paragraph 2 and bullet a.

10-36 Unlike PREAC, the BIOTRAC model does not include infants as directed by the AECB (R-
104).
Page H-16, bullet d.

10-37 Nuclide discharge to wetlands has not been considered separately in BIOTRAC.
Page H-17, section v.

10-38 Gaseous nuclides are treated inconsistently in BIOTRAC where a coherent treatment is needed,
particularly of 14C and I29I.
Page H-18, section vii.

10-39 The movement of nuclides through the biosphere is modelled unidirectional in a purely
physical way, and in some areas over simplified.
Page 70; page H-13, section i.

SRG Addendum
10-40 A more representatative and relevent biosphere model is needed.

Page 4, lines 3 and 4.

10-41 To extrapolate transport processes to ten thousand years, a coherent conceptual model of
biologically related processes is needed. It should include biomass distribution among
compartments, and mass arid energy flows between them.
Section 2.6.

10-42 The biosphere model treats the biosphere as being purely physical and the model does not
recognize that the biosphere is living and capable of responding and adapting to changes in the
immediate environment. Over protracted periods of time, non-linear biologically-influenced
processes are most likely to be significant.
Page 18, right paragraph 3.

D. 11 GENERAL ISSUE Microbes have not been included and treated as part of the biosphere.

NRCan
11-1 Nothing is mentioned about microbial activity in the biosphere model.

Page 2, paragraph 4.
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SRG Detailed report
11-2 Microorganisms need to be included in the biosphere and as part of the biosphere.

Page 33, last paragraph; page H-6, last paragraph; page H-10, section iii; page H-22, section
3.6; Appendix I.

11-3 Subsurface biological processes are not included as part of the biosphere, and this is an
arbitrary, limiting restriction.
Page 62, last paragraph; page H-21, section 3.2.

11-4 Microbial activities are not considered fully, and in an integrated way for the vault, geosphere
and biosphere.
Pages 68, section i; page 76, paragraph 3.

11-5 Microbes could be particulary important in wells through the formation of biofilms and
colloids.
Page 1-3, last paragraph; page 1-4, section 3.3; page 1-5, last paragraph.

11-6 Microbes could be particularly important in nuclide sorption and transport at the
biosphere/geosphere interface.
Page 1-3, last paragraph; page 1-4, section 3.4.

11-7 Microbes may not be included in all short-term experiments, as implied in the biosphere model
report.
Page 1-5, section 3.5.

SRG Addendum
11-8 The scope of the biosphere used in model development is too restrictive because the treatment

of microbial processes and the effects of human activity are treated only cursorily.
Section 2.6.

D.12 GENERAL ISSUE Miscellaneous.

Northwatch
12-1 AECL uses as references their own in-house documents that have not been reviewed.

Page 4, bullet 1.

Canadian Coalition for Nuclear Responsibility
12-2 It is not clear what percentage of the referenced documents are essentially in-house AECL

publications.
Summary, page v, deficiency 5.

SRG Detailed report
12-3 BIOTRAC is an inflexible model, and any improvements would simply add more and more

details.
Page 74, section iv; page 77, paragraph 3; page H-8, section v; page H-13, section i; page H-21,
section 3.5.
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12-4 BIOTRAC has limited applicability for site selection because it is not a general-purpose model
for investigating alternatives.
Page 74, section v; page H-13, section i; page H-21, section 3.4.

12-5 The biosphere/geosphere interface model is not based on a comprehensive conceptual model of
the Shield biosphere.
Page 75, section vi; page H-8, section v; page H-17, section v.

12-6 No quantitative information is presented in the biosphere model on non-radiological
contaminants.
Page 75, section vii.

12-7 There is a concern because the linkages between exposure, presented in BIOTRAC, and
effects, presented in the postclosure assessment, is weak.
Page 76, paragraph 1.

12-8 The agreement between the regression soil model and the SCEMR model is not perfect and the
acceptability of the agreement is not explained.
Page 84, paragraph 1; page E-41, paragraph 5; page H-14, section iii.

12-9 The linkages between the preclosure (PREAC) and the postclosure biosphere (BIOTRAC)
models should be developed further.
Page 120, bullet 3; page H-9, section vii.

12-10 There is no indication that the parameter values in PREAC and BIOTRAC are compatible and
linked.
Page D-7, section 2.1.15.

12-11 The biosphere model report does not give a biological perspective on the values of various
biosphere compartments, as related to nuclear fuel waste disposal.
Page H-l, paragraph 2.

12-12 The biosphere is illogically defined with respect to microbes and the water table.
Page H-6, section ii.

12-13 A contaminant trail showing the amounts of nuclides in various biosphere compartments would
be helpful.
Page H-9, section i.

12-14 Future research requirements are not defined.
Page H-13, section iii.

12-15 The term "biomobility" is used in the biosphere model report without defining it.
Page 1-6, paragraph 2.
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