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LE STOCKAGE PERMANENT DES DECHETS DE COMBUSTIBLE NUCLEAIRE DU CANADA :
LE MODELE DE BIOSPHERE, BIOTRAC, POUR L'EVALUATION DE POST-FERMETURE

par

P.A. Davis, R. Zach, M.E. Stephens, B.D. Amiro, G.A. Bird,
J.A.K. Reid, M.I. Sheppard, S.C. Sheppard et M. Stephenson

RESUME

Le concept de gestion des déchets de combustible nucléaire du Canada demande le stockage permanent de ces déchets
dans une enceinte excavée a grande profondeur dans la roche plutonique du Bouclier canadien. EACL documentera
la possibilité de réalisation technique du concept et son impact sur ’environnement et la santé de I’étre humain dans
une Etude d’impact sur ’environnement (EIE). Le présent rapport est I’un des neuf documents principaux d’EIE
cités dans la bibliographie. Dans le présent rapport, on décrit le modele BIOTRAC dont on se sert pour suivre le
mouvement des nucléides a partir de la géosphere et a travers la biosphére et pour calculer les concentrations dans
I’environnement et les doses radiologiques a I’étre humain et autre biote, lesquelles sont dépendantes du temps, pour
la phase de post-fermeture. Ces concentrations et doses sont cruciales pour I’évaluation de I’acceptabilité du concept
quant 2 la siireté et a I’environnement en fonction de la toxicité chimique et radiologique.

On a réalisé BIOTRAC en particulier pour évaluer les effets d’une enceinte de stockage permanent de combustible
usé. C’est un modele complet, générique dont les valeurs paramétriques sont distribuées ou probabilistes pour tenir
compte de la variabilité et de I’incertitude spatiales et temporelles. Il se compose de quatre sous-modéles autonomes
mais étroitement liés représentants les eaux superficielles, les sols, I’atmosphere et 1a chaine alimentaire. En outre, il
comporte un modeéle unique de prédiction des doses radiologiques au biote non humain représenté par des organismes
cibles génériques. On développe en détail I’expression mathématique de chaque sous-modele et on interpréte les
résultats du sous-modele en comparant ceux-ci avec les résultats physiques réels et on évalue et examine complete-
ment toutes les hypotheses. On montre comment on développe les valeurs et distribution paramétriques adoptées
pour chaque sous-modele 2 partir des résultats obtenus. On présente en détail I’interface entre les sous-modeles et
entre BIOTRAC et le modele de géosphere.

On explique les fluctuations d’état physique de la biosphére au moyen des distributions paramétriques. On examine
quantitativement et au moyen d’arguments les modifications majeures de I’environnement, telles que celles dues a la
glaciation continentale, et les arguments prouvent que les doses radiologiques a I’&tre humain n’augmenteront pas
soudainement ou intensément au-dela d’une période de 10 000 ans.

On examine la fiabilité de BIOTRAC quant 2 la validation expérimentale, a 1’évaluation du modéle et des résultats, a
I’examen critique par les confreres, a I’intercomparaison des modeles, aux hypoth&ses prudentes, aux procédures
d’assurance de la qualité et aux analogues naturels. On se sert d’une analyse de sensibilité du modele pour identifier
les nucléides, les voies et les paramétres qui sont importants dans la détermination des doses radiologiques et pour
montrer que le modele fonctionne par intuition comme il se doit. On identifie les modifications nécessaires pour
appliquer le modtle a un site particulier au cours de la sélection de sites éventucls pour unc installation de stockage
permanent et on montre que ces modifications sont réalisables.

Les renseignements présentés dans le présent rapport indiquent que BIOTRAC décrit de maniére convenable et
satisfaisante le comportement des nucléides dans la biosphere et ne sous-estimera pas les conséquences lorsqu’on s’en
servira pour évaluer le concept de stockage permanent des déchets de combustible nuciéaire du Canada.
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ABSTRACT

The nuclear fuel waste management concept of Canada calls for disposal of the waste in a vault mined deep in
plutonic rock of the Canadian Shield. The technical feasibility of this concept, and its impact on the environ-
ment and human health, will be documented in an Environmental Impact Statement (EIS) by AECL. The
present report is one of nine EIS primary references. The report describes the BIOTRAC model, which is
used to trace nuclide movement from the geosphere through the biosphere and to calculate time-dependent
environmental concentrations and radiological doses to humans and other biota for the postclosure phase.
These concentrations and doses are crucial for evaluating the safety and environmental acceptability of the
concept in terms of chemical and radiological toxicity.

BIOTRAC was developed specifically to assess the impacts of a used-fuel disposal vault. It is a comprehen-
sive, generic model with distributed or probabilistic parameter values to account for spatial and temporal
variability and uncertainty. It is composed of four separate but closely linked submodels representing surface
waters, soils, the atmosphere and the food chain. It also includes a unique model for predicting radiological
doses to non-human biota, represented by generic target organisms. The mathematical formulation of each
submodel is derived in detail and interpreted physically, and all the assumptions are fully evaluated and
discussed. It is shown how the parameter values and distributions adopted for each submodel are derived from
the available data. The interfaces between the submodels, and between BIOTRAC and the geosphere model,
are presented in detail.

Fluctuations in the physical state of the biosphere are accounted for through the parameter distributions.
Major environmental changes, such as those caused by continental glaciation, are addressed quantitatively and
through reasoned arguments, which indicate that radiological doses to humans will not increase suddenly or
dramatically beyond 10 000 a.

The reliability of BIOTRAC is discussed in terms of experimental validation, model and data evaluation, peer
review, model intercomparisons, conservative assumptions, quality assurance procedures and natural analogs.
A sensitivity analysis of the model is used to identify the nuclides, pathways and parameters that are important
in determining radiological doses, and to show that the model is performing as one would expect on an intui-
tive basis. The changes required to apply the model to a specific site during siting of a disposal facility are
identified and shown to be achievable.

The information presented in this report indicates that BIOTRAC provides a suitable and satisfactory descrip-
tion of nuclide behaviour in the biosphere, and will not underestimate consequences when used to assess the
concept for the disposal of Canada’s nuclear fuel waste.
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PREFACE

In 1992, 157 of the electricity generated in Canada was produced using
CANDU nuclear reactors. A by-product of the nuclear power is used CANDU
fuel, which consists of ceramic uranium dioxide pellets and metal struc-
tural components. Used fuel is highly radiocactive. The used fuel from
Canada's power reactors is currently stored in water-filled pools or dry
storage concrete containers. Humans and other living organisms are pro-
tected by isolating the used fuel from the natural environment and by sur-
rounding it with shielding material. Current storage practices have an
excellent safety record.

At present, used CANDU fuel is not reprocessed. It could, however, be
reprocessed to extract useful material for recycling, and the highly radio-
active material that remained could be incorporated into a solid. The term
"nuclear fuel waste," as used by AECL, refers to either

- the used fuel, if it is not reprocessed, or
- a solid incorporating the highly radiocactive waste from reprocessing.

Current storage practices, while safe, require continuing institutional
controls such as security measures, monitoring, and maintenance. Thus
storage is an effective interim measure for protection of human health and
the natural environment but not a permanent solution. A permanent solution
is disposal, a method "in which there is no intention of retrieval and
which, ideally, uses techniques and designs that do not rely for their
success on long-term institutional control beyond a reasonable period of
time" (AECB 1987).

In 1978, the governments of Canada and Ontario established the Nuclear Fuel
Waste Management Program "... to assure the safe and permanent disposal” of
nuclear fuel waste. AECL was made responsible for research and development
on "... disposal in a deep underground repository in intrusive igneous
rock" (Joint Statement 1978). Ontario Hydro was made responsible for
studies on interim storage and transportation of used fuel and has contri-
buted to the research and development on disposal. Over the years a number
of other organizations have also contributed to the Program, including
Energy, Mines and Resources Canada; Environment Canada; universities; and
companies in the private sector.

The disposal concept is to place the waste in long-lived containers; emplace
the containers, enveloped by sealing materials, in a disposal vault exca-
vated at a nominal depth of 500 to 1000 m in intrusive igneous (plutonic)
rock of the Canadian Shield; and (eventually) seal all excavated openings
and exploration boreholes to form a passively safe system. Thus there
would be multiple barriers to protect humans and the natural environment
from contaminants in the waste: the container, the very low-solubility
wvaste form, the vault seals, and the geosphere. The disposal technology
includes options for the design of the engineered components, including the
disposal container, disposal vault, and vault seals, so that it is adapt-
able to a wide range of regulatory standards, physical conditions, and



social requirements. Potentially suitable bodies of plutonic rock occur in
a large number of locations across the Canadian Shield.

In developing and assessing this disposal concept, AECL has consulted
broadly with members of Canadian society to help ensure that the concept
and the way in which it would be implemented are technically sound and
represent a generally acceptable disposal strategy. Many groups in Canada
have had opportunities to comment on the disposal concept and on the waste
management program. These include government departments and agencies,
scientists, engineers, sociologists, ethicists, and other members of the
public. The Technical Advisory Committee to AECL on the Nuclear Fuel Waste
Management Program, whose members are nominated by Canadian scientific and
engineering societies, has been a major source of technical advice.

In 1981, the governments of Canada and Ontario announced that "... no dis-
posal site selection will be undertaken until after the concept has been
accepted. This decision also means that the responsibility for disposal
site selection and subsequent operation need not be allocated until after
concept acceptance" (Joint Statement 1981).

The acceptability of the disposal concept is now being reviewed by a fed-
eral Environmental Assessment Panel, which is also responsible for examin-
ing a broad range of issues related to nuclear fuel waste management
(Minister of the Environment, Canada 1989). After consulting the public,
the Panel issued guidelines to identify the information that should be
provided by AECL, the proponent of the disposal concept (Federal Environ-
mental Assessment Review Panel 1992).

AECL is preparing an Environmental Impact Statement to provide information
requested by the Panel and to present AECL's case for the acceptability of
the disposal concept. A Summary will be issued separately. This report is
one of nine primary references that summarize major aspects of the disposal
concept and supplement the information in the Environmental Impact State-
ment. A guide to the contents of the EIS, the Summary, and the primary
references follows this Preface.

In accordance with the 1981 Joint Statement of the governments of Canada
and Ontario, no site for disposal of nuclear fuel waste is proposed at this
time. Thus in developing and assessing the disposal concept, AECL could
not design a facility for a proposed site and assess the environmental
effects to determine the suitability of the design and the site, as would
normally be done for an Environmental Impact Statement. Instead, AECL and
Ontario Hydro have specified illustrative "reference" disposal systems and
assessed those.

A "reference" disposal system illustrates what a disposal system, including
the geosphere and biosphere, might be like. Although it is hypothetical,
it is based on information derived from extensive laboratory and field
research. Many of the assumptions made are conservative, that is, they
would tend to overestimate adverse effects. The technology specified is
either available or judged to be readily achievable. A reference disposal
system includes one possible choice among the options for such things as
the waste form, the disposal container, the vault layout, the vault seals,
and the system for transporting nuclear fuel waste to a disposal facility.



The components and designs chosen are not presented as ones that are being
recommended but rather as ones that illustrate a technically feasible way
of implementing the disposal concept.

After the Panel has received the requested information, it will hold public
hearings. It will also consider the findings of the Scientific Review
Group, which it established to provide a scientific evaluation of the dis-
posal concept. According to the Panel’s terms of reference "As a result of
this review the Panel will make recommendations to assist the governments
of Canada and Ontario in reaching decisions on the acceptability of the
disposal concept and on the steps that must be taken to ensure the safe
long-term management of nuclear fuel wastes in Canada"™ (Minister of the
Environment, Canada 1989).

Acceptance of the disposal concept at this time would not imply approval of
any particular site or facility. If the disposal concept is accepted and
implemented, a disposal site would be sought, a disposal facility would be
designed specifically for the site that was proposed, and the potential
environmental effects of the facility at the proposed site would be
assessed. Approvals would be sought in incremental stages, so concept
implementation would entail a series of decisions to proceed. Decision-
making would be shared by a variety of participants, including the public.
In all such decisions, however, safety would be the paramount consideration.



The EIS, Summary, and Primary References

Environmental Impact Statement on the Concept for Disposal of
Canada’s Nuclear Fuel Waste ( AECL 1994a)

Summary of the Environmental Impact Statement on the Concept
for Disposal of Canada’s Nuclear Fuel Waste ( AECL 1994b)

The Disposal of Canada’s Nuclear Fuel Waste: Public Involvement and Social
Aspects  (Greber et al. 1994)

The Disposal of Canada’s Nuclear Fuel Waste: Site Screening and Site
Evaluation Technology ( Davison et al. 1994a)

The Disposal of Canada’s Nuclear Fuel Waste: Engineered Barriers
Alternatives  ( Johnson L.H. et al. 1994a)

The Disposal of Canada’s Nuclear Fuel Waste: Engineering for a Disposal
Facility ( Simmons and Baumgartner 1994 )

The Disposal of Canada’s Nuclear Fuel Waste: Preclosure Assessment of a

Conceptual System ( Grondin et al. 1994 )

The Disposal of Canada’s Nuclear Fuel Waste: Postclosure Assessment of a

Reference System ( Goodwin et al. 1994 )

The Disposal of Canada’s Nuclear Fuel Waste: The Vault Model for

Postclosure Assessment (Johnson L.H. et al. 1994b )

The Disposal of Canada’s Nuclear Fuel Waste: The Geosphere Model for

Postclosure Assessment ( Davison et al. 1994b)




GUIDE TO THE CONTENTS OF THE ENVIRONMENTAL IMPACT STATEMENT,
THE SUMMARY, AND THE PRIMARY REFERENCES

ENVIRONMENTAL IMPACT STATEMENT AND SUMMARY

Environmental Impact Statement on the Concept for Disposal of Canada's
Nuclear Fuel Waste (AECL 1994a)

- provides an overview of AECL's case for the acceptability of the dis-
posal concept

- provides information about the following topics:
- the characteristics of nuclear fuel waste
- storage and the rationale for disposal
- major issues in nuclear fuel waste management
- the disposal concept and implementation activities
- alternatives to the disposal concept
- methods and results of the environmental assessments
- principles and potential measures for managing environmental
effects
- AECL's overall evaluation of the disposal concept

Summary of the Environmental Impact Statement on the Concept for

Disposal of Canada’'s Nuclear Fuel Waste (AECL 1994b)

- summarizes the contents of the Environmental Impact Statement

PRIMARY REFERENCES

The Disposal of Canada's Nuclear Fuel Waste: Public Involvement and
Social Aspects (Greber et al. 1994)

- describes the activities undertaken to provide information to the
public about the Nuclear Fuel Waste Management Program and to obtain
public input into the development of the disposal concept

- presents the issues raised by the public and how the issues have been
addressed during the development of the disposal concept or how they
could be addressed during the implementation of the disposal concept

- discusses social aspects of public perspectives on risk, ethical
issues associated with nuclear fuel waste management, and principles
for the development of a publicly acceptable site selection process

The Disposal of Canada's Nuclear Fuel Waste: Site Screening and Site
Evaluation Technology (Davison et al. 1994a)

- discusses geoscience, environmental, and engineering factors that
would need to be considered during siting



describes the methodology for characterization, that is, for obtain-
ing the data about regions, areas, and sites that would be needed for
facility design, monitoring, and environmental assessment

The Disposal of Canada’s Nuclear Fuel Waste: Engineered Barriers

Alternatives (Johnson L.H. et al. 1994a)

describes the characteristics of nuclear fuel waste

describes the materials that were evaluated for use in engineered
barriers, such as containers and vault seals

describes potential designs for containers and vault seals

describes procedures and processes that could be used in the produc-
tion of containers and the emplacement of vault-sealing materials

The Disposal of Canada's Nuclear Fuel Waste: Engineering for a Disposal

Facility (Simmons and Baumgartner 1994)

discusses alternative vault designs and general considerations for
engineering a nuclear fuel waste disposal facility

describes a disposal facility design that was used to assess the
technical feasibility, costs, and potential effects of disposal
(Different disposal facility designs are possible and might be
favoured during concept implementation.)

presents cost and labour estimates for implementing the design

The Disposal of Canada’s Nuclear Fuel Waste: Preclosure Assessment of a

Conceptual System (Grondin et al. 1994)

describes a methodology for estimating effects on human health, the
natural environment, and the socio-economic environment that could be
associated with siting, constructing, operating (includes transport-
ing used fuel), decommissioning, and closing a disposal facility

describes an application of this assessment methodology to a refer-
ence disposal system (We use the term "reference" to designate the
disposal systems, including the facility designs, specified for the
assessment studies. Different disposal facility designs are possible
and might be favoured during concept implementation.)

discusses technical and social factors that would need to be consid-
ered during siting

discusses possible measures and approaches for managing environmental
effects



The Disposal of Canada's Nuclear Fuel Waste: Postclosure Assessment of a
Reference System (Goodwin et al. 1994)

- describes a methodology for
- estimating the long-term effects of a disposal facility on human
health and the natural environment,
- determining how sensitive the estimated effects are to variations
in site characteristics, design parameters, and other factors, and
- evaluating design constraints

- describes an application of this assessment methodology to a refer-
ence disposal system (We use the term "reference" to designate the
disposal systems, including the facility designs, specified for the
assessment studies. Different disposal facility designs are possible
and might be favoured during concept implementation.)

The Disposal of Canada’s Nuclear Fuel Waste: The Vault Model for
Postclosure Assessment (Johnson L.H. et al. 1994b)

- describes the assumptions, data, and model used in the postclosure
assessment to analyze processes within and near the buried containers
of waste

- discusses the reliability of the data and model

The Disposal of Canada's Nuclear Fuel Vaste: The Geosphere Model for
Postclosure Assessment (Davison et al. 1994b)

- describes the assumptions, data, and models used in the postclosure
assessment to analyze processes within the rock in which a disposal
vault is excavated

- discusses the reliability of the data and model

The Disposal of Canada'’'s Nuclear Fuel VWVaste: The Biosphere Model,
BIOTRAC, for Postclosure Assessment (this volume)

- describes the assumptions, data, and model used in the postclosure
assessment to analyze processes in the near-surface and surface
environment

- discusses the reliability of the data and model
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EXECUTIVE SUMMARY

ES.1 INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program (NFWMP) was established
jointly by the governments of Canada and Ontario in 1978 to develop a
method to ensure the safe disposal of fuel waste from Canada's nuclear
reactors (Joint Statement 1978). In the disposal concept under considera-
tion, the waste would be placed in corrosion-resistant metal containers,
surrounded by clay-based buffer material, in a vault excavated at a depth
of 500 to 1000 m in plutonic rock of the Canadian Shield. The engineered
and natural barriers of this disposal system would isolate the waste from
the biosphere, with its humans and other biota, for many years. Neverthe-
less, it is possible that the containers could eventually corrode, and that
groundwater would transport waste material to the earth'’s surface

(Figure ES-1). Because this would occur far in the future, the environ-
mental and health impacts from radiological and chemical toxicity must be
predicted and assessed using mathematical models.

This report is one of nine primary references that support the Environ-
mental Impact Statement (EIS) (AECL 1994a), which is subject to scientific
and public review to help a federal Environmental Assessment Panel
(Minister of the Environment, Canada 1989) determine the acceptability of
the disposal concept. The Panel has issued detailed guidelines to AECL for
preparing the EIS (Federal Environmental Assessment Review Panel 1992).

The process of choosing a location for the vault will not be started until
the concept has been fully reviewed and approved (Joint Statement 1981).

In this primary reference, we describe the BIOTRAC (BIOsphere TRansport And
Consequence) model used to simulate the transport of nuclides through the
biosphere in the postclosure phase of the disposal concept when the vault is
full, and has been decommissioned and closed. Under the direction of the
executive code SYVAC3 (SYstems Variability Analysis Code - Generation 3),
BIOTRAC is coupled with models of transport in the vault and geosphere to
provide probabilistic estimates of nuclide concentrations in the environ-
ment, and of radiological doses to humans and other organisms.

BIOTRAC was developed specifically to evaluate the postclosure environmental
and health impacts of the concept for the disposal of Canada’s nuclear fuel
waste. The model is applicable for up to 10 000 a into the future, the
period of quantitative assessment of the concept specified by the Atomic
Energy Control Board (AECB 1987). This period will likely be free from
continental glaciation.

BIOTRAC and its numerous parameter values are based on a vast amount of
literature data. Since 1978, the model has also been supported by an
extensive research program involving a variety of field and laboratory
studies to fill in gaps in knowledge on the transport of nuclides in the
biosphere and their effects on biota (Iverson et al. 1982, Zach 1985a, Zach
et al. 1987). Most of this research was focussed on the Canadian Shield,
and has involved interactions with researchers from nuclear waste disposal
programs in several other countries.
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FIGURE ES-1: Schematic Representation of Groundwater Transport of Nuclides
from the Vault, 500 to 1000 m Underground, to the Biosphere
(Enlarged Insert)

The important processes and pathways associated with transport from an
underground source over very long times were identified through a rigorous
scenario analysis procedure that involved literature reviews, brainstorming
sessions and the use of expert opinion. These processes and pathways are
modelled probabilistically using a systems variability analysis approach
(Goodwin et al., in preparation). The values of many model parameters are
represented by probability density functions (PDFs), which allow for uncer-
tainty in model structure, variability and uncertainty in parameter values,
and natural variability in spatial and temporal aspects of the biosphere.
Moreover, in the absence of a specific site for the vault, the distributed
parameter values allow the assessment to be conducted generically as far as
the biosphere is concerned. The PDFs chosen for the biosphere parameters
encompass the full range of values that might be encountered on the Ontario
portion of the Canadian Shield. These values are also representative of
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much of the Shield in general. At the beginning of each computer simula-
tion or run, SYVAC3 selects a possible state of the system by randomly
sampling a value for each parameter from its specified PDF.

This set of values is used to calculate nuclide concentrations and doses
for that state. The procedure is repeated, typically several thousand
times, to provide the full range of possible consequences and their fre-
quency of occurrence, from which the uncertainty in the results can be
estimated. To ensure that computer requirements do not become impractical,
the various transport processes are modelled as simply and efficiently as
possible, consistent with the accuracy and the detail needed in the
results. In areas where knowledge is limited, and where realistic models
cannot be formulated or validated, we make conservative assumptions to
ensure that environmental concentrations and doses are not underestimated.

Human radiation doses are calculated by BIOTRAC for individuals belonging
to a group of people receiving the greatest exposure because of its loca-
tion and lifestyle. We assume that this all-inclusive critical group is
composed of a sequence of self-sufficient rural households living near
where nuclides would discharge to the biosphere, and where nuclide dilution
and dispersion are at a minimum. The lifestyle of the critical group is
based on present human behaviour using conservative, yet reasonable,
assumptions. For example, members are assumed to live their entire lives
at the discharge zone, having access only to those parts of the biosphere
that are potentially contaminated. They are assumed to be entirely self-
sufficient, drawing all their resources, including food, water, air, heat-
ing fuels and building materials, from the local environment. For dose
prediction purposes, the group is assumed to be represented by reference
man, as defined by the International Commission on Radiological Protection
(ICRP 1975). Predicted doses can be compared (Goodwin et al. 1994) with
regulatory requirements established by the AECB (1987).

Radiation doses for non-human biota are predicted by BIOTRAC for a set of
generic target organisms at the discharge zone, including a plant, a
mammal, a bird and a fish. Doses to these organisms can be compared with
the detrimental effects known to occur at various dose levels (Goodwin

et al. 1994). Humans also serve as an indicator species for evaluating
radiological effects on other biota. Furthermore, we show that radiologi-
cal and chemical protection of the biota and their habitat in general can
be evaluated by comparing the concentrations of nuclides in surface water,
soil and air, predicted by BIOTRAC with various regulatory criteria and
guidelines, and with existing environmental baseline concentrations and
their variability (Goodwin et al. 1994). With these assessment methodolo-
gies, we aim to achieve the protection of plant and animal populations and
also, indirectly, of higher ecological levels - communities and ecosystems.

ES.2 THE _GEOSPHERE/BIOSPHERE INTERFACE

BIOTRAC is driven by the output of the geosphere model (Figure ES-2), which
for the postclosure assessment is a site-specific model based on data
obtained at the Whiteshell Research Area (WRA) (Davison et al. 1994b,
Goodwin et al. 1994). For modelling purposes, a hypothetical vault is
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FIGURE ES-2: Schematic Representation of the Three Main Assessment Models
(Vault, Geosphere and Biosphere) for the Disposal Concept
Assessment, and of the Main Nuclide Transfers Among the Four
Submodels of the Biosphere Model (Surface Water, Soil, Atmo-
sphere, and Food-Chain and Dose) and Between the Geosphere
and Biosphere Models. Discharges from the geosphere to the
biosphere model are: (1) aquatic, (2) terrestrial and
(3) well.

located at a depth of 500 m in the region of the WRA. The topography of
the area and a conceptual model of the subsurface structure suggest that
groundwater carrying nuclides from the vault would reach the surface at
three distinct discharge zones in or near a water body known as Boggy Lake.
Although the discharge would occur primarily to the lake itself, we assume
that a small portion of each zone underlies a terrestrial area that is
suitable for terrestrial biota and for farming by the critical group.
Permanent and temporary, or seasonal, wetlands are considered through dis-
charge to the lake and terrestrial areas respectively. In some model simu-
lations, a final point of nuclide discharge to the biosphere is a domestic
bedrock well drilled into the contaminated groundwater plume.

Because the geosphere model is site-specific, its parameters have values
representative of the WRA. A few of these parameters also appear in the
biosphere model. To ensure consistency between the two-models, the values
of the common parameters were not set independently in BIOTRAC, but were
set equal to the values assigned in the geosphere model.

The interfaces between the geosphere and the biosphere occur at the top of
the compacted layer of sediment beneath the lake, at the bottom of the
unsaturated soil zone, or water table, and at the well. In the compacted
sediments, the nuclide load from the vault is assumed to arise entirely
through sorption from upward moving groundwater. Concentrations in com-
pacted sediments are calculated on the assumption that the flow through
them is advection-dominated, and that nuclides in the flow are partitioned
betveen the solid and liquid phases.



The biosphere model is driven by the total nuclide flow out of the geo-
sphere, including flows to aquatic and terrestrial areas and to the well.
For aquatic areas, nuclides released from the geosphere are discharged
directly into the lake from compacted sediment. For terrestrial areas, the
biosphere model is driven by the nuclide concentration in the pore-water of
the lowest soil layer, which is calculated from a mass balance equation
that takes into account advection into and out of the layer, and ingrowth
through radioactive decay and decay of the radionuclide itself. Finally,
well-water concentrations are calculated using a two-dimensional analytical
model that is part of the geosphere model.

ES.3 THE BIOSPHERE SUBMODELS

Nuclide transport in the biosphere is modelled with four separate but
closely linked submodels representing surface waters, unsaturated soils,
the atmosphere and food chains (Figure ES-2).

The surface water body is assumed to be a typical Canadian Shield lake, and
is modelled as a two-compartment system, one compartment representing the
wvater column and the other compartment representing recently deposited
mixed sediments that overlie the compacted sediments that are part of the
geosphere model. Nuclides from the geosphere are released directly into
the water column, from where they may be transferred to the mixed sedi-
ments. This system is described by coupled mass balance equations that
take into account hydrological flushing, dilution, mixing, sedimentation,
gaseous evasion, and radioactive decay and ingrowth. Nuclide inputs to the
lake, caused by runoff and atmospheric deposition, and the resuspension of
nuclides from the sediments to the water column, are treated implicitly.
The model output includes time-dependent nuclide concentrations in the
vater column and in the mixed sediment.

The prediction of soil concentration is based on a mechanistic soil model,
SCEMR1 (Soil Chemical Exchange and Migration of Radionuclides Model,
Revision 1). This model can provide the detailed treatment of processes
and the fine time and space resolutions necessary to simulate nuclide
migration through the soil profile. SCEMR]1 is a one-dimensional, time-
dependent model that uses detailed meteorological data, together with the
Darcy equation and the equation of continuity, to calculate water flows
between four soil layers on a daily basis. Nuclides introduced into this
system from groundwater below or from aerial irrigation water above may be
advected downward by leaching or upward by capillary rise. Concentrations
in a given soil layer are calculated from a simple mass balance equation
involving the flows into and out of the layer, assuming that the nuclides
are mixed instantaneously and uniformly within each layer. Nuclides are
partitioned between solid and liquid phases using the soil solid/liquid
partition coefficient. SCEMR]1 is driven by the nuclide concentration in
the pore-water of the soil layer that receives the contaminant input; these
concentrations are also calculated using a mass balance approach. The
output of SCEMR1 is the time-dependent nuclide concentration in the soil
root zone for each of three contamination pathways - groundwater discharge,
aerial irrigation and atmospheric deposition.
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Because SCEMR1 is a detailed research model, it requires too much computer
time to be of practical use in a long-term, probabilistic assessment.
Accordingly, a more efficient model was derived for inclusion in BIOTRAC.
This model is based on a statistical summary, in regression equation form,
of the steady-state root-zone concentrations, designated by Css, and the
times to steady state, designated by tss, predicted by SCEMR1 for a con-
stant source term and a wide range of values of the important model para-
meters. The root-zone concentrations were successfully approximated as a
function of time by a simple analytical expression involving Css and tss.
This expression was used to write a mass balance equation for the root zone
to allow for a time-dependent nuclide source term, ingrowth of daughter
nuclides, and nuclide losses resulting from gaseous evasion, cropping and
radioactive decay. In this way, root soil concentrations can be calculated
for any contaminant source in a few seconds of computer time.

In each BIOTRAC simulation, we calculate nuclide concentrations in the
soils of three distinct fields: a garden, which supplies all the plant food
eaten by the critical group; a forage field, which provides the feed
required by their livestock; and a woodlot, which supplies the wood needed
to build and heat their home. Non-human organisms also live on these
fields and depend on the fields for food and shelter. We model a fourth
field with the characteristics of a peat bog for simulations involving an
organic soil and when the critical group heats its home with peat.

The transport equations defining the surface water and soil submodels are
solved by a response function/convolution approach that is used throughout
SYVAC3 to treat time-dependent systems.

Nuclides reach the atmosphere as a result of suspension from contaminated
wvater bodies, soils and vegetation. The atmosphere submodel treats a vari-
ety of suspension mechanisms, both natural and anthropogenic, including the
suspension of particulate nuclides from terrestrial and aquatic sources,
the evasion of gases from terrestrial and aquatic sources, and the release
of nuclides when biomass is burned. Once in the air, the nuclides undergo
dispersion and deposition back to the underlying surface. Additional pro-
cesses can raise indoor air concentrations above outdoor levels. We model
the diffusion of volatile nuclides from the soil into buildings and the
release of nuclides from water used inside the home of the critical group.

The models we use to simulate the suspension mechanisms vary considerably
in complexity, depending on our theoretical understanding of the process
and on the amount and quality of the available data. In some cases, simple
mass loading parameters are used to calculate air concentrations directly
from the nuclide concentration in the source compartment, such as soil.
This approach allows a number of suspension mechanisms to be modelled col-
lectively, and also accounts for the effects of atmospheric dispersion.
-For other mechanisms, nuclide fluxes to the atmosphere can be predicted and
combined with a dispersion model to calculate air concentrations. For a
ground-level area source, such as a contaminated field or water body, we
based our dispersion model on the trajectory simulation approach. In all
cases, the models are equilibrium models, in that air concentrations are
assumed to adjust instantaneously to changes in the concentration of the
source compartment. Total air concentrations are calculated by summing the
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contributions from the individual suspension mechanisms. Indoor and out-
door concentrations are calculated separately for each nuclide.

The rate at which nuclides are deposited from the air to soil and vegeta-
tion is also predicted by the atmosphere submodel. Deposition velocities
are used to model the dry deposition process and washout ratios are used to
model wet deposition.

The food-chain submodel, CALDOS (CALculation of DOSe food-chain and dose
model), traces nuclide movement from the physical compartments of the bio-
sphere, i.e., surface water, soil and air, through the food chain to humans
and other organisms, and calculates radiological doses from both internal
and external exposure pathways. Transfer is predicted using simple multi-
plicative chain equations that assume the nuclide uptake by plants and
animals, and doses, are directly proportional to nuclide concentrations in
the source compartment. The model is therefore a steady-state, equilibrium
model.

The internal exposure pathways considered in CALDOS are the ingestion of
contaminated plants, terrestrial animals, water and soil by humans; the
ingestion of terrestrial animals and fish that have consumed contaminated
plants, water or soil; and the inhalation of air by humans. In treating
these pathways, CALDOS accounts for processes such as root uptake, contami-
nation of plant surfaces by irrigation and atmospheric deposition, losses
from plant surfaces as a result of environmental processes, transfer to
animals and humans, and radioactive decay and ingrowth. The external path-
vays treated are immersion in contaminated air and water, and exposure to
contaminated soil and building materials. The total dose to a member of
the critical group and other organisms is found by summing the individual
doses from all nuclides and exposure pathways.

Internal doses depend on the amount of contaminated food, water and air
taken into the body. For humans, CALDOS calculates these amounts in an
integrated way from the total energy need, the diet, and the nutritional
content of the diet. For modelling purposes, the diet is assumed to con-
sist of five general food types: terrestrial plant foods, mammalian meats,
milk and dairy products, poultry and eggs, and freshwater fish. Some of
these food types are also used as representative organisms for evaluating
doses to non-human organisms.

A few nuclides exhibit special properties that require alternative
approaches to transport modelling and dose calculation. A specific-
activity model is used to predict internal doses to humans from tritium
(3H), which is very mobile in the environment. A limited specific-activity
model is also used for 1291 because internal iodine doses are dominated by
the thyroid gland and the iodine content of the thyroid is regulated meta-
bolically. The specific activity of !2°I in the thyroid and of :4C in the
body are not allowed to exceed the specific activity of these nuclides in
the groundwater discharging from the geosphere to the biosphere. The
transport and exposure pathways can be greatly simplified for the noble
gases, which do not accumulate and disperse rapidly in the biosphere, but
special attention has been paid to radon (222Rn) inhalation. Short-lived
daughter radionuclides with half-lives less than one day are assumed to be
in secular equilibrium with their precursors throughout the biosphere, and
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are not modelled explicitly. The contribution of these nuclides to dose is
accounted for through their precursors.

In addition to the four submodels, BIOTRAC also includes a model for pre-
dicting radiological doses to non-human biota. This model is similar to
CALDOS, and the two models share many parameter values and PDFs. The model
considers four generic target organisms for dose prediction - a fish, a
plant, a mammal and a bird. These organisms broadly represent Canadian
Shield biota in terms of exposure situations and parameter values.

The model focuses on the three nuclides that are potentially most impor-
tant, i.e., 14C, 1297 and %9Tc, and it considers both internal and external
exposure, largely in terms of whole-body exposure. Internal exposure is
based on food-chain transfer, which includes food, water and soil inges-
tion. External exposure includes water immersion, air immersion, soil or
sediment immersion, and immersion in vegetation. Depending on the exact
target organism, several of these exposures are modelled simultaneously to
include the diverse habits of Canadian Shield organisms, particularly ani-
mals. Ve also show how radiological doses can be calculated for specific
species rather than for generic target organisms.

Values and PDFs for the various BIOTRAC parameters were selected only after
a careful appraisal of the available data. Most of the values were drawn
from the literature, but some were supplied by our own research programs.
Vhere possible, the values used were annual averages based on data from the
Canadian Shield. Where the data were numerous, a quantitative statistical
analysis was used to assign a distribution type and attributes to a given
parameter; otherwise the PDF was set subjectively on the basis of all the
available information. Truncations of the PDF and correlations between
parameters were used to avoid unreasonable values or combinations of
values. For each parameter, we show how appropriate values and PDFs were
derived from the data.

ES.4 THE INTEGRATED MODEL

The four BIQTRAC submodels, the geosphere/biosphere interface model and the
model for non-human biota that make up BIOTRAC, although distinct, were
designed to interface smoothly with each other to provide a cohesive des-
cription of nuclide transport through the biosphere as a whole. The output
of one model serves as input to the next. The order in which the calcula-
tions are done is chosen to ensure that the information required at each
point in BIQTRAC is available from previous calculations. A step-by-step
walkthrough of a typical BIOTRAC simulation, focusing on human dose predic-
tion, is presented to illustrate how the model works and to put the various
_exposure pathways into perspective.

The resources required by the critical group are calculated internally by
BIOTRAC in a consistent manner, given the number of people in the household
under consideration. The number of animals needed by the household is
computed from the food yield of each animal and the quantity consumed by
household members. Similarly, the size of the garden Is calculated as the
area needed to grow the terrestrial plant foods required by the group. The
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size of the forage field is calculated by considering the area required to
grow the feed needed by the livestock. The area required to provide suffi-
cient wood or peat to heat the household is calculated on the basis of
energy needs and the energy content of the fuel. The amount of water used
by the household is found by adding the water required for domestic pur-
poses (drinking, cooking, bathing, laundry, etc.), the drinking water
needed by the domestic animals, and the water used to irrigate the garden
or forage field, if irrigation is practised.

Nuclide mass is conserved within each of the four submodels of BIOTRAC, but
not necessarily when nuclides are transferred between compartments. The
inventories of donor compartments are often not depleted when nuclides
migrate to a new compartment. For example, soil inventories are usually
not reduced when nuclides are suspended into the atmosphere. Although this
type of assumption results in a generation of nuclide mass within the
model, it allows complex processes such as runoff, recycling and atmo-
spheric suspension and deposition to be handled very simply. Furthermore,
it results in conservative predictions of nuclide masses for both donor and
receptor compartments. In all cases where source inventories are not
depleted, the nuclide flux out of the source compartment is small compared
with other loss terms. The amount of nuclide mass created is small, and
does not greatly increase predicted environmental concentrations and doses.

For the concept of geological disposal of nuclear fuel waste to be practi-
cal and acceptable, it is necessary to demonstrate that a suitable site can
be found and assessed (Davison et al. 1994a). Although BIOTRAC is a
generic model, it can readily be modified for application to specific
sites. We discuss additional processes and the different modelling
approaches required for a site-specific model. Ve identify the parameters
that would have to take on site-specific values, and show how such values
can be obtained. In all cases, the required changes are relatively minor
and easily achievable.

A separate model, PREAC, has been designed to assess the preclosure phase
of the disposal concept, which comprises the construction, operation,
decommissioning and closure of the vault (Grondin et al. 1994). Although
modelling requirements in the pre- and postclosure phases are quite differ-
ent, they both deal with nuclide transport and exposure in the biosphere
immediately surrounding the disposal facility. Ve compare PREAC and
BIOTRAC, and show that the differences between them do not constitute
inconsistencies, given the different phases that the models address. The
models are well suited to their respective purposes and provide comple-
mentary approaches to different aspects of the assessment.

Ve performed a sensitivity analysis of BIOTRAC to quantify its response to
changes In Input parameters, and to identify the nuclides and pathways that
are important in determining doses to the critical group. The submodels
vere analyzed first, using unit inputs. These results were then used to
guide the analysis of BIOTRAC as a whole, which was done with a simplified
but realistic input from the geosphere. The results show that 1231 causes,
by far, most of the dose to the critical group, with 14C contributing
almost all the remainder. Most of the 1291 dose occurs through ingestion
of terrestrial plant foods contaminated by root uptake from soil irrigated
with well water. The next most important exposure pathway is the ingestion



of plants contaminated through atmospheric deposition. The parameters to
which the total dose to man is most sensitive are, in order of importance,
the source of domestic water (well or lake), the parameter describing 1291
evasion from the lake to the atmosphere, and the evasion rate of 1291 from
soil to the atmosphere. All of the sensitivity analysis results agree with
our intuitive expectation of biosphere behaviour and increase our confi-
dence in the predictions of BIOTRAC.

ES.5 ENVIRONMENTAL CHANGES

BIOTRAC was developed to provide predictions over a period of about

10 000 a, during which time current interglacial climatic conditions are
assumed to persist. Because the parameter values sampled at the beginning
of each simulation are held constant throughout that simulation, the state
of the biosphere is assumed to remain unchanged with time, instead of exhi-
biting its characteristic fluctuations. However, the effects of such fluc-
tuations are incorporated implicitly through the use of distributed para-
meter values, assuming that nuclide concentrations depend primarily on
environmental conditions at the time of interest, and not on conditions
prior to that time. Our parameter distributions likely account for all the
temporal changes that could occur at a specific site during interstadial
conditions of the glacial cycle since they reflect today’s very large
spatial variability across the Canadian Shield.

Many geological processes will affect the Canadian Shield on time scales
longer than 10 000 a. However, the majority of these processes need not be
considered in detail because their potential to influence nuclide migration
through the biosphere is small. We believe that only continental glacia-
tion, including glacially induced faulting and succession in a glacial
regime, could affect consequence predictions significantly. Ve assessed
glaciation by using a modified version of BIOTRAC to calculate radiological
doses to humans for conditions representative of a cold interstadial cli-
mate, and by qualitatively evaluating a number of glacially induced path-
ways. The results demonstrated that glaciation will not cause doses to
rise appreciably above those predicted for current interglacial conditions.
Furthermore, we conclude that the only aspect of succession that must be
considered is the gradual filling in of surface water bodies. Even here,
the important effects on dose occur in the final phase of succession vhen
the bottom sediments become exposed and are used for agriculture. The use
of sediment as soil has been explicitly included in BIOTRAC.

Long-term changes in human culture and technology are impossible to pre-
dict, and we have made no attempt to account for their effects in the
model. The use of the critical-group concept overcomes many of the diffi-
culties in defining appropriate exposure pathways to humans far in the
future. However, we have explicitly considered human intrusion. We calcu-
late the consequences of a bedrock well drilled into the groundwater plume
from the vault. We also discuss the impacts of other intrusion scenarios,
including exploratory drilling and mining.
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ES.6 BIOTRAC VALIDATION

The surface water and soil submodels of BIOTRAC, and parts of the atmo-
sphere submodel, have been validated experimentally. The predictions of
the soil and surface water models agree well with observations from experi-
ments that lasted over several years and dealt with a variety of nuclides
under a range of Canadian Shield conditions. These models therefore simu-
late nuclide behaviour adequately, and produce realistic predictions on
time scales of a few years. Similarly, the model that forms the basis of
the dispersion relations in the atmosphere submodel agrees well with
experimental data.

The remainder of the atmosphere submodel, the food-chain and dose submodel,
and the model for non-human biota have not been validated experimentally;
neither has BIOTRAC as a whole. Independent data sets for comparison with
predictions of nuclide migration from an underground source do not exist at
this time. It is clearly impossible to validate predictions of nuclide
concentrations thousands of years in the future.

In view of this challenge, we used a variety of other methods to establish
BIOTRAC's credibility. We drew heavily on the literature, on our own
research programs and on international experience to define the processes,
parameter values and modelling approaches best suited for assessing the
long-term performance of an underground disposal vault. We have continu-
ally exposed the models, the data and our research programs to peer review
through publication in the open literature, formal independent reviews, and
reviev by the Technical Advisory Committee (TAC) to the NFWMP. 1In this
way, we have demonstrated that BIOTRAC reflects the large accumulated body
of knowledge on nuclide transport through the biosphere, and that it fol-
lows scientific practice for models designed to assess geological disposal
systems.

Ve have used a number of other approaches to assure the validity of our
models. Natural analogs of nuclide transfer in the biosphere have been
used to determine parameter values and to develop approaches to model
nuclide transfer over long periods of time. An informal quality assurance
program based on well-established scientific principles has guided the
development of BIOTRAC from the outset, and a formal quality assurance
program was set up in 1990 for future work. All the major assumptions made
in deriving the models are identified clearly and are reviewed critically,
and their effects on model predictions are discussed. We have used many
conservative assumptions in developing our assessment philosophy, and in
establishing our models and parameter values to compensate for uncer-
tainties. This ensures that nuclide concentrations and radiological doses
to humans and other biota are not underestimated. We have also ensured
that they are reasonable and not grossly overestimated. The systems vari-
ability analysis approach provides quantitative estimates of the combined
variability and uncertainty in model predictions. Finally, we are review-
ing and improving BIOTRAC on a continuing basis, using new results from the
literature and from our own research programs.
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ES.7 CONCLUSIONS

BIOTRAC was specifically developed to simulate the long-term transport of
nuclides from an underground vault through the Canadian Shield biosphere.
To the extent possible, we have shown that it provides a satisfactory des-
cription of nuclide behaviour in the biosphere, and that its predictions
are realistic. The model was designed to ensure that radiological and
chemical toxic impacts on the environment and humans will not be underesti-
mated. BIOTRAC therefore is an appropriate tool for assessing the geologi-
cal nuclear fuel waste disposal concept selected by Canada.



1. INTRODUCTION

1.1 CANADA'S NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

The Canadian Nuclear Fuel Waste Management Program (NFWMP) was formally
established in 1978 by an agreement between the governments of Canada and
Ontario (Joint Statement 1978) to develop and assess a method to safely
dispose of fuel wastes. AECL was made responsible for undertaking research
and development for disposal in a deep underground vault in the plutonic
rock of the Canadian Shield. Ontario Hydro, the provincial utility with
the largest nuclear power program in Canada, was made responsible for
studies on interim storage and transportation of fuel wastes. In Canada,
fuel wastes are currently in the form of used fuel. WNo decision has been
made on whether there will be fuel reprocessing, which would result in a
different waste form.

Plutons are stable, intrusive rock masses that are common on the Canadian
Shield (Davison et al. 1994a). The wastes would be immobilized and placed
in corrosion-resistant metal containers in a vault excavated at a depth of
500 to 1000 m in plutonic rock (Figure 1-1). The containers would be sur-
rounded by a clay-based buffer material. Backfilling of the vault would
start during container emplacement. Once the vault has been completely
filled, the remaining spaces would be backfilled, and the shafts sealed. No
further maintenance would be required following decommissioning and closure.
Research conducted as part of the NFUMP has developed a reference design for
the containers and vault, and reference materials for the buffer, backfill
and other scaling components; the research has also identified specific
technologies for the construction of the facility (Johnson L.H. et al.
1994a, Simmons and Baumgartner 1994). Construction, operation, decommis-
sioning, extended monitoring and closure of the disposal facility make up
the preclosure phase of the program (Grondin et al. 1994); the postclosure
phase is concerned with the behaviour and performance of the facility after
closure (Goodwin et al. 1994).

The geological disposal concept for nuclear fuel wastes involves natural
barriers supplemented by engineered barriers to ensure the long-term safety
of humans and the environment. It is recognized that the wastes may not
remain isolated indefinitely. Corrosion of the containers may lead to the
dissolution of wastes by groundwater and the transport of nuclides through
the buffer, backfill and geosphere to the earth's surface (Figure 1-2,
Goodwin et al., in preparation). The effects of such transport could
extend far into the future, and their potential impacts must be assessed
quantitatively for at least 10 000 a using mathematical models, as indi-
cated by the Atomic Energy Control Board (AECB 1985, 1987). Separate
models have been developed to simulate nuclide movement through the vault
(Johnson L.H. et al. 1994b), the geosphere (Davison et al. 1994b) and the
biosphere (this document). These models are integrated under the control
of an executive code SYVAC3 (SYstems Variability Analysis Code -
Generation 3; Goodwin et al. 1994) to repeatedly simulate the behaviour of
the system as a whole (Figure 1-3). The output is a distribution of
nuclide concentrations in the environment and of the radiological doses to
humans and other organisms. These calculations provide a quantitative
assessment of the performance of the system for comparison with criteria
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and guidelines set by the AECB (1985, 1987). Radiological effects on
humans and the environment are of primary interest, although chemical
toxicity is also important.

In 1981, the governments of Canada and Ontario indicated that no site
selection for a disposal facility would be initiated until a disposal con-
cept has been accepted (Joint Statement 1981). The concept is now being
subjected to a detailed scientific and a more general public review under
the Environmental Assessment Review Process (EARP) administered by the
Federal Environmental Assessment Review Office (FEARO). AECL is the propo-
nent for these reviews. The terms of reference for the Federal Environ-
mental Assessment Panel have been established (Minister of the Environment,
Canada 1989) and the Panel has issued detailed guidelines (Federal Environ-
mental Assessment Review Panel 1992) for preparing the Environmental Impact
Statement (EIS) (AECL 1994a).
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The EIS is supported by nine primary references, of which this is one
(Figure 1-4). Following the scientific and public reviews of the EIS, the
Panel will make recommendations to assist the governments of Canada and
Ontario in reaching decisions on the acceptability of the disposal concept.
Acceptance may lead to site selection. The search for a site might focus
on Ontario because this province is currently the major user of nuclear-
generated electricity in Canada.

The vault, geosphere and biosphere models are based on extensive experimen-
tal and theoretical work (Iverson et al. 1982, Johnson L.H. et al. 1987,
Vhitaker 1987, Zach 1985a, Zach et al. 1987), involving many Canadian
universities and consulting firms as well as AECL and Ontario Hydro. The
entire NFWMP has been reviewed from the outset by an independent Technical
Advisory Committee (TAC), consisting of senior scientists nominated by
Canadian professional societies. The Bioscience Subcommittee of TAC has
focussed its attention on work in the bhiosphere, and reported its findings
in a series of annual reports (e.g., TAC 1992). There have been two
interim assessments of the concept; the first was completed in 1981 (Lyon
et al. 1981, Johansen et al. 1981, Wuschke et al. 1981) and the second in
1985 (Gillespie et al. 1984, Johansen et al. 1985, Mehta 1985, Wuschke

et al. 1985a, 1985b). These interim assessments have been valuable because
they helped to identify critical radionuclides, pathways and processes, as
well as areas needing further information and understanding (Zach 1985a).

The present document describes the biosphere model developed to assess the
performance of the conceptual disposal system in the postclosure phase.
For convenience, the model has been given the acronym BIOTRAC (BIOsphere
TRansport And Consequence).
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1.2 RADIOLOGICAL ASPECTS

1.2.1 Nuclides of Concern

The vault would contain many radionuclides and chemically toxic elements.
Johnson L.H. et al. (1994a) provide a list of the nuclides present in the
used fuel, together with their inventories and radioactive decay chains.
Where radiological properties are not pertinent to a given discussion, we
will refer to the vault contents generically as nuclides.

The amount of each nuclide that may eventually reach the biosphere depends
on the performance of the containers, the sealed vault and the geosphere,
and is calculated as a function of time in each probabilistic simulation or
model run. Table 1-1 lists the nuclides that are considered in the post-
closure assessment (Goodwin and Mehta 1994). This list does not include
all the nuclides present in the used fuel, nor all of the radionuclides
generated through radioactive decay. It includes those nuclides that might
conceivably represent a hazard in the biosphere, as established by very
conservative screening calculations (Section 1.5.6; Goodwin and Mehta
1994). Some nuclides in the vault inventory are present in such small
amounts that they would be unlikely to pose any hazard in the biosphere.
Others, although present in substantial amounts in the used fuel, would
never enter the biosphere because of radiocactive decay and chemical retard-
ation over the very long times and distances required to travel from the
vault to the biosphere. Still others can be accounted for by adding their
inventories to those of their daughters in cases where the daughter repre-
sents a greater risk than the precursor. By screening out these types of
nuclides from consideration, the models can be simplified significantly
without compromising the assessment. Great care was taken in the screening
process to ensure that no nuclide of any significance was dropped from
consideration, Most of the nuclides in Table 1-1 are not expected to reach
the biosphere, but are nevertheless included to be conservative.

Even though transit times through the geosphere are expected to be very
long, certain short-lived radionuclides may still be present at any point
in the geosphere or biosphere as the decay products of long-lived precur-
sors. Some of these daughters may be in secular equilibrium with their
precursors. At secular equilibrium, the activities of a daughter and its
precursor are equal (Wehr and Richards 1967, Zach and Sheppard 1992).
Secular equilibrium occurs for daughters with half-lives much less than
those of their precursors, at times that are large compared with the half-
life of the daughter. The activity of the daughter resulting from the
decay of the precursor is at a maximum at secular equilibrium.

The transport of short-lived daughters is not modelled explicitly in the
geosphere (Davison et al. 1994b). Activities and concentrations of the
daughters at the geosphere/biosphere interface can be easily derived from
those of the precursors through the assumption of secular equilibrium
(Section 4.4). The decay and ingrowth of radionuclides, and the assumption
of secular equilibrium for the biosphere are discussed in Section 2.5.4.

All the nuclides listed in Table 1-1 are considered in the postclosure
assessment. However, depending on the exact need, all or only some of them

are used in our studies and evaluations.



TABLE 1-1

RADIONUCLIDES WITH DECAY CONSTANTS AND CHEMICALLY TOXIC ELEMENTS

CONSIDERED IN BIOTRAC

Decay Decay Decay
Radionuclide Constant, Al Radionuclide Constant, Al Radionuclide Constant, \i
(at) (at) (a1)
225A¢ 2.53 x 102 32p 1.77 x 10? 2195Rn 5.50 x 106
227 A¢ 3.18 x 10-2 231pa 2.12 x 10-5 220Rn 3.94 x 105
228 ¢ 9.90 x 102 233Ppa 9.38 x 100 222Rn 6.60 x 101
241 Am 1.60 x 10-3 234p, 9.06 x 102 125gp 2.50 x 10-1
39Ar 2.58 x 10-3 234mpy 3.11 x 105 126gp 2.04 x 101
21TAL 6.80 x 108 205pp 4,85 x 10-8 126mg} 1.92 x 104
10Be 4.33 x 10-7 209pp 1.87 x 103 78 Se 1.07 x 10-5
2084 1.88 x 10-¢ 210pp 3.11 x 10-2 3254 1.54 x 10-3
210Bj 5.06 x 10! 211ppy 1.01 x 10¢ 126gn 6.93 x 10-6
210mBj 2.31 x 10-7 212pp 5.73 x 102 90Sr 2.38 x 10-2
211Bj 1.70 x 105 214pp 1.36 x 104 1827, 2.20 x 1Q°
212p4 6.03 x 103 107pd 1.07 x 10-7 99Tc 3.25 x 10-¢
213§ 7.98 x 103 210pg 1.83 x 10° 125nTe 4.36 x 10°
214Bj 1.83 x 104 211po 4.23 x 107 227Th 1.35 x 10
l4c 1.21 x 10-4 212pg 7.17 x 1013 228Th 3.62 x 10-1
41Ca 4.95 x 10-¢ 213Ppo 5.21 x 1012 229Th 9.44 x 10-5
113mcd 5.09 x 10-2 21l4po 1.33 x 1011 230Th 9.00 x 10-¢
135Cs 3.01 x 10-7 215pg 1.23 x 1010 231Th 2.38 x 102
221py 7.59 x 104 216pg 1.46 x 10® 232Th 4.93 x 10-11
223pr 1.67 x 104 218pg 1.20 x 105 234Th 1.05 x 10!
3H 5.61 x 10-2 238py 7.90 x 10-3 206T] 8.68 x 104
1e2yf 7.70 x 10-8 239py 2.88 x 10-5 2077} 7.63 x 10¢
12971 4.41 x 10-8 240py 1.06 x 10-4 2087] 1.19 x 105
40K 5.42 x 10-10 241py 4.81 x 10-2 205T]1 1.65 x 105
81Kr 3.30 x 10-6 242py 1.84 x 10-6 232y 9.63 x 10-3
85Kr 6.48 x 10-2 223Ra 2.21 x 101 233y 4.37 x 10-6
83 Mo 1.98 x 10-¢ 224Ra 6.93 x 10! 234y 2.83 x 10-6
93mNb 5.10 x 10-2 225Ra 1.71 x 101 235y 9.85 x 10-10
94Nb 3.41 x 10-5 226Ra 4.33 x 10-4 236y 2.96 x 10-8
59N{ 9.24 x 10-€ 228Ra 1.21 x 10-? 238y 1.55 x 10-1¢
63Ni 7.22 x 10-3 87Rb 1.47 x 10-11 o0y 9.50 x 10
237Np 3.24 x 10-7 187Re 1.39 x 10-11 93Zr 4.53 x 10-7
Chemically Toxic Elements
Br Cs Se
Cd Mo Sm
Cr Sb Te




1.2.2 Radioactive Decay Constants

EBach radionuclide has a characteristic radioactive decay constant, Ai, that
defines the fraction of radioactive material decaying per unit time. Decay
constants are radionuclide-specific, with the associated half-lives varying
from a fraction of a second to millions of years. The radioactivity per
unit mass is high for radionuclides with large values of Ai. However, the
decay rate is an incomplete measure of the potential hazard of a radio-
nuclide. Biomobility and the types and energies of radiation emitted
during decay are also important (Myers 1989, Zach and Sheppard 1992).

Decay constants are used in many places in BIOTRAC. The values that we
have adopted for the postclosure assessment are listed in Table 1-1.
Radioactive decay has been studied intensively for many years, and decay
rates for most radionuclides are known precisely. The values shown in
Table 1-1 have been based on radiological half-lives published by the
International Commission on Radiological Protection (ICRP 1983).

1.2.3 Human Protection and the Annual Effective Dose Equivalent

One of the key concerns in nuclear fuel waste management is protecting
humans from radiation effects. Although the vault will contain some chemi-
cally toxic elements, there are many more radionuclides (Table 1-1) that
might lead to radiation exposure. The main quantity calculated for human
radiation protection is the committed effective dose equivalent, or simply
dose. This measure was introduced by the ICRP (1977, 1979). Since its
inception in 1928, the ICRP has been dedicated to the radiation protection
of humans. The ICRP has exercised its influence through a series of recom-
mendations such as ICRP 26 (ICRP 1977). Most of these recommendations have
found broad acceptance, although sometimes with a delay.

For the postclosure assessment, we have followed ICRP 26 (ICRP 1977) and
related recommendations for calculating doses to humans. Purther details
concerning this, the interaction of radiation with biological tissue and
the induction of health effects are discussed by Myers (1989) and by Zach
and Sheppard (1992). The committed effective dose equivalent is briefly
discussed below. At this point, it is important to point out that dose
conversion factors (DCFs) (Section 8.5.2) are key parameters for calcu-
lating doses to humans and other biota. In essence, these factors repre-
sent the dose per unit intake of, or exposure to, a given radionuclide.
However, the committed effective dose equivalent applies to humans only.

The basic dosimetric quantity is the dose, D (Gy), defined as the amount of
energy absorbed from radiation in a mass of material such as human tissue
(ICRP 1977). Since D does not fully account for the biological conse-
quences of various types of radiation, the dose equivalent, H; (Sv), is
used instead. PFor a given organ or tissue, H, is given by the product of D
and a radiation quality factor, Q (unitless), which describes the effec-
tiveness of a given type of radiation in causing biological damage. An
effective dose equivalent, H; (Sv), for the whole body can be found by
summing the H, values for all tissues and organs, weighted by organ fac-
tors, W, (unitless), according to their radiosensitivity.



Radionuclides inhaled or ingested into the body continue to irradiate the
body until they have decayed or are eliminated with waste products. The
body is therefore committed to receiving a dose over an extended period of
time following the intake of a radionuclide. The total internal dose is
usually calculated over a 50-a period, and is called the 50-a committed
effective dose equivalent, H;, (Sv). Since committed doses were originally
developed to assess the occupational safety of radiation workers, the 50-a
interval was chosen to approximate the working life span of humans (ICRP
1979). Currently, the life expectancy of Canadians is about 75 a. How-
ever, lifetime committed doses are difficult to calculate because they
include all life stages from fetus to old age. On the basis of reasonable
assumptions about age dependence, Johnson J.R. (1982a) concluded that the
50-a interval used here would overestimate the lifetime committed dose.

The ICRP has recently introduced age-dependent DCFs, with a 70-a commitment
for some radionuclides (ICRP 1989). These factors are suitable for assess-
ing accidental exposure of the public, but less so for the chronic exposure
situations one might encounter in nuclear fuel waste management. Evalua-
tion of the ICRP 56 (ICRP 1989) values has shown that our DCFs may lead to
underestimation of doses for some radionuclides and modes of exposure (Zach
and Sheppard 1992). We have not used ICRP 56 DCFs because of the limited
number of values available and the conclusion reached by Johnson J.R.
(1982a) that our values would overestimate the lifetime committed dose.

Traditionally, H;, is defined as the internal dose accumulated over 50 a
following a single intake of radioactive material (ICRP 1977). However,
releases from a disposal vault would result in the chronic intake of radio-
nuclides. Conveniently, H;, as defined for an instantaneous input, I , is
mathematically the same as the dose equivalent received in the fiftieth
year following an intake I, of material in each of the preceding 50 a,
provided body changes with age are ignored (Healy 1981, Johnson J.R. 1982b,
1985). Therefore, the extensive information available on H;, can be used
to predict the annual dose to an individual continuously exposed to a con-
taminated environment. This dose rate will be constant over the lifetime
of the individual as long as the radionuclide intake remains constant.

This will likely be the case for nuclear fuel waste management because
radionuclide flows out of the geosphere, and radionuclide concentrations in
the biosphere, would change only very slowly with time.

External dose does not involve a dose commitment. Rather, an individual
receives a dose only when actually exposed to an external radiation field.
The annual external dose is found by summing all the external doses
received in the course of the year. The annual dose will be constant from
year to year as long as the radionuclide concentrations in the environment
remain constant. Internal and external doses can be added to produce an
annual effective dose equivalent. One of the main aims of the biosphere
model is to estimate this dose rate (Sv.a-!) for comparison with regulatory
criteria, as presented by Goodwin et al. (1994).

The risk from radiation exposure and the calculation of doses are under
constant review by the scientific community and various committees (e.g.,
UNSCEAR 1988, BEIR 1990). New knowledge and interpretations have led to
revised recommendations by the ICRP (ICRP 1991a), and may lead to still
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further revisions. We have not used the DCFs based on these recommenda-
tions (ICRP 1991b) since an evaluation of them showed that the DCPs we use
do not lead to systematic underestimation of doses (Zach and Sheppard
1992). However, for some radionuclides, notably 29I, doses based on our
factors would be slightly lower than those based on the revised values, as
indicated in the postclosure assessment (Goodwin et al. 1994).

There have been several important recent changes in DCFs, including age
dependence, a 70-a commitment (ICRP 1989), and revised risk estimates (ICRP
1991a). Most of these changes would have relatively minor effects on our
dose predictions, based on ICRP 26 (ICRP 1977) risk estimates and methodol-
ogies. Eventually, age-dependent DCFs for the public based on ICRP 60
(ICRP 1991a) will appear, and will be used by us for further studies in the
NFWMP.

1.2.4 Environmental Protection

ICRP 26 (ICRP 1977) assumes that environmental protection, i.e., the pro-
tection of populations of various plants and animals, can be assured by the
measures adopted to protect humans. This assumption has been convenient
because it implies that environmental protection does not need to be
addressed separately. The assumption has been challenged repeatedly, but
several reviews and evaluations (Myers 1989, IAEA 1992, UNSCEAR 1992) lend
support to it. Nevertheless, it has become clear that radiation protection
of the environment deserves separate consideration (Federal Environmental
Assessment Review Panel 1992). Oune difficulty is that there are no well-
established procedures, criteria or guidelines, as is the case for human
radiation protection. This difficulty is increased by the numerous organ-
isms and biological or ecological end points that might be considered.

As discussed in detail in Chapter 13, we have developed a threefold method-
ology to address environmental protection. The first approach assumes that
humans can serve as a sensitive indicator species for other biota, and thus
protection of humans at the individual level also ensures protection of
other organisms at the population or species levels. This is in essence
the ICRP (1977) assumption for radiological protection. The second
approach consists of evaluating surface water and soil concentrations of
nuclides predicted by BIOTRAC, and comparing them with the relevant regula-
tory criteria and guidelines, as well as with environmental baseline con-
centrations and their variability (Amiro 1992a). Ve do not focus on con-
centrations in air because they are a function of concentrations in surface
vater and soil, given an underground source of contaminants. The evalua-
tion of environmental concentrations is a highly integrated assessment
approach because the well-being of plants and animals depends on the qual-
ity of the surface water and the soil. Furthermore, environmental concen-
tration can be readily monitored (Simmons et al. 1994). Finally, the third
approach relies on predicting radiological doses to a set of generic target
organisms and comparing these doses to doses for which the occurrence of
effects has been documented or their absence noted (Amiro 1992b). We also
show how this approach can be applied to specific rather than to generic
target organisms.

As in the case of human protection, we are concerned here only with pre-
senting assessment methodologies. Goodwin et al. (1994) describes the
application of these methodologies and the postclosure assessment results.
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1.3 CHEMICAL ASPECTS

As shown in Table 1-1, we have identified nine potentially chemically toxic
elements for quantitative assessment based on the assessment by Goodwin

et al. (1987a). Most of these elements occur as both radiologically and
chemically toxic nuclides, but bromine (Br), chromium (Cr) and samarium
(Sm) are of concern only because of their chemical toxicity. In a sense,
these elements can be regarded as radiologically stable nuclides and they
can thus be modelled in the same manner as all the other nuclides. This
and other aspects related to chemical toxicity are discussed in detail in
Chapter 13, and the corresponding postclosure results are presented by
Goodwin et al. (1994).

Because the evaluation of radiological and chemical effects on humans and
the environment has traditionally proceeded along different avenues, it is
difficult to integrate the two into a single assessment approach and risk
estimate. Insufficient data are available to decide on compensation, addi-
tivity or synergism of effects. Therefore, we have developed separate but
conservative methodologies (Section 1.5.6).

1.3.1 Human Protection

Although the movement of chemically toxic nuclides can be modelled in the
same manner as that of other nuclides, there are important differences.
Chemically toxic nuclides, like radionuclides, can induce cancer, heredi-
tary and other defects (Friberg et al. 1979), but no detailed dosimetric
procedures are available to estimate consequences (Butler 1980). This
means that no human doses can be calculated. For chemical contaminants,
health protection is usually accomplished by regulating contaminant concen-
trations in environmental media, such as water and soil, and we have fol-
lowved this procedure for the postclosure assessment using BIOTRAC predic-
tions. In many instances, health protection is assured through regulatory
requirements for environmental protection.

1.3.2 Environmental Protection

The situation for environmental protection is similar to that for human
protection. Thus, environmental protection is accomplished by regulating
the concentrations of chemically toxic contaminants in surface water and
soil. We have followed this procedure for the postclosure assessment by
comparing the BIOTRAC predictions with environmental criteria and guide-
lines. Furthermore, predicted concentrations can also be compared with
baseline concentrations in the environment (Section 13.1.3, Amiro 1992a).

1.4 THE BIOSPHERE AND BIOSPHERE MODEL

In the present context, the biosphere includes those parts of the terres-
trial environment that lie above the water table (unsaturated soils and the
atmosphere) as well as surface waters, including wetlands, and the mixed
layer of lake sediments. These are the parts of the environment that con-
tain abundant living organisms, and that are readily accessible to humans.
Because the disposal vault, if approved, might be located in plutonic rock
in Ontario, we focus on a biosphere characteristic of the Canadian Shield
in Ontario. However, Canadian Shield regions outside Ontario are not
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expected to be substantially different. The region of saturated overburden
and rock beneath the water table, excluding surface waters and mixed sedi-
ments, is treated as part of the geosphere.

The biosphere as a whole also includes the oceans. However, the AECB
(1985) has stated that the performance of the disposal system will be
judged, as far as humans are concerned, on the basis of its impacts on the
critical group (Section 1.5.4). By definition, members of the critical
group, because of their lifestyle and place of residence, are at the great-
est risk from nuclides entering the biosphere. We assume that the critical
group lives near the point at which nuclides discharge to the biosphere,
and that members of the group consume only local food and water. Oceans
could not provide a direct exposure pathway to such individuals, and are,
therefore, not included in the biosphere model. Furthermore, concentra-
tions of nuclides from a vault in the ocean would always be lower than
concentrations in local food and water.

The biosphere provides the focus for the postclosure environmental assess-
ment of the disposal facility because it is here that any consequences
would be felt. Furthermore, the criteria against which the performance of
the disposal system will be judged are mainly biosphere criteria. The AECB
(1987) stated as a basic regulatory requirement that "radioactive waste
disposal options shall be implemented in a manner such that there are no
predicted future impacts on the environment that would not be currently
accepted." In addition, "the predicted radiological risk to individuals
from a waste disposal facility shall not exceed 10-% fatal cancers and
serious genetic effects in a year." Risk is to be calculated from the
predicted doses using a fixed risk conversion factor.

Accordingly, one of the main objectives of the biosphere model is to calcu-
late nuclide concentrations in the various environmental compartments, and
to estimate the radiological dose to humans from all the credible exposure
pathways. The model achieves this by simulating the transport of nuclides
from the point where they discharge from the geosphere through the bio-
sphere to humans (Figure 1-5). We have developed four separate but closely
linked submodels representing the surface water (Bird et al. 1992), the
soil (Sheppard M.I. 1992), the atmosphere (Amiro 1992b) and the food chain
(Zach and Sheppard 1992). Permanent and temporary, or seasonal, wetlands
are considered through the surface water and soil submodels. Nuclides
emerging from the geosphere are assumed to enter a lake or a well, and may
also enter the lowest layer of the soil profile. The soil root zone may
become contaminated as the nuclides move upward by capillary action or as
irrigation water is applied to the surface. Nuclides suspended from the
soil and the lake may become entrained in the atmosphere. Food supplies
growvn in this environment may take up nuclides. Crops grown on the soil
take up nuclides through their roots, or through their leaves following
deposition from the atmosphere. Animals may ingest nuclides with water,
food or fodder and soil. Humans living in this environment may be subject
to nuclide exposure from many sources. They may receive an internal dose
through ingestion of contaminated food and water and by inhalation; they
may receive an external dose through immersion in air and water, and by
exposure to contaminated soil and building materials.
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FIGURE 1-5: Main Environmental Transport Processes Considered for the
Postclosure Phase of the Disposal Concept Assessment

Besides radiation doses for humans, BIOTRAC also allows the calculation of
concentrations of nuclides in surface water and soil, and radiological
doses to non-human organisms to help ensure protection of the environment
(Section 1.2.4). As in the case of humans, environmental protection must
focus on the area occupied by the critical group, where the risk from
nuclides released from the vault is highest. For this reason, the bio-
sphere model, primarily designed for human radiation protection, can also
be used for environmental protection. However, the AECB has not provided
quantitative regulatory requirements for environmental protection, and thus
potential environmental effects must be evaluated in other ways, as dis-
cussed in detail in Chapter 13.

Another objective of BIOTRAC is to calculate concentrations of chemically
toxic elements in surface water and soil to help ensure protection of both
humans and the environment (Section 1.3). Here too, concerns focus on the
area occupied by the critical group, and thus the biosphere model designed
for radiation protection is also suitable for assessing chemical toxicity.
Appropriate guidelines or criteria are available, or can be established, to
evaluate model predictions, as discussed more fully in Chapter 13.

1.5 ASSESSMENT PHILOSOPHY

The form that any model takes depends strongly on the processes it is meant
to simulate and the questions it is intended to answer. BIOTRAC was devel-
oped specifically to assess the postclosure impacts associated with a used-
fuel disposal vault. The geological disposal concept is unique in a number
of ways, among them the underground location of the source of potential
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contaminants, the great length of time over which wastes must be isolated
from the biosphere and its biota, and the necd to assess the concept before
a vault location is selected. Several underlying philosophical approaches
have been adopted to tailor the assessment to these special needs. Various
aspects of the assessment philosophy are discussed below to explain the way
in which the biosphere model was developed and the form that it currently
takes.

1.5.1 Scenario Analysis

Nuclides from the vault could reach the environment and humans in a number
. of ways, some more likely than others. The important processes and path-
vays included in our assessment models were identified and selected through
an extensive scenario analysis. By the term scenario, we mean a combina-
tion of factors (features, events and processes) that could affect the
isolation of the waste in its disposal facility (Cranwell et al. 1987, NEA
1989). Scenarios were constructed using a systematic procedure that
involved searching for all possible factors; screening and eliminating
factors on the basis of probability of occurrence, physical reasonableness
and regulatory criteria; and combining the remaining factors into scenarios
in all possible ways (Goodwin et al., in preparation). The focus in sce-
nario analysis has been on human radiation protection.

The analysis identified one scenario as being by far the most likely to
occur - slow degradation and failure of the waste containers, release of
nuclides from the waste into the groundwater within the vault, diffusion
through saturated buffer and backfill materials, convection and diffusion
through faults and interconnected pores in the geosphere to surface water
and soil, and finally environmental and human exposure through a multitude
of pathways in the biosphere. The postclosure assessment focuses on this
groundvater intrusion scenario, which is referred to as the central group
of scenarios because it includes all but one of the potential alternative
scenarios identified (Goodwin et al., in preparation). This alternative
scenario is concerned with open or unsealed boreholes. The central group
of scenarios has been assigned a probability of occurrence of one in the
postclosure assessment (Goodwin et al. 1994).

BIOTRAC has been specifically designed to treat the central group of scena-
rios. The biosphere factors considered in the scenario analysis are listed
in Appendix C and by Goodwin et al. (in preparation). The list was gener-
ated from literature reviews, expert opinion and brainstorming sessions.
The factors were classified in several ways to help identify any that were
initially missed. When the list was as comprehensive as possible, factors
vere either included or not included in the central group of scenarios,
depending on their expected importance and probability of occurrence.

Those selected have been incorporated into the model for quantitative
assessment and are described in Chapters 4 to 8. They include the major
exposure pathways described in Section 1.4, as well as many less common
pathways. The factors not selected are discussed briefly by Goodwin et al.
(in preparation) and in the references listed in Appendix C, which also
provide the reasons for their exclusion. A few factors with the potential
to affect the dose to humans (notably, the pathways associated with contin-
ental glaciation (Davis 1986, Elson and Webber 1991)) have not been incor-
porated into the model for various reasons. The impact of these factors is
assessed in Chapter 12.
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In the central group of scenarios, nuclides from the vault enter the bio-
sphere from aquifers below. Traditional biosphere models have been
designed to treat above-ground releases, and are unable to simulate an
underground source. The biosphere model developed for the postclosure
assessment has been designed to treat the unique pathways and processes
associated with groundwater discharge. This is particularly true of the
soil and atmosphere submodels (Chapters 6 and 7).

1.5.2 Systems Variability Analysis

The performance assessment of the disposal facility is based on a probabil-
istic analysis directed by the executive code SYVAC3 using Monte Carlo
simulation techniques (Dormuth and Quick 1980, Goodwin et al. 1987b). The
systems approach is used to predict how the vault, geosphere and biosphere
will respond as a whole to a given nuclide release. It also provides a way
to quantify the variability and uncertainty in the predictions of the
models, which may be inexact for several reasons. Because the assessment
must be conducted before a disposal location is selected, site-specific
values cannot be assigned to the parameters describing the state of the
vault, geosphere and biosphere system. Even if a specific location were
being evaluated, it might not be possible to assign values to all the input
parameters precisely. The processes being simulated may not be fully
understood, and may be approximated or simplified in the models. Parts of
the system may be inherently variable, and the parameters describing these
parts should reflect this. Because the predictions are made for times far
into the future, the models must take into account changes that may occur
in the system over very long periods of time (Section 1.5.7).

Uncertainty and variability in the data and the processes are accommodated
through the use of probability density functions (PDFs) to define many of
the parameter values. This requires specification of distribution types,
usually with a measure of central tendency (most probable value), a measure
of variation, and truncation values and parameter correlations to avoid
unreasonable values. At the beginning of each simulation, SYVAC3 selects a
possible state of the system by randomly sampling a value for each para-
meter from its specified PDF (Figure 1-6). This set of values is then used
vithin the model equations to calculate the nuclide transfer from the vault
to the biosphere and to estimate the consequence, i.e., a set of concentra-
tions, doses or risks, for that state. SYVAC3 repeats the selection of
parameter values and estimation of consequences, typically one thousand
times or more, and summarizes the results statistically. The output is the
range of possible consequences and their frequency of occurrence, from
vhich the uncertainty in the results can be estimated (Goodwin et al. 1994).

Substantial amounts of computer time are needed to perform the many simula-
tions needed for a probabilistic assessment. To ensure that the computer
requirements do not become impractical, the various transport processes were
modelled in as simple and efficient a manner as possible, consistent with a
sufficiently accurate and detailed description of nuclide movement through
the biosphere.
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1.5.3 Generic Nature of the Biosphere Model

The NFWMP has developed a concept for geological disposal, but no site will
be selected until the concept has been accepted (Joint Statement 1981).

The performance assessment has been designed to demonstrate the methodology
rather than the safety of a specific site. The three integrated assessment
models (for the vault, the geosphere and the biosphere) reflect the lack of
a specific site location in different ways, depending on their requirements
and the scientific information available. The vault model (Garisto and
LeNeveu 1991, Johnson L.H. et al. 1994b) is based on a particular reference
design for the waste form, the containers and the vault itself (Johnson L.H.
et al. 1994b). This design and the model are largely independent of the
location of the vault, except at the point where the model couples with the
geosphere and for groundwater characteristics. The geosphere model
(Davison et al. 1994b) is based on the geology and hydrology of the
Whiteshell Research Area (WRA) near Pinawva, Manitoba. Nuclide transport
through the geosphere depends so strongly on groundwater flow patterns that
consistent values for the local topography and the fracture structure of
the rock must be specified before meaningful calculations can be made. It
was decided to use information from a real location to set those para-
meters, rather than hypothesizing generic values. The WRA was chosen as an
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example because much is known about its groundwater flow pattern. It must
be emphasized, however, that the WRA is not under consideration as a poten-
tial location for a disposal facility; it is being used for the postclosure
assessment case study to evaluate the disposal concept and demonstrate that
methods exist to characterize and assess geosphere transport at a given
location on the Canadian Shield. The methods developed to characterize and
model the WRA could be applied directly to other locations on the Canadian
Shield.

The approach taken in the biosphere in the absence of a specified site was
to develop a generic model. The distributions chosen for the biosphere
parameters encompass the full range of values that could be encountered on
the Ontario portion of the Canadian Shield. Exceptions to this rule are
the parameters that are common to both the geosphere and biosphere models
(Section 4.3). These were set equal to their WRA values to ensure consis-
tency between the models. The surface water submodel (Chapter 5), which
provides the main interface with the geosphere, therefore has some site-
specific features. In general, the suite of biosphere parameter values
sampled in each simulation of the model represents no particular location,
but one of a range of possible Canadian Shield locations in Ontario. The
PDPs also include values that are characteristic of the biosphere at the
WRA. The biosphere model therefore includes the WRA without specifically
modelling it.

1.5.4 Human and Environmental Exposure Situation

The individual human for whom doses are calculated in the postclosure
assessment belongs to a postulated relatively homogeneous group of people
expected to receive the greatest exposure because of their location and
lifestyle (AECB 1987). This all-inclusive group is called the critical
group, a concept commonly employed when evaluating doses to the public from
conventional nuclear power installations. Collective or population doses
need not be calculated for the concept assessment (AECB 1985).

Given a performance assessment that extends far into the future, it is not
possible to precisely identify the critical group and its lifestyle because
of uncertainties about population distributions, living habits and climate.
Instead, the lifestyle of the critical group has been based on present
human behaviour using conservative (Section 1.5.6), yet reasonable assump-
tions. The diet and metabolic characteristics of the group are based on
present knowledge. We have not considered possible future changes in tech-
nology, culture, or human physiology or anatomy, because such changes are
unpredictable, as indicated by the AECB (1987).

Ve assume that the critical group is composed of a sequence of self-
sufficient rural households, of variable size, living near the point at
which nuclides discharge to the biosphere (Zach and Sheppard 1992). The
effects of dispersion and dilution are minimal at this point, and hence
environmental concentrations and doses to humans and all the other organ-
isms are at their highest. At a given time, the household could be one in
a succession of families that has inhabited the location continuously since
the vault was decommissioned and closed. Alternatively, it could have
pioneered the location after it had been uninhabited for some time. In
either case, we assume that members of the household live their entire
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lives at the discharge zone, having access only to those parts of the bio-
sphere that are most highly contaminated. They are assumed to be entirely
self-sufficient, drawing all of their resources, including food, water,
heating fuel and building materials, from the local environment. Summer
produce is stored for winter consumption, so potentially contaminated food
is eaten throughout the year. The critical group depends mainly on agri-
culture for food, but may also harvest wild foods. They are more self-
sufficient than is customary for most people today, but this is conserva-
tive and consistent with the critical group concept.

Members of the critical group exhibit some individuality, particularly with
respect to diet, which is described by distributed parameters. They also
choose their source of water (a well or a lake), and the extent to which
they practise aerial irrigation. These choices are based on current behav-
iour patterns of people, including aboriginals, on the Canadian Shield.

The biosphere inhabited by the critical group can be visualized as a typi-
cal Canadian Shield environment consisting of rock outcrops, bottom lands
with pockets of soil, wetlands and surface water bodies, and uplands with
meadows, bush and forests. The biosphere model does not require the actual
distribution and sizes of most of these features to be specified. Ve
simply assume that the land in the area is sufficient to grow the crops and
raise the animals required by the critical group. Similarly, we assume
that there is sufficient forest to provide the required resources to build
and heat homes. The critical group is assumed to draw all of its resources
from the most contaminated part of the environment.

In calculating doses, the critical group is assumed to have a garden avail-
able for raising plant foods, such as vegetables, cereals, fruits and ber-
ries. It is also assumed to have a forage field that provides feed or
forage for domestic and wild food animals. Thus, both the garden and for-
age field may include wild foods. A wood lot and a peat bog are two addi-
tional areas assumed to be available for supplying building material or
fuel.

For dose prediction purposes, each member of the critical group is assumed
to be represented by reference man as defined by the ICRP (1975). Refer-
ence man is a typical adult individual, about 2Q to 30 years old, 170 cm
high and weighing 70 kg. The gastrointestinal tract, lungs and other
organs are assumed to obey specific physiological models that make it pos-
sible to calculate the dose received from the rate of exposure to radia-
tion. Reference man includes both male and female features that are impor-
tant in dose prediction.

The focus on ICRP reference man in the assessment reflects the large amount
of information available on radionuclide metabolism in the human body and
consequent radiation exposure. Much of the information pertains to adults,
but doses predicted for adults and infants tend to be similar (2Zach and
Mayoh 1984, Grondin et al. 1994). Furthermore, the radiation risks for
reference man (lethal cancers and heritable genetic effects) are based on
human population data, which include both sexes and all ages. Accordingly,
our dose calculations for ICRP reference man are state-of-the-art, and are
representative of the critical group as a whole.
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The critical group concept is primarily related to human radiation protec-
tion. Because contaminant concentrations can be assumed to be greatest in
the area occupied by this group, the concept is also relevant for chemical
protection of humans and the environment (Sections 1.2.4 and 1.3).

ICRP reference man has been specifically defined for assessing human radia-
tion exposure, but there are no analogous non-human organisms for this pur-
pose. We have therefore defined four generic target organisms for assess-
ing radiation exposure (Section 13.3.1). These plants, fish, birds and
mammals live their entire lives in this potentially most contaminated area.
Thus, their exposure situation is entirely analogous to that of reference
man. Since we have based chemical protection of both humans and the envi-
ronment on nuclide concentrations in surface water, soil and air, no target
organisms are required for assessing chemical protection (Section 1.3).
However, such organisms are considered indirectly in the regulatory cri-
teria and guidelines used to evaluate postclosure predictions in Goodwin

et al. (1994).

1.5.5 Time Scale and Model Applicability

The AECB (1987) has defined the period over which mathematical models must
be used for quantitatively demonstrating compliance with its regulatory
criteria to 10 000 a. Where predicted risks do not peak before 10 000 a,
there must be reasoned arguments that at longer times the rate of nuclide
release to the environment will not increase suddenly and dramatically, and
that individuals will not be subject to acute radiological risks. The
reasons for specifying the 10 000-a limit are increased uncertainty in
environmental conditions over time, and the increased likelihood of conti-
nental glaciation (Section 3.3.2). We have run the assessment models for
up to 100 000 a, but without considering glaciation (Goodwin et al. 1994).
Although confidence in the calculations decreases as the simulation period
increases, the mathematical results provide one way to gauge consequences
far into the future.

The parameters sampled at the beginning of each SYVAC3 simulation are held
constant throughout the simulation. Accordingly, the state of the bio-
sphere is assumed not to change within each simulation, or even to exhibit
its characteristic fluctuating behaviour during the assessment period
(Davis 1986). Since the parameter PDFs are based on data gathered under
current biosphere conditions, the calculations have been made for a bio-
sphere in a permanent interglacial state. Although the PDFs represent
spatial variability, they likely cover much of the temporal variability
that might be expected to occur at a given location in the absence of gla-
ciation (Section 1.5.7). Ve discuss environmental change generally in
Chapter 3, and glaciation in Chapter 12.

BIOTRAC was designed with the AECB 10 000-a time limit in mind, and is not
suited for making predictions beyond about 100 000 a even if interglacial
conditions are assumed to persist. The model does not allow for the
lateral transfer of soil or sediment (or the nuclides associated with them)
by wind or water erosion, or other geomorphological processes that might
become important on long time scales. Moreover, in some instances, the
nuclide inventory in a source compartment is not reduced when nuclides move
to another compartment (Section 2.3.3). The absence of lateral transfer in
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the model and of an exact mass balance has little effect on concentration
in the short term, but predicted concentrations become unreasonably high
over geological time scales. This would result in concentration and dose
estimates that may become overly conservative if the model is applied over
time scales greatly exceeding 10 000 a.

Ve have made no attempt in the model to incorporate temporal changes in
man's cultural or social behaviour, in his physiology, or in the changes in
the biosphere caused by anthropogenic effects (Davis 1986). Very dramatic
changes along these lines are quite possible over the duration of the
assessment period, but such changes are not possible to predict, and it
would be futile to try to model them. They are accounted for to a limited
extent through the critical group concept, and by assessing all the credi-
ble exposure pathways on the basis of present-day human behaviour.

As noted in Section 1.2.3, one of the main predictions of the biosphere
model is dose to a member of a critical group and to other organisms on an
annual basis. BIOTRAC is therefore designed to predict concentrations
averaged over periods of one year. This is achieved through the use of
annually averaged parameter values and through the structure of the model
itself. Processes occurring on time scales shorter than one year are not
modelled unless they affect annual doses.

1.5.6 Congervatism

The biosphere model has been developed to simulate the transport of
nuclides through the environment to humans as realistically as possible.
However, the biosphere is extremely complex, and not all of the transport
processes are fully understood. In areas where our knowledge is incom-
plete, and where realistic models cannot be formulated or validated, we
have made conservative assumptions in accordance with AECB (1985) recommen-
dations. Here and elsewhere in this report the term conservative will be
used to describe an assumption or result that overestimates the true conse-
quences. Examples of conservatism can be found in three key aspects of
BIOTRAC:

1. Assessment philosophy - The concept of the critical group was
adopted, in part, to overcome the difficulties in defining appro-
priate exposure pathways to humans far in the future and the
likelihood of human presence when and where nuclides reach the
biosphere.

2. Models - Detailed modelling of incompletely understood processes
is avoided by making conservative assumptions. For example,
nuclides can be suspended into the atmosphere by a variety of
mechanisms, both natural and anthropogenic, most of which are not
well understood. Ve model these mechanisms using a dust loading
approach (Amiro 1992b) in which all aerosols from any source are
conservatively assumed to be contaminated to the same extent as
the local soil.

3. Input data - Parameters such as the sediment transfer rate, al,
are difficult to measure, and data are often not available to
define PDFs for all nuclides of interest. In such cases, values
are chosen that are believed to be conservative.
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Conservatism should not be carried too far because it could lead to the
rejection of an acceptable option in favour of a less desirable one
(Shaeffer 1980). Accordingly, we have tried not to make BIOTRAC grossly
conservative. Wherever possible, we have adopted conservative assumptions
to balance the uncertainties. Ve have tried to develop realistic models
for pathways that contribute significantly to consequences, and to employ
the more conservative approaches to simplify and minimize the effort devo-
ted to the less important pathways. The aim in applying the conservative
philosophy has been to provide a margin of safety without unduly blasing
the predicted environmental concentrations and doses. Furthermore, uncer-
tainty regarding BIOTRAC predictions is not so much related to the accuracy
of the predictions, but rather to the degree of overestimation of the true
consequences. Conservatism and uncertainty can only be relaxed as new
research data become available.

1.5.7 Variability and Uncertainty

A basic requirement in model development is the need to account for varia-
bility and uncertainty. This section briefly summarizes the main sources
of variability and uncertainty, and how we account for them in BIOTRAC. .

Variability and uncertainty are very important aspects in a mathematical
model, such as BIOTRAC, because they relate directly to the accuracy and
precision in model predictions, and therefore error. We have implemented
BIOTRAC in SYVAC3 using Monte Carlo simulation techniques (Section 1.5.2),
and this means that variability and uncertainty are accounted for in the
distributed parameter values. Variability and uncertainty are not tracked
separately, but are reflected in a combined manner in the distributions of
the predicted consequences. These distributions have been statistically
analyzed in the postclosure assessment (Goodwin et al. 1994). Combining
the two is not unreasonable because they have a similar effect on the accu-
racy and precision of the predictions. In this sense, we use the term
uncertainty to describe both variability and uncertainty. However, vari-
ability and uncertainty have been considered separately in constructing
BIOTRAC, and in establishing its parameter values and distributions.

Vhat are the major sources of uncertainty? O0'Neill and Gardner (1979)
recognized three main sources of error related to uncertainty in ecological
models. These error sources are also relevant to three key aspects of
BIOTRAC:

1. Model structure - Uncertainty arises from constructing a simple
mathematical model to represent a complex system. The simple
model may miss some important factors or misrepresent others.
This can result in inaccurate predictions.

2. Model parameters - Uncertainty arises because parameter values
and distributions may be derived from inaccurate or insufficient
data. This can result in inaccurate or imprecise predictions.

3. Natural system variability - Most systems modelled are not
static: they may change as a result of factors, such as ecologi-
cal succession, climate change or even human activity. Natural
system variability has both temporal and spatial components, and
ignoring it can result in inaccurate predictions.
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Ve recognize that there are many uncertainties in a model such as BIOTRAC,
which is designed to make predictions far into the future. By necessity,
our model must be very simple in comparison with the real world, but it is
based on an extensive scenario analysis to make sure all the important
features, events and processes are included (Section 1.5.1). Furthermore,
complex models do not necessarily perform better than simple ones in making
reliable predictions (0'Neill 1971, Crick and Simmonds 1984). We have
attempted to capture the essential features of the real world in our model
wvith the help of simplifying assumptions. Most of these are conservative
to avoid underestimating the consequences (Section 1.5.6). Furthermore, we
have validated three of the four BIOTRAC submodels as far as possible, and
subjected BIOTRAC itself to a code comparison study (Chapter 11). These
procedures help to establish confidence in the model, although the uncer-
tainty resulting from the model structure cannot be quantified separately
from the overall uncertainty in the model predictions.

BIOTRAC has many model parameters and distributions, the derivations of
which are documented in great detail in the four submodel reports (Amiro
1992b, Bird et al. 1992, Sheppard M.I. 1992, Zach and Sheppard 1992) and
are summarized in this report. The distribution of each parameter reflects
the unique combination of variability and uncertainty in its values. A
common set of guidelines was established for defining PDFs (Stephens et al.
1989). The quality and quantity of the data available for establishing
parameter values and PDFs varied greatly, and in several instances analo-
gies and expert opinion had to be relied on. We have carried out sensiti-
vity analysis to guide our efforts on those parameters that most strongly
influence model predictions (Chapter 10). Here too, conservatism has
played an important role in dealing with uncertainty. Furthermore, valida-
tion of some of the submodels has also played an important role in address-
ing error in model parameters. The PDF for each parameter was chosen to
account for all the uncertainties in the observed values of that parameter.

Natural systems tend to be variable in space and time. This is related to
the fact that they are governed by diverse physical, chemical, and biologi-
cal processes that interact with each other and do not remain static.
Because of this, and the diverse array of organisms, there is constant
change. Some of these changes are relatively short-term fluctuations,
vhereas others are long-term transitional processes (Section 3.1). This
makes it difficult to predict the state of the natural system at any given
instant. We have made BIOTRAC generic to deal effectively with natural
system variability so that the model can describe sites anywhere on the
Ontario portion of the Canadian Shield. As discussed in Section 3.1, the
variability at any given site on the Canadian Shield over the next 10 000 a
may well be equivalent to or less than the spatial variability we see today
over the entire Canadian Shield. The parameter PDFs are intended to
include values that could occur on the Canadian Shield today. Therefore,
the PDFs also account for temporal variability. This philosophy or assump-
tion only leaves transitional processes such as continental glaciation for
separate assessment (Chapter 12). As in the case of the other two main
sources of uncertainty, we have also attempted to allow for uncertainty
from natural system variability through conservatism.

Our assessment approach does account for variability and uncertainty both
directly and indirectly. An outcome of this is that BIOTRAC predictions
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span a broad range of possible outcomes and tend to be conservatively high.
This is a reflection of our current level of understanding. It is antici-
pated that ongoing research by us, and others, will significantly reduce
uncertainty (although not necessarily variability) and predicted conse-
quences as nev understanding is substituted for conservative assumptions.
Similarly, if BIOTRAC is used to assess a particular site, the uncertainty
in its predictions will be lower than when it is used to cover a range of
possible sites across the Canadian Shield. This is discussed more thor-
oughly in Chapter 14.

1.6 . REPORT OBJECTIVES AND QUTLINE

The main objectives of this report are to describe and justify the bio-
sphere model developed for the postclosure assessment case study of the
concept for disposal of Canada'’s nuclear fuel waste. We will show how the
available experimental data and current theoretical understanding have been
synthesized into a model capable of predicting nuclide concentrations
throughout the biosphere, and doses to humans and other organisms. We will
show that the approaches and the level of detail used are sufficient to
represent the processes involved and that, where validation is not possi-
ble, the model and parameter values are conservative. Evidence for these
claims will be drawn from the extensive body of research on contaminant
transport in the biosphere (Figure 1-7), as published in the open litera-
ture, AECL documents, and the reports describing the four submodels of
BIOTRAC (Amiro 1992b, Bird et al. 1992, Sheppard M.I. 1992, Zach and
Sheppard 1992). Key aspects of the four submodels have also been published
in the open literature.

Chapter 2 discusses the historical development of biosphere modelling and
identifies the major transport processes and exposure pathways involved in
predicting consequences. It presents the overall mathematical framework of
BIOTRAC. The philosophy behind distributed parameter values and the guide-
lines used to derive the PDFs from experimental data are also described.

Chapter 3 discusses the way in which the environment may be expected to
change over the course of the postclosure assessment period, and how such
changes are accounted for in the model. We show that the effect of fluctu-
ating processes on predicted consequences is implicitly accounted for
through the use of distributed parameter values. Ve review the long-term
transitional processes that could occur during the assessment period.

Human activities and glaciation are identified as processes that could
affect dose predictions. We outline the way in which human activities are
accounted for in the assessment, deferring a discussion of glaciation to
Chapter 12.

Chapter 4 describes how the biosphere model is coupled to the geosphere
model. It provides a brief overview of the geosphere model and summarizes
predictions of discharge zone locations and rates of nuclide discharge to
the biosphere. Chapter 4 also indicates how the output from the geosphere
model is used as input to the biosphere model to drive the surface water
and soil submodels.

The four main BIOTRAC submodels (the surface water, soil, atmosphere, and
food-chain and dose submodels) are presented in Chapters 5 through 8.
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FIGURE 1-7:

EIS 9-1.7

Schematic Representation of the Documentation of BIOTRAC.
Level 1 constitutes the biosphere model report; Level 2
involves the surface water, soil, atmosphere, and food-chain
and dose submodel reports; and Level 3 represents the
literature at large, ranging from various AECL documents to
journal publications.
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The structure of each of these chapters is similar, and each draws heavily
on its associated submodel report. The transport processes and exposure
pathways are presented for each compartment from both descriptive and
mathematical points of view. The parameters required to run the models are
identified, and their PDFs are defined and justified. The way in which
each submodel interfaces with the other submodels and with the geosphere
model is described. Throughout these chapters we emphasize the reliance
that has been placed on field data, experimental data and theoretical
understanding in developing the models and the parameter values.

Chapter 9 ties the four submodels together to present an integrated view of
BIOTRAC. It deals with issues and parameters common to all the submodels,
and describes how the biosphere model is implemented within SYVAC3. It
discusses the extent to which a nuclide mass balance is preserved in
BIOTRAC. It also compares BIOTRAC with the biosphere model used to assess
the preclosure phase case study of the waste disposal concept.

The sensitivity analysis of the biosphere model is the subject of
Chapter 10. The methods used to perform the analysis are described,
together with a discussion of the results. The parameters to which the
model output is most sensitive are identified, as are the pathways and
nuclides that contribute significantly to predicted concentrations and
doses.

Chapter 11 discusses the validation of BIOTRAC. We emphasize the work done
to measure model performance against experimental and field data, and dis-
cuss efforts regarding model testing, model intercomparisons and peer
review. The aim of this discussion is to demonstrate that the models ade-
quately represent the processes of nuclide transport through the biosphere.

The impacts of continental glaciation on nuclide transport through the
biosphere are discussed in Chapter 12. Ve develop an approach that we
believe is credible and manageable and that provides an adequate assessment
of the effect of glaciation on predicted doses. We describe the changes
made to the model and its parameter values to allow it to treat glaciation,
and report human doses predicted for different stages of the glacial cycle.

Chapter 13 is dedicated to environmental protection. We put this topic
into an ecological context and discuss in detail the approach we developed
to help demonstrate environmental protection. We discuss the role of the
biosphere model in our approach and provide information for evaluating
model predictions.

Chapter 14 describes the changes required to make the biosphere model and
its parameter values suitable for site-specific assessments. Although no
location has yet been selected for the disposal facility, we must demon-
strate the ability to characterize and assess specific locations before the
concept of geological disposal can be accepted (Joint Statement 1981, AECB
1985). Accordingly, this chapter identifies the parameters whose site-
specific values would differ from their generic ones, and indicates how the
site-specific data would be obtained. Similarly, we identify pathways that
may have to be treated differently in a site-specific assessment, and indi-
cate the form that a site-specific model would take.
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The text of the report concludes in Chapter 15 with a brief summary of the
model, its main assumptions, and an evaluation of its suitability for
assessing the concept for disposal of Canada's nuclear fuel waste.

There are several appendices to assist the reader. Appendix A summarizes
the acronyms, names and abbreviations, and Appendix B lists the parameters
and their related symbols alphabetically, together with their definitions
and units. Appendix C includes a brief description of scenario analysis,
and a list of the features, events and processes considered in developing
BIOTRAC. A sample BIOTRAC calculation is presented in Appendix D, and
Appendix E includes a short glossary. Finally, Appendix F contains a list
of recent AECL references that have not been cited in any of the submodel
reports or the biosphere model report. These references support our models
and parameter values. They also give an indication of ongoing work on the
behaviour, transport and effects of nuclides in the environment.

2. MODELLING THE BIOSPHERE

2.1 CHARACTERISTICS OF THE SHIELD BIOSPHERE

In Ontario, the Canadian Shield spans a range of 1350 km from north to
south, and 1500 km from east to west, underlying about two thirds of the
province (Figure 2-1). Environmental conditions across this vast area vary
widely (Grondin et al. 1994). The characteristics of the present-day
Canadian Shield biosphere are described briefly below to provide a picture
of the physical, chemical and biological setting of a disposal facility.

In the absence of human interference it is unlikely that this biosphere
will undergo major changes before the next glacial advance, but there could
be minor changes (Section 3.3).

The majority of the landforms on the Ontario portion of the Canadian Shield
are of glacial origin (Chapman and Putnam 1966). Overburden depths exceed
2 m over 90Z of the area, most of which is forested; only about 2% of the
region is exposed bedrock. The relief is characteristically low, except in
a narrov band near the Lake Superior and Georgian Bay shores. About 4% of
the area is covered by surface water bodies.

In general, the Canadian Shield is poorly drained and contains many wetland
areas, particularly in the north where up to 50 of the land area may be
considered wetland (National Vetlands Working Group 1988). Most lakes are
small, with a mean area of about 7 ha, and are located in drainage basins
about 10 to 20 times their size (Minns 1984). Lake water is typically
reneved at rates ranging from once in 10 a to ten times per year, driven by
a runoff of 0.3 to 0.4 m vater.a-!. The average mean depth of the lakes is

about 5 m.

The geochemistry of Canadian Shield lakes is more uniform than their wide-
spread locations would suggest. Biological productivity, nutrient levels,
alkalinity and sediment load tend to be low. Suspended solids, which are
approximately 50% organic, are deposited on the lake bottom at a typical
rate of 0.2 kg dry sediment.m2.a-1. The bottom sediments are thin near
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the shore, and thicken to a depth of about 4 m in deeper parts of lakes.
They reflect the composition of the material suspended in the water column.

The pronounced seasonal changes in climate on the Canadian Shield drama-
tically affect major lake processes, including rates of productivity, turn-
over and sedimentation. Lakes are frozen from four to seven months of the
year and rivers about one-half month less. Shallow lakes may be well mixed
throughout the year, whereas deeper lakes usually undergo complete mixing
only in the spring and autumn, and are otherwise thermally stratified. On
a geological time scale, the Canadian Shield has only recently (12 000 to

8 000 a ago) emerged from the last glaciation, and Canadian Shield lakes
are in various stages of succession. Wetlands may be in transition to
terrestrial areas, whereas deep oligotrophic (nutrient-poor) lakes are in
the early stages of infilling.

The dominant soils of the Canadian Shield in Ontario are podzols, which are
typically acidic, coarse-textured soils with pronounced layers, or horizons
(Bentley 1979). A vegetation litter layer on the surface is underlain by
an intensively leached white horizon of silica sand, and then by layers of
iron-rich subsoil materials. However, the region is heterogeneous, and
there are numerous other mineral soil textures present, as well as organic
soils. If soil texture (particle size distribution) is used for classifi-
cation, sandy soils cover about 55% of the Shield, clay soils 23%, silts
4% and organic soils including peat, 8Z. 1In the remaining 10Z of the area,
soils are non-existent, or are too thin to categorize. Clays are largely
restricted to the northern parts of the region, whereas silts are generally
confined to the south. The proportion of organic soils increases in low-
land areas. The depth to the water table ranges between 0 and 20 m, with
typical values lying between 1 and 5 m, depending on the topography and
soil texture. The soil profiles are relatively mature in the south, but
are still undergoing development in the north.

The Canadian Shield in Ontario experiences a humid continental climate,
vhich is characterized by extremes of temperature and sufficient precipita-
tion to support agriculture (Fisheries and Environment Canada 1978). The
south is generally warmer than the north. Mean July daily temperatures
decrease from 20°C in the south to 15°C in the north; mean January daily
temperatures decrease from -10°C to -20°C. The northwest, which receives a
total of about 0.55 m water.a-! of precipitation, is drier than the south-
east, which receives about 1.0 m water.a-!. The ratio of snowfall to rain-
fall increases from about 0.25 in the south to 0.50 in the north; the
ground is snow-covered for about four months of the year in the south and
six months of the year in the north. Evapotranspiration decreases from
about 0.6 m water.-a-! in the south to 0.3 m vater.a-! in the north.

Despite these general patterns, many locations show local anomalies,
particularly near the Great Lakes, which tend to moderate temperatures and
increase precipitation. Annual average wind speeds are typically 14 km.h-!
at the standard 10 m observation height (Environment Canada 1982a). Pre-
vailing wind directions depend strongly on local topography, but show a
westerly component at most locations.

The weather on the Canadian Shield in Ontario is largely controlled by
extensive air masses that sweep from west to east across the continent. A
given set of atmospheric conditions can therefore be experienced at almost
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any site for at least a brief period of time, so that extreme climate con-
ditions are similar across the region.

The Ontario portion of the Canadian Shield belongs to the Boreal Forest
Region, except for the southern edge, which lies within the Great Lakes -
St. Lawrence Forest Region (Rowe 1972). White spruce and black spruce are
the most characteristic species of the boreal forest, but tamarack, balsam
fir and jack pine are also common. Although the forest is primarily coni-
ferous, there is a general admixture of broadleaved trees, such as white
birch and trembling aspen. The Great Lakes - St. Lawrence region is a
highly mixed forest characterized by eastern white pine, red pine, yellow
birch and eastern hemlock. Other common broadleaved species are sugar
maple, red maple, red oak and many other species. A broad array of shrubs
and herbaceous plants is associated with both forest regions.

The Canadian Shield has a diverse fauna, and most species are widely dis-
tributed. Lakes and streams are inhabited by brook trout, lake trout, lake
whitefish, white sucker, northern pike, smallmouth bass, yellow perch,
walleye and numerocus minnow species (Scott and Crossman 1973). Several
species of salamanders, newts, toads, frogs, turtles, lizards and snakes
occur in the region, particularly in the south (Cook et al. 1984). Many
species of resident and migratory birds can be encountered. The common
loon, common raven and the numerous ducks and wood warblers are especially
characteristic (Godfrey 1966). Upland game birds include the spruce
grouse, ruffed grouse and sharp-tailed grouse. Among the more characteris-
tic mammals are moose, caribou, white-tailed deer and black bear (Banfield
and Brooks 1974). The beaver is also common, as are many other fur bear-
ers. In addition, there are many small species of rodents, bats and insec-
tivores, and innumerable invertebrates.

The Canadian Shield in Ontario is only sparsely populated by humans, with
most of the population concentrated around resource-industry centres in the
southern regions. Southeast of North Bay, more than half the land area has
population densities above 1 p.km-2. Further north and west, this density
occurs on less than 207 of the land area. Forestry is the major land-based
industry, supplying resources for pulp and paper products and construction
materials. Mining of gold, silver, copper, zinc, nickel and other minerals
is carried out at many widespread localities. Hunting, trapping and fish-
ing, on both a commercial and sport basis, are practised at a fairly low
level. Recreational land use is relatively intense near developed public
parks, and wherever vehicle access is possible. Farming is practised near
populated areas, with much of this on relatively small farms supplying
local needs for milk, eggs, meat and vegetables. The length of the frost-
free period largely dictates the type of crops grown, with local conditions

of drainage, soil texture, slope, stoniness and historic land use playing a
secondary role.

If and when a disposal vault has been decommissioned and closed in the
postclosure phase, its physical presence would likely have no significant
effect on any aspect of the Canadian Shield biosphere. Its greatest poten-
tial effect, other than from nuclide releases, would be to increase soil
temperatures since the used fuel in the vault would be a heat source.
However, calculations using conservative assumptions (Goodwin et al. 1994)
have shown that temperature increases at the soil surface would be too
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small to have any effect on the biosphere, and are in fact less than the
changes in temperature that are observed between various locations on the
Shield.

Biosphere characteristics in each model simulation are set by sampling
parameters such as lake area, soil type and precipitation. A slightly
different biosphere is modelled in each simulation. Each biosphere des-
cribes a generic site typical of environments that are presently found on
the Canadian Shield, or that could develop over the next 10 000 a. It is
not necessary to model all biosphere compartments in detail; values are
required only for those parameters that affect nuclide migration and dose
to humans and other organisms. Since the critical group is usually assumed
to practise agriculture, the local environment is assumed to have the char-
acteristics of a farming area. Accordingly, we assume there is sufficient
arable land for the garden and forage field (Section 1.5.4) among the
rocks, trees and lakes of our Canadian Shield region at the vault discharge
zone. The areas of these fields are calculated from the size of a typical
household belonging to the critical group and from their food requirements
(Section 9.1.1). Similarly, the areas of the woodlot and peat bog are
calculated to provide the resources required to build and heat homes. For
most purposes, the shapes of the fields and their locations relative to
each other, to the various farm buildings, and to the surrounding physical
features, need not be specified. Similarly, the location of the lake does
not have to be defined precisely; we assume that the location of the farm
within the discharge zone is such as to allow water supplies to be readily
drawn from the discharge lake, or from a well drilled into the contaminated
groundwvater plume. The exception is in the atmosphere model (Section
7.3.1.1), where simple assumptions concerning the physical layout of the
farm are required before air concentrations can be calculated.

A schematic representation of the Canadian Shield environment and of a
farming settlement in the vicinity of the discharge zone is shown in
Figure 2-2. Although the exposure situation is specifically defined for
humans, it is equally suitable for assessing human and environmental
impacts (Section 1.5.4).

2.2 HISTORICAL DEVELOPMENT OF BIOSPHERE MODELLING

Mathematical modelling of contaminant transport through the biosphere on a
regional scale is a relatively young science. It began in the 1950s as the
outgrowth of developments in two other areas: the advent of analog and
digital computers, which made it feasible to solve the complex equations
and to store and access the large amounts of data required to simulate
contaminant behaviour in the biosphere; and the growing awareness that
human activities can lead to a general, widespread and continuing degrada-
tion of the environment (Neely 1980). The contaminants of concern were
originally pesticides and radioactive fallout from nuclear weapons testing.
In subsequent years the list expanded considerably to include mercury,
polychlorinated biphenyls (PCBs), sulphur dioxide and the nitrogen oxides
responsible for acidic precipitation, and carbon dioxide, which contributes
to greenhouse warming of the earth’s climate (Section 3.3.1). Biosphere
modelling received a further impetus in the early 1970s when first the
United States, and then other countries, began to require formal environ-
mental impact statements for major projects.
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FIGURE 2-2: Generic Farm on the Canadian Shield Occupied by the Critical
Group in BIOTRAC

Although biosphere modelling is a relatively new science, it draws exten-
sively on the accumulated work of several mature disciplines. The four
basic compartments of the biosphere (surface water, soil, atmosphere and
food chain) have each been studied individually for over a century. The
physical, chemical and biological processes that occur within each compart-
ment are reasonably well understood, and our understanding of contaminant
behaviour in each is only slightly less advanced (Whicker and Schultz 1982,
Pasquill and Smith 1983, Coughtrey et al. 1985, Sibley and Mytermaere 1986,
Eisenbud 1987, Santschi and Honeyman 1989). Early models of contaminant
transport through the compartments were relatively simple and were solved
analytically. Since the development of computers, more complex and sophis-
ticated numerical models have also become available. The achievement of
biosphere modelling has been to bring together the relevant aspects of
these various disciplines to provide a coherent description of contaminant
behaviour and impacts in the biosphere as a whole. Over the last three
decades, biosphere models have evolved from simple, somewhat crude expres-
sions to more sophisticated and realistic representations of environmental
systems (HRI 1976, Frenkiel and Goodall 1978).

The development of biosphere models has been driven, in part, by the need
to assess the impact of radionuclides in the environment. Three distinct
types of radionuclide release can be recognized: fallout from nuclear
veapons testing, operation of nuclear power plants and nuclear waste man-
agement. Routine monitoring and surveys of fallout radionuclides from the
late 1940s to the 1960s and beyond were followed by laboratory and field
studies of deposition and transfer through terrestrial food chains (Garner
1971, Whicker and Schultz 1982). Information collected in these studies
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wvas used to formulate the first models describing radionuclide deposition,
environmental transfer and dose prediction. Much of this work focussed on
137Cg, 1311 and %°Sr, important fallout nuclides.

Radionuclide releases from operating nuclear power plants accompanied the
initial growth of the nuclear power industry in the 1960s and 1970s.
Radionuclides other than those from fallout became of interest, as did
their behaviour and transport in the atmosphere and in surface waters.

Many models were developed for assessing power plant releases (Hoffman et
al. 1977). These led to the development of systems analysis methods
(Auerbach 1984) for comprehensive regional models (Fletcher and Dotson
1971) that included all the important environmental transport processes,
and both internal and external dose predictions. Regulatory agencies began
to promulgate generally accepted assessment models for nuclear power plants
(USNRC 1977, CSA 1987), and more and more effort began to be devoted to
parameter value determination, model validation and uncertainty analysis.

During the late 1970s and early 1980s, efforts began to shift toward
nuclear wvaste management assessments. Different radionuclides such as 14C,
1291, 99T¢ and the actinides became important in these analyses. Because
many of the waste management options involve burial, the models started to
treat radionuclide behaviour and transport in soils at the same level of
detail as in the other environmental compartments. Although many of the
modelling methodologies established earlier continued to apply, the waste
management application presented unique challenges in terms of the under-
ground location of the source, the large number of nuclides and pathways
involved, and the very long time frame of the assessment.

In developing the BIOTRAC model, we have found solutions to these chal-
lenges largely through our own extensive research program, which started in
1978 (Iverson et al. 1982, Zach 1985a, Zach et al. 1987). Ve also learned
and applied a great deal from ongoing waste management research programs in
other countries, particularly Finland, Germany, Sweden, Switzerland and the
United States. Furthermore, we benefitted from advances in fields such as
ecology, environmental toxicology, environmental physics, environmental
chemistry, analytical science and computing. In particular, we were among
the first (Dormuth and Quick 1980) to adapt Monte Carlo simulation tech-
niques (Raeside 1976) to an environmental assessment, thereby providing a
systeme variability framework for dealing with variability and uncertainty
(Section 1.5.2).

It is important to be able to assess the consequences to the environment
and humans of contaminants. This is relatively easy to do in the case of
radionuclides. Information relating environmental concentrations to health
effects has been available for some nuclides since the 1930s from studies
of radiation workers. An important advance in dosimetry was made in 1976
when ICRP 26 (ICRP 1977) introduced a new system for calculating dose to
man, in which all internal and external doses became fully additive, and
wvere related to risk (Section 1.2.3). Further advances are now being made
in ICRP 60 (ICRP 1991a).

The prediction of radiological doses to non-human biota is also important,
but is not as well established as for humans. However, much background
information is available and suitable methodologies can be developed, as
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shown in Section 13.3. Here too, further advances are being made, stimu-
lated by the current high level of environmental awareness and data from
such events as the Chernobyl nuclear accident.

In summary, although biosphere modelling is a relatively young science, it
has developed quickly. It is founded on a number of advanced disciplines
that have developed over a century of study. When applied to radionuclides
in the environment, it can draw on a vast amount of information on trans-
port and dosimetry accumulated over several decades in many countries.
Research programs established in Canada (Joint Statement 1978) and else-
vhere about fifteen years ago have succeeded in providing solutions to the
special challenges raised by the waste management application.

2.3 RADIONUCLIDE TRANSPORT PROCESSES

Radionuclide behaviour in the biosphere is governed by a number of physi-
cal, chemical and biological processes that together determine the rate of
radionuclide transport and accumulation in the various environmental com-
partments. We assume that radionuclide behaviour and transport is element-
specific, and that all the isotopes of a given element, be they radioactive
or not, behave identically. This is not an unreasonable assumption because
behaviour and transport are mainly determined by chemical properties, which
tend to be element-specific. The most important of the biosphere processes
are identified and discussed briefly here. The processes that are included
in the model (and the way in which they are simulated) are discussed in
Chapters 4 to 8 and Chapter 13, which describe the geosphere/biosphere
interface, the four main submodels, and the model for assessing environ-
mental effects in detail. These chapters also list the processes relevant
to the compartment in question that are not modelled, and provide justifi-
cations for their exclusion. An overall perspective on nuclide transport
through the biosphere, as an introduction to the detailed discussions that
follow, is presented here.

2.3.1 Transport Processes

Groundvater from the vault will likely discharge into a topographic low
containing a surface water body such as a lake, a river, or a wetland (Bird
et al. 1992). Any nuclides present will be carried upward through the
compacted sediments of the water body by advection and diffusion, although
some will be lost to the sediments through sorption (Figure 2-3). Nuclides
may also reach the lake in water that has run over contaminated soil, or
through deposition from a contaminated atmosphere. Once in the water
column, the nuclides will be mixed and diluted, and some will be flushed
out of the immediate water body into downstream parts of the drainage
system away from the critical group. 1In predicting doses to the critical
group, these nuclides need not be considered further because they are no
longer accessible. The situation is similar for assessing environmental
effects. Nuclides may be lost from the water column in a variety of other
ways. Some may be suspended into the atmosphere through processes such as
wvave breaking or bubble bursting. Volatile nuclides may be lost to the
atmosphere through gaseous evasion.

Some nuclides may be taken from the lake with water that is withdrawn for
domestic use, or irrigation purposes. Others may be taken up by aquatic
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FIGURE 2-3: Transport Processes in the Surface Water Body. Closed arrovs
indicate explicit consideration in BIOTRAC, and open arrowvs
indicate implicit consideration.

plants or animals, although these may be returned to the water when the
organisms die. Still others may sorb onto suspended material in the water
column and be deposited on the lake bottom as mixed sediment. These may be
buried by subsequent sedimentation, or they may be resuspended back into
the water column. Radicactive decay continuously removes radionuclides
from the system, but some new nuclides are generated locally by the
ingrowth of daughters, which may or may not be radioactive. The interplay
of these and other less important processes determines concentrations in
the surface water system at any time.

Although discharge is expected to occur mainly into water bodies, it is
possible that some of the contaminated groundwater could come into contact
with the bottom of the unsaturated soil zone (Figure 2-4, Sheppard M.I.
1992). The soil surface may also become contaminated by deposition from
the atmosphere or by aerial irrigation with contaminated water. Once in
the soil, nuclides are transported with the water flow, which is controlled
by topography and meteorological conditions. During and immediately after
precipitation events, nuclides are leached downward through the soil pro-
file. Vhen evapotranspiration occurs, they may be drawn upward by capil-
lary rise. In either case, nuclides are exchanged continuously between the
solid and aqueous phases of the soil through sorption mechanisms. Nuclides
may be lost from the soil through a number of processes. They may drain
out of the bottom of the profile and be carried away by groundwater flow.
They may be suspended into the air by mechanisms such as wind erosion, or
by gaseous evasion if they are volatile. They may be transported with
surface runoff to local water bodies. Some nuclides may be taken up by
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FIGURE 2-4: Transport Processes in the Soil. Closed arrows indicate
explicit consideration in BIOTRAC, and open arrows indicate
implicit consideration.

terrestrial plants, although a portion of these will return to the soil
vhen the plant dies and materials are recycled. Together with radioactive
decay and ingrowth, these are the main processes governing nuclide concen-
trations in soil.

Contaminants from an underground source can reach the atmosphere by suspen-
sion from the underlying surfaces: from water bodies through processes such
as wvave breaking and evasion; from the soil by processes such as wind ero-
sion and gaseous evasion; and from vegetation via pollen release and fires
(Figure 2-5, Amiro 1992b). The fires can arise through the annual burning
of crop residues, periodic burning to clear new agricultural land, or the
burning of wood or peat for energy. Once in the air, the nuclides undergo
dispersion and deposition back to the surface. Deposition may occur
through the scavenging of aerosols and gases during precipitation events,
or by processes such as gravitational settling, particle impaction and
surface sorption in the absence of precipitation. Because atmospheric
processes occur on very short time scales, radioactive decay and buildup
are generally not important in determining air concentrations.

The above processes govern atmospheric concentrations in outdoor air.
Additional processes come into play when calculating indoor concentrations.
Volatile nuclides, including radon (222Rn), may diffuse from the soil into
buildings, and nuclides can be released from contaminated water that is
used in humidifiers or for showers. Indoor concentrations can build up to
relatively high levels if air exchange rates with the outside are low.
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FIGURE 2-5: Transport Processes in the Atmosphere Considered in BIOTRAC.
Closed arrows indicate explicit consideration in BIOTRAC, and
open arrows indicate implicit consideration.

Plants and animals grown or raised in a contaminated environment may them-
selves become contaminated (Figure 2-6, Zach and Sheppard 1992). Nuclides
reach plants from the soil by root uptake, from the air by deposition to
leaf surfaces, and from water through leaf interception and deposition of
irrigation water. Terrestrial animals accumulate nuclides through inges-
tion of contaminated fodder, water and also soil. Nuclides reach fish
through ingestion of food and sediment, and through the osmotic exchange of
tissue water and lake water. Nuclides taken up by all biological species
are in large part returned to the physical environment in waste products or
through the death or decay of the organism.

Human activities also contribute to nuclide transport. Domestic wells may
provide a direct link between contaminated groundwater and the human and
other food chains. Nuclides in water drawn from wells or lakes are trans-
ferred to soil and plants (through aerial irrigation) and to the immediate
human environment in homes. Contaminated plants are removed from agricul-
tural fields at harvest time. Activities such as ploughing, driving on
gravel roads or burning contaminated wood for heat all release nuclides to
the atmosphere. Contaminated sand or gravel may be used as building mate-
rials, lakes may be drained to create new agricultural fields, and lake
sediments may be dredged and transported to fields for use as a soil condi-
tioner. Many nuclides are recycled back to the environment with waste
products, and from human use of water, crops and animals.

2.3.2 Microbial Rffects

Many transport processes in the biosphere that we explicitly model are
affected by the presence of microbes (bacteria, algae, fungi, protozoans
and other small organisms). Microbes are ubiquitous in the biosphere, and
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FIGURE 2-6: Transport Pathways in the Food Chain Considered in BIOTRAC

may influence the behaviour and transport of nuclides by changing their
physical or chemical characteristics (Beijer and Jernelév 1979, Loewen and
Flett 1984). Microbes can change the oxidation state of some elements
through metabolic activity, and thereby increase or decrease their mobil-
ity. They can create toxic mobile organic compounds through methylation in
sediments and soils. Various microbially generated chelating agents can
target othervise immobile elements and form organic complexes with
increased mobility and bioavailability. Microbes may change the absorption
of some elements during root uptake by plants and digestion by herbivores.
The exact extent by which microbes affect nuclide transport in the bio-
sphere is variable. For example, root uptake of elements by many plants
depends on mycorrhizal associations between the host plant and soil-living
fungi. The effects of microbes on the behaviour and transport of nuclides
in surface vaters, soils and food chains are discussed in more detail by
Bird et al. (1992), Sheppard M.I. (1992) and Zach and Sheppard (1992).
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Virtually all field and laboratory studies investigating contaminant trans-
fer in the biosphere (including those conducted specifically in support of
BIOTRAC) have been conducted under natural conditions in which microbes
vere present and functional. Microbial effects on the behaviour and trans-
port of nuclides have therefore been implicitly taken into account in
BIOTRAC and its parameter values.

2.3.3 Nuclide Mass Balance

An exact nuclide mass balance is not maintained in BIOTRAC. Instead, mass
is conserved internally within each environmental compartment (the surface
water body, the soil and the atmosphere), but not when nuclides are trans-
ferred between compartments. In general, in the model the inventories of
the donor compartments are not depleted when nuclides migrate to a new
compartment. For instance, surface water inventories are not reduced when
vater is drawn from the lake for domestic use or irrigation; soil inven-
tories are usually not depleted when nuclides are lost to the atmosphere
through suspension; and air inventories are not reduced when nuclides are
lost through deposition to underlying surfaces.

Although assumptions such as these result in an apparent generation of mass
and radioactivity, they allow complex processes such as runoff, recyecling,
and atmospheric suspension and deposition to be treated very simply.
Furthermore, they allow concentrations in both donor and receptor compart-
ments to be calculated conservatively, which is reflected in higher pre-
dicted consequences. If a mass balance is enforced, a transfer coefficient
that produced a conservative result in one compartment would underestimate
the concentration in the other. The multitude of exposure pathways makes
it difficult to identify the compartment that contributes most to the dose
and for which concentrations should not be underestimated. In all cases
vhere source inventories are not depleted, the nuclide flux out of the
source compartment is small compared with the total inventory in the com-
partment, and the mass generated in the model is not large. A fuller dis-
cussion of these concepts as they apply to each submodel is given in
Chapters 5 to 8.

A second assumption in the biosphere model also results in apparent mass
generation. In each simulation, we assume that contaminated groundwater
discharges partly to a lake and partly to a terrestrial soil area

(Section 4.2). However, concentrations in the lake are calculated assuming
that the entire discharge occurs to the lake; some of these nuclides there-
fore represent a duplication of mass. As discussed in Section 5.2, this
assumption allows the runoff of nuclides from the soil to the lake to be
modelled very simply. Near steady state, the nuclide flux retained in the
soil is a very small fraction of the flux out of the geosphere, so the
duplication of mass is not large.

Vhere mass conservation is violated in BIOTRAC, mass is created, never
destroyed. The same is true for radioactivity. By foregoing an exact mass
balance, we can simplify the model greatly, and simultaneously add a degree
of conservatism to it. In Section 9.3 we calculate the amount of mass
generated through these assumptions, and estimate the effect on the pre-
dicted nuclide concentrations and doses.
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2.4 EXPOSURE PATHWAYS

The mathematical expression of the transport processes described above
results in the prediction of nuclide concentrations in the various environ-
mental compartments. Humans living in the contaminated environment receive
a radiological dose via a multitude of exposure pathways. BIOTRAC treats
all the pathways that are commonly recognized as contributing to human
exposure (Zach and Sheppard 1992). Internal doses are caused by radio-
nuclides taken into the body through ingestion or inhalation (Figure 2-7).
As noted in Section 1.2.3, internal exposure results in a dose commitment
to the body. Ingestion doses arise from the daily intake of contaminated
plants, animal products, fish, water and soil. The water source may be
either a well drilled into the contaminated groundwater plume, or the lake
in the discharge zone. Inhalation doses arise from breathing contaminated
air, both indoors and out.

W

EiIS 9-2.7

FIGURE 2-7: Internal Exposure Pathways for Man Considered in BIOTRAC.
TE refers to terrestrial food types and FV refers to
freshwater food types.
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External doses arise from radiation fields given off by contaminated parts
of the environment (Figure 2-8). They involve no radionuclide intake or
dose commitment; rather, the magnitude of the dose depends on the duration
of the exposure. Humans may receive an external dose from exposure to
contaminated ground or by living in houses built of contaminated materials.
External doses may also arise from immersion in air, either indoors or out,
and from immersion in water while swimming or bathing.

Biota other than humans may also be exposed to radiation through internal
and external pathways (Chapter 13). Furthermore, the principles of food-
chain transfer for humans and animals are very similar.

SROUND EXPOS Y
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FIGURE 2-8: External Exposure Pathways for Man Considered in BIOTRAC
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The internal and external exposure pathways included in BIOTRAC are the
same for naturally occurring radionuclides (e.g., 14C, 1291 and 4°K) and
radionuclides that may be released from the vault.

2.5 SPECIAL RADIONUCLIDES

Environmental concentrations for the vast majority of nuclides in the vault
are calculated by modelling their movement through the biosphere according
to the transport processes discussed in Section 2.3. Similarly, doses to
humans for most of the radionuclides are calculated taking into account
contributions from all of the exposure pathways discussed in Section 2.4.
In general, each nuclide could be in any number of possible chemical forms.
Ve do not specify the chemical species, but adopt parameter values that are
representative of the most mobile form of each nuclide in the environment.

A few radionuclides exhibit special properties that require alternative
approaches to transport modelling and dose calculation for humans. In this
section we identify these radionuclides, and outline the way in which they
are treated in BIOTRAC.

2.5.1 Tritium

Hydrogen is ubiquitous in the biosphere because of its presence in water.
As part of biological and water cycles, hydrogen is extremely mobile, and
moves quickly from one compartment to another. When the radioactive form
of this element (tritium, or 3H) is introduced into the biosphere, it tends
to become associated with water, and to share in water'’s mobility (NCRP
1979). The stable and active forms of hydrogen are assumed to become thor-
oughly mixed, so that the specific activity of tritium (the ratio of the
tritium concentration to the total concentration of hydrogen in all forms)
becomes uniform throughout the biosphere. If the specific activity is
known in any one compartment, the radionuclide concentration can be deduced
in any other compartment because the concentrations of the stable forms are
known throughout the biosphere. This method of calculation is known as the
specific activity approach. When applicable, it provides a very effective
means of estimating concentrations without the need for detailed transport
modelling.

To apply the specific-activity model to tritium, we assume that specific
activities in soil, air and the food chain are equal to the specific acti-
vity in the lake or in well water. This is a very conservative assumption
since uncontaminated water flowing into these compartments will tend to
dilute the tritium concentration. Thus, the tritium specific activity will
not be higher anywhere else in the biosphere than in the lake or well
vater. The specific activity in lake and well water is found from the
tritium concentrations in these compartments, which are calculated with the
methods used for all the other nuclides discussed in Chapters 4 and 5.
Since the concentration of hydrogen atoms in humans is well known (ICRP
1975), the tritium concentration in humans can be deduced directly without
considering food-chain transfer. All internal doses can then be calculated
using a single dose conversion factor that takes into account food and
vater ingestion, inhalation and skin absorption (Zach and Sheppard 1992).
External doses are not calculated for tritium since they are very low com-
pared to the internal dose (Holford 1989).
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2.5.2 Carbon-14

Carbon-14 is also very mobile in the environment, and has traditionally
been treated using a specific activity approach in models for assessing
nuclear power plant emissions (NCRP 1985, CSA 1987). This is a reasonable
approach for that situation. When the release occurs directly to the atmo-
sphere, a constant specific activity can be expected locally in air, plants
and humans. Since ingestion of plants following air deposition is the main
exposure pathway, the value of the specific activity in the other biosphere
compartments is immaterial.

In contrast, when the source is underground, as in this assessment, many
pathways contribute to the total exposure. The specific activity in soils,
air and biota is likely to be very much less than that in lake or well
wvater because of the very large and mobile carbon pools in the former com-
partments. Because the specific activity is not uniform across the entire
biosphere, a specific-activity model is not appropriate. BIOTRAC calcu-
lates the 14C concentrations using the same transport model as for the
other nuclides. However, we limit the total internal 14C dose to humans on
the basis of its predicted specific activity in the geosphere. Ground-
waters on the Canadian Shield contain small amounts of stable carbon, which
would move in concert with any radioactive carbon that migrated from the
geosphere to humans. Since it is reasonable to assume that the ratio of
active to stable carbon cannot be higher in the biosphere than in the geo-
sphere, the specific activity in the groundwater imposes an upper limit to
the specific activity in the human body. The ratio would be reduced in the
biosphere because of 14C dilution by the presence of large amounts of
stable carbon. This specific-activity limit has been taken into account in
calculating man’s internal doses arising from !4C (Zach and Sheppard 1992).
This 1limit has not been implemented for other biota.

2.5.3 Iodine-129

Iodine entering the human body accumulates almost exclusively in the thy-
roid gland (NCRP 1983). The internal dose to humans from !29I can there-
fore be calculated by considering the thyroid alone (ICRP 1979). Iodine is
an essential element (Guthrie 1983), and is metabolically regulated so that
its level in the thyroid stays within narrow limits regardless of intake.
Once the thyroid becomes saturated, excess iodine is rapidly excreted from
the body.

Stable iodine, 127I, is present in the environment both in the biosphere
and the geosphere. Man’s intake of iodine would therefore involve both
active and stable forms. Assuming that the two forms are handled identi-
cally by the body, the thyroid cannot become saturated with 129I. We have
taken this into account in the iodine dosimetry model for man by implement-
ing a limited specific-activity model in which the ratio of active to
stable iodine in the thyroid is set equal to the ratio at intake to the
body (2ach and Sheppard 1992). The intake of stable 1271 is set to a low
value; the intake of active 1291 is calculated using the ordinary transport
model, so that the iodine model is identical to that of most other nuclides
up to the point of actual dose calculation. Using a low intake of stable
1277 ig conservative because it increases the specific activity of 12°I and
so increases the dose.
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Since Canadian Shield groundwaters contain appreciable amounts of stable
ijodine, a limit similar to that placed on '4C is applied to the internal
1297 dose based on the predicted specific activity of 12°1 in the geosphere
(Zach and Sheppard 1992). As in the case of 14C, 1291 would be diluted in
the biosphere by the presence of large amounts of stable iodine, and so use
of this 1limit in dose prediction is conservative. This limit has not been
implemented for non-human biota.

2.5.4 Short-Lived Radionuclides

Radionuclide concentrations in any biosphere compartment are controlled by
two processes: direct transfer into and out of the compartment, and radio-
active decay and daughter buildup within the compartment. For example, a
radionuclide and its radioactive daughter may be taken up directly by a
plant from soil. While in the growing plant, the decay of the precursor
may further contribute to the concentration of the daughter (Ibrahim and
Vhicker 1988). Transfers between compartments are handled by the methods
described in Chapters 5 to 8. The treatment of decay and ingrowth depends
on the half-life of the daughter radionuclide (Zach and Sheppard 1992) and
on the biosphere compartment under consideration.

As noted in Section 1.2.1, some radionuclides are assumed to be in secular
equilibrium in the geosphere. These radionuclides will not necessarily
remain in equilibrium once they reach the biosphere. Secular equilibrium
is maintained from one compartment to another only if the precursor and
daughter are both transferred between compartments at the same rate. This
may not be the case because the precursor and daughter invariably represent
different elements, and transfer is often element-specific. If the trans-
fer rates are similar, an approximate secular equilibrium can be achieved
provided the decay rate of the daughter is very much greater than its rates
of transfer into and out of the compartment.

Very short-lived daughters (those with half-lives less than one day) are
assumed to be in secular equilibrium with their precursors throughout the
biosphere. Decay rates for these radionuclides are very much greater than
transfer rates between any of the biosphere compartments. Furthermore,
residence times in the soil, surface waters and food chain are all much
longer than one day, and provide sufficient time for secular equilibrium to
be achieved. The time required for atmospheric processes is generally less
than one day; however, transfer rates to or from the atmosphere are not
radionuclide-dependent for short-lived daughters, so secular equilibrium
will be maintained as long as it exists in the adjoining compartments.
Accordingly, the assumption of secular equilibrium is justified for these
radionuclides throughout the biosphere, and there is no need to model them
individually. Instead, their contributions to the dose to man are
accounted for through their precursors (Zach and Sheppard 1992). For
internal exposure, they are considered through the DCFs, which include the
effects of daughters produced in vivo. For external exposure, their DCFs
are added to those of the precursor. The 28 radionuclides with half-lives
less than one day are listed in Table 2-1.

All radionuclides with half-lives greater than one day are tracked expli-
citly through the biosphere. Those in secular equilibrium in the geosphere
are separated from their precursors as soon as they enter the biosphere,
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TABLE 2-1

SHORT-LIVED RADIONUCLIDES CONSIDERED IN BIOTRAC

Radionuclides with Half-Lives Radionuclides with Half-Lives
Less than 1 d Between 1 d and 20 a
228 A0 2254¢ (225Ra)'
217A¢ 210B§ (210pp)
211B4% 93mNDb (93Ho)
212Rp4 93mNb (932Zr)
213B4 32p (3251)
214B4 233pa (237Np)
221Fr ZIOPO (21031)
223pp 223Ra (227Th)
234p, 224Rg (228Th)
234mpy 225Ra (229Th)
209pp 228Rg (232Th)
211pp 126gh (1zssn)
212pb 182Ta (1825f)
214pp 125mTe (1258h)
211Po 227Th (227AC)
212po 228Th (228Ra)
213pgy | 228ThH (2320)
214pg 231Th (2350)
215pg 234Th (2387))
216pg 90y (90Sr)
218pg
219Rp
220Rp
126mGph
206p]**
20771
208T)
2097]

* Precursors shown in brackets.
** Not considered in the postclosure assessment because the parent, 210®Bji,
has a very low vault inventory.

and are treated individually thereafter (Section 4.4). Decay and ingrowth
are handled rigorously in the soil and surface water submodels, which are
time-dependent. Because time scales in the atmosphere are on the order of
minutes, decay and buildup are insignificant for radionuclides with half-
lives greater than one day, and are not considered. On the other hand,
time scales in the food chain are on the order of months. Ingrowth can
therefore be neglected in the food-chain submodel for daughters with half-
lives greater than about 20 a. Ingrowth is more important for daughter
radionuclides with half-lives between 1 d and 20 a, but cannot be modelled
rigorously because the food-chain submodel is not time-dependent. Instead,
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ingrowth is approximated by assuming secular equilibrium of the daughters
with their precursors. The total radionuclide concentration in the various
compartments of the food chain is found by adding the contribution arising
from ingrowth calculated in this manner to the concentration arising from
direct transport. The 20 radionuclides treated in this way are listed in
Table 2-1.

Calculating ingrowth by secular equilibrium is an approximation. There is
insufficient time for secular equilibrium to be achieved for the longer-
lived daughters in most of the food-chain compartments. However, the acti-
vity of the daughter resulting from decay of the precursor is a maximum at
secular equilibrium, so this approach is conservative. Zach and Sheppard
(1992) show that this approach is also reasonable by comparing secular
equilibrium estimates of ingrowth with more detailed calculations.

2.5.5 Noble Gas Radionuclides

Because the noble gases 3%Ar, 81Kr, 85Kr and radon are inert, they can be
treated very simply in BIOTRAC. Argon and krypton move rapidly through the
biosphere, independently of the food chain and without accumulating. They
do not cause an appreciable internal dose to humans because they are not
retained in the body. Also, the air immersion dose is dominant for these
radionuclides (ICRP 1979). Accordingly, only air concentrations are needed
to calculate the total dose to man. These were estimated conservatively by
assuming that the argon and krypton fluxes to the atmosphere equal the pre-
dicted fluxes out of the geosphere, without any losses to other compart-
ments, so that all the geosphere releases are considered in the dose calcu-
lations (Section 7.3.2.2).

Radon is also inert, but has such a short half-life (Table 1-1) that it
essentially moves in concert with its precursor, 226Ra. Radon decays into
particulate daughters, which can impart a significant inhalation dose;
ingestion doses are very small in comparison and may be ignored (UNSCEAR
1982). External doses arise through all external pathways, but adequate
data exist to evaluate air immersion only. Radon doses from the other
three external pathways (water immersion, groundshine and exposure to con-
taminated building materials) are accounted for through the precursor
radionuclide, 226Ra (Section 2.5.4). The indoor and outdoor air concentra-
tions needed for the inhalation and air immersion doses are calculated from
the radon fluxes to the atmosphere from soils and surface waters. These
fluxes are estimated from the 226Ra concentration in soil and the radon
concentration in water, which are predicted with the usual transport
models.

2.5.6 . Other Gaseous Radionuclides

Amiro (1985) reviewed the vault inventory and identified 4C, 79Se and 1291
as the only nuclides, apart from tritium and the noble gases, that could be
in volatile form in the biosphere. Carbon-14, 79Se and 1291 are treated in
the same way as all the non-volatile nuclides in BIOTRAC, except that they

are allowed to escape from the soil (Section 6.5.4), and some of them from

the lake (Section 5.3.4), through gaseous evasion. The outgassed material

is taken into account when air concentrations are calculated.
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2.6 MATHEMATICAL FRAMEWORK

Transport processes in the atmosphere and in the food chain occur very
rapidly, with time scales on the order of minutes to months. The transient
aspects of these processes are generally not important when annual average
doses are calculated. Accordingly, the atmosphere and food-chain submodels
are steady-state models; concentrations in air, plants, animals and humans
are assumed to adjust instantaneously to changes in concentration in the
donor soil and surface water compartments. Expressed mathematically, the
atmosphere and food-chain concentrations are directly proportional to the
soil and water concentrations, and their evaluation is straightforward.
This is also true for the model for predicting doses to non-human biota,
vhich is similar to the food-chain and dose submodel (Chapter 13).

On the other hand, transport processes in the soil and lake occur slowly.
Soil processes have time scales on the order of hundreds or thousands of
years; processes in surface waters and sediments are more rapid, but still
occupy tens of years. Accordingly, concentrations in these compartments
change slowly with timc and are best calculated using time-dependent
models.

The models used to describe nuclide behaviour and transport in the vault
and geosphere are also time-dependent. For reasons of consistency and
efficiency, a common solution method has been implemented in SYVAC3 to
solve all time-dependent systems. This method involves the convolution of
an impulse response function with the rate of nuclide input to the
compartment (Dormuth and Quick 1980). The impulse response function
describes the model ocutput (nuclide mass in the compartment, nuclide
concentration or nuclide flow rate) as a function of time following a unit
input of the nuclide to the compartment at some previous point in time.
The model output at any time is found by summing the contributions from all
previous inputs through the use of a convolution integral.

Ve illustrate these ideas for a model whose output is the total nuclide
mass, M (mol), in an arbitrary volume. The mathematical expression for M
at time t is

M(t) =j: I(t')-RF(L,t7) dt’ . 2.1)

Here I(t') is the time-dependent rate at which the nuclide enters the vol-
ume (e.g., mol-a-1). RF(t,t") is the impulse response function, which
defines the fraction of nuclide remaining in the volume at time t following
a unit impulse input at time t' (where t' < t). The convolution integral
defined in Equation (2.1) provides the total mass in the volume by consi-
dering the input function I as an infinite sequence of impulse inputs, and
adding up the contribution from each impulse.

Equation (2.1) can be evaluated once I and RF have been specified. RF can
be deduced quite simply for a particular class of models called compartment
models. A compartment model describes a system that exhibits no spatial
dependence in any of its properties, or in the concentration of nuclides
introduced into it. The loss of nuclides from such a system often occurs
at a rate that is proportional to the total mass of the nuclide in the
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compartment. Furthermore, the concentrations of intermediate members of
radioactive decay chains can be found by considering only the member itself
and its immediate precursor. (For models with spatial dependence, the
concentration of the intermediate member depends on all of its precursors.)
Both the soil and surface water models have been expressed as compartment
models.

Compartment models are generally expressed mathematically through the mass
balance equation

P - 1¢e) - M) (2.2)

Here, B is the fractional transfer rate resulting from all loss mechanisms,
including radioactive decay. I(t) is the rate at which nuclides are intro-
duced into the system, and may include the ingrowth of the nuclide under
consideration as a result of the decay of its precursor. If we take

M(0) = 0 as the initial condition, Equation (2.2) can be solved by the
method of Laplace transforms to give

M(t) = Jz I(t') exp[-B-(t - t')] dt’ . (2.3)

Comparing Equations (2.1) and (2.3), we conclude that the impulse response
function for a compartment model is

RF(t,t') = exp[-8-(t - t')] . (2.4)

In this case, note that RF is a function of (t - t’') only, and not of t and
t’ individually.

Impulse response functions for the surface water and soil models are
derived in detail in Chapters 4, 5 and 6. These are used in conjunction
with the input I(t') computed by the geosphere model to calculate concen-
trations in lake water, sediment and soil.

The simulation of radionuclide transport through the vault, geosphere and
biosphere is directed by the executive code, SYVAC3 (Goodwin et al. 1987b).
Time series are calculated for each time-dependent model variable in turn.
The order in which the variables are treated is carefully chosen to ensure
that the information required at each point in the model is available from
previous calculations. Radionuclide chains are treated member by member,
starting with the precursor and working through the daughters. Variables
associated with the vault are handled first, followed by those pertaining
to the geosphere and biosphere. The time series for a given variable is
generated from values calculated at points in time that depend on the rate
at which the variable changes with time. Where the variable shows only a
slow change, the time points are far apart; where the variable changes
quickly, the time points are close together to ensure that all important
behaviour is captured. Operations such as addition, multiplication and
convolution of time series are directed by SYVAC3 as needed. The value of
any variable at any time is available through interpolation in the time
series.
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2.6.1 Notation

For convenience, a symbol convention has been adopted to aid in the mathe-
matical presentation of BIOTRAC. Concentrations are expressed as

(C)y
vhere C is the concentration
i is the nuclide

J is the environmental compartment (surface water, soil, air,
etc.) and

k is the pathway.
This convention has also been applied to some flux terms and transfer coef-
ficients. In some instances, subscripts, superscripts and other notations
have been suppressed for the sake of simplicity. All the mathematical
symbols are listed in Appendix B, together with their definitions and units.

2.7 TREATMENT OF PARAMETERS

2.7.1 Theoretical Considerations

As noted in Section 1.5.2, the performance assessment of the disposal con-
cept is based on a systems variability analysis approach. The model output
is a statistical expression of the consequences predicted in a large number
of individual simulations. The state of the system in each simulation is
defined by the parameter values sampled at the beginning of the simulation.
The PDFs from which the values are chosen must be carefully defined to
ensure that the model output is statistically meaningful (Stephens et al.
1989).

Because the biosphere model is generic, a different hypothetical environ-
ment is considered in each simulation. The PDF for each parameter must
therefore encompass the full range of values that could be encountered on
the Ontario portion of the Canadian Shield. They must also cover the range
of values that could occur on the Shield during interglacial conditions
over the next 10 000 a or more. Finally, they must cover the range of
values resulting from uncertainty in the model or the data (Section 1.5.7).
Such uncertainty may arise from measurement error, or from the need to
extrapolate data obtained under one set of conditions to another set.
Uncertainty may also arise when parameter values are used to offset defi-
ciencies in our knowledge of the processes being modelled, or when para-
meters are combined to describe the net effect of several processes in a
simplified bulk transfer model. To the extent possible, the PDFs should be
constructed to reflect the probability that, in the most accurate descrip-
tion of the system, the parameter (in the form required by the model) will
assume a particular value, taking into account spatial and temporal varia-
tions and the dominant sources of uncertainty.

Stephens et al. (1989) set out guidelines for defining PDFs for the para-
meters that appear in the concept assessment models. The number of such
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parameters is very large, and the number and quality of the data available
for each are extremely variable. Accordingly, the guidelines consist of
background information and suggestions rather than detailed procedures.

Specification of the PDF type may begin by plotting the available data in
the form of a histogram to obtain a visual picture of the shape of the
distribution. Theoretical arguments, statistical analysis and the meaning
of the available data are all used to help establish the most appropriate
distribution type (e.g., normal or lognormal). The attributes of the dis-
tribution (e.g., central tendency and measure of variation) may be obtained
by statistical analysis once a PDF type is chosen, or may be set subjec-
tively using arguments based on the most probable value of the parameter,
and on its upper and lower limits. Both the PDF type and its attributes
may be modified subjectively to account for uncertainty in the data or for
changes that could occur in the parameter values over the course of time.

A continuous PDF may have to be truncated at its upper or lower end to
eliminate physically impossible values. Similarly, it may be necessary to
correlate two or more parameters to avoid unreasonable combinations of
values. Ve have followed these guidelines to the extent possible in defin-
ing the PDFs for the biosphere parameters.

2.7.2 Practical Application

The biosphere model contains well over 100 parameters, many of which are
radionuclide- or element-specific. The data available for defining PDFs
are very uneven with respect to number and quality. In general, the para-
meters that define the physical state of the relevant biosphere (precipita-
tion, soil type, lake size, etc.) have been observed for many years, and
their values are well established in space and time. The physical and
chemical processes that occur in soils, water bodies and the atmosphere
have also been well studied, and their associated parameters are reasonably
well known. But we do not have the same understanding of the biological
processes at work in the environment, or of the behaviour of contaminants
released into the biosphere. The environmental behaviour of some nuclides
has been well studied, but information for many others is less complete.
Parameters such as the soil partition coefficient (Section 6.5.3) and the
plant/soil concentration ratio (Section 8.5.1.1) describe a variety of
complex processes and are subject to much uncertainty. In some cases, data
obtained under appropriate field conditions are too limited to define PDFs
for the biosphere parameters. The available information must usually be
augmented by laboratory data, theoretical considerations and expert opinion.

PDFs for most biosphere parameters were obtained in the following way, as
described in the four submodel reports. All the relevant data were first
assembled. Where possible, data from the Ontario portion of the Canadian
Shield were used exclusively, but often it was necessary to include infor-
mation from other areas. The data were then plotted in the form of a his-
togram, and a PDF type was selected. This could occasionally be done
objectively using standard statistical tests (Sokal and Rohlf 1981). More
commonly, the limited amount of data dictated a more subjective approach,
and the PDF type was deduced from an overall appraisal of the shape of the
distribution. Theoretical arguments can also be useful in this regard.
For example, many parameters can be assumed to be distributed lognormally
since they are expressed as the product or quotient of other variables
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(Sheppard S.C. and Evenden 1988). The common occurrence of lognormally
distributed environmental concentrations has also been explained on the
basis of successive independent random dilutions (Ott 1990). However, some
environmental parameters are known to be normally distributed. For both
lognormal and normal distributions, mean values and, occasionally, standard
deviations were calculated directly from the data. More commonly, standard
deviations were chosen nominally to cover the observed range of values with
a high probability.

PDFs constructed in this way reflect spatial variability and uncertainty in
the data. They also reflect temporal variability over the relatively short
time periods represented by the data (Section 1.5.7). It is not possible
to account objectively for changes in the parameter values that could occur
over the next 10 000 a. Long-term temporal variability is incorporated
subjectively into many of the PDFs by assuming somewhat more variability
than the data for present-day conditions imply. Thus, with a selection of
extreme parameter values, the model may simulate more extreme fluctuations
than one might expect in the real system.

As a rule, the PDFs for the biosphere parameters are not truncated. Excep-
tions are made only to avoid physically impossible situations, to avoid
conflicts with assumptions made about the critical group, or to maintain
consistency with the site-specific characteristics of the geosphere model.
For example, the PDF for the radon aquatic transfer coefficient (Section
7.5.1.4) is truncated at its lower end at zero because negative values are
not possible. The distribution for mean lake depth is truncated at its
lover end at 1 m. Shallower lakes would freeze to the bottom during
vinter, and could not act as a supply of water and fish for the critical
group. A truncated PDF is automatically rescaled in SYVAC3 so that its
integral continues to equal unity.

Correlations are imposed between pairs of biosphere parameters where the
data or theoretical considerations suggest that correlations exist. 1In
this way, unrealistic combinations of parameter values are avoided, and the
corresponding exaggerated variability in the calculated doses is reduced.
For example, the plant/soil concentration ratio, Bv, is assumed to be nega-
tively correlated with the soil solid/liquid partition coefficient, Kd.
Nuclides that are strongly bound to soil solids (and therefore have a high
Kd value) are not readily available for root uptake (and therefore have a
low Bv value). In SYVAC3, the value x_. of a parameter that is correlated
with a second, independently sampled parameter with the value x; is given
by (Kleijnen 1974)

XK. = e + To(X; - py)-0./0; + 0 -T-(1 -~ r2)1/2 (2.5)

vhere p. and o, are the arithmetic mean and standard deviation of the
correlated parameter,

p; and o; are the arithmetic mean and standard deviation of the
second, independently sampled parameter, which has a sampled
value of x,,

r is the linear product moment correlation coefficient, and



- 51 -

T is a random number chosen from a normal distribution with an
arithmetic mean 0 and standard deviation 1.

Equation (2.5) can be used in SYVAC3 only for parameters that are normally
or lognormally distributed. In the case of lognormal PDFs, Equation (2.5)
is applied to the logarithms of the parameter values. All of the corre-
lated parameters appearing in BIOTRAC are normally or lognormally distri-
buted, so Equation (2.5) can be used in all cases.

The difficulties involved in defining a PDF usually increase as the amount
of data decreases. However, the smaller the amount of data, the larger the
uncertainty, and the more desirable it becomes to represent the parameter
using distributed values. We have adopted the position that, wherever
possible (and with a few exceptions as noted below), every parameter should
be described by a PDF. The procedures used to construct the PDFs vhere
limited data exist depended on the parameter in question and on the amount
and type of data available. Data are totally missing only for a few
nuclides in the case of some nuclide-specific parameters. PDFs for these
nuclides were based on the distributions derived for other nuclides with
similar physical and chemical properties. For the other incompletely
defined parameters, the PDF type was decided on theoretical grounds, or
specified through expert opinion. Mean values were determined from the
available data, and standard deviations (SDs) and geometric standard devia-
tions (GSDs) were set large enough to cover the observed or expected range
of values. In each case, every effort was made to ensure that the PDFs
chosen would cover most or all of the physically possible values in order
to overestimate the consequences.

A few biosphere parameters were not distributed deliberately. Fixed values
wvere adopted for such parameters as the radioactive decay constants, which
have well-defined values (Table 1-1). Some of the parameters describing
the biosphere/geosphere interface were fixed to maintain consistency with
the geosphere model (Chapter 4). Fixed values were also occasionally used
for parameters that showed relatively little variation, that had little
impact on the calculated consequences, and for which a clearly conservative
value could be identified. All the switch parameters of BIOTRAC were
assigned fixed values (Section 2.7.3). The use of fixed values in such
cases is reasonable, and makes the results easier to interpret.

The various biosphere parameters are addressed in detail in Chapters 4 to 9
and Chapter 13. The data available for each parameter are summarized,
together with a description and justification of the PDF selected for each.
The selection of parameter values is discussed in more detail in the four
submodel reports.

2.7.3 Switch Parameters

BIOTRAC contains a number of switch parameters that could strongly influ-
ence consequence predictions. These parameters determine the occurrence of
irrigation of plant crops (Section 6.5.5.2), the use of lake sediments as
soil (Section 6.5.5.4), the use of peat as heating fuel (Section 7.5.2.7)
and the exact source of domestic water (Section 9.1.2). All these para-
meters have fixed probability values to decide on a choice, e.g., the use
of well water or lake water for domestic purposes. Literature data for
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determining switch-parameter values are limited, and we have attempted to
make conservative yet reasonable choices. The switch parameters are
closely related to the scenario analysis (Section 1.5.1).

2.7.4 Normal and Lognormal Distributions

Most of the parameters in BIOTRAC are assumed to be distributed normally or
lognormally. Ve characterize a normal distribution by the arithmetic mean,
4, and by its SD, o. We define a lognormal distribution using the geomet-
ric mean (GM) of the parameter and its GSD. Note that

GM = ee = 1010 (2.6)

and GSD = e% = 10%10 (2.7)

vhere u, (4,,) and o, (0;,) are the arithmetic mean and standard deviation
of the log, (log,,) transformed distributions. The GM also approximates
the median of the untransformed lognormal distribution.

The criteria proposed by the AECB (1987) for assessing the performance of
the disposal facility involve the prediction of the arithmetic mean of the
estimated doses at a given time in large sets of SYVAC3 simulations.
Arithmetic means tend to be dominated by any large values in the sample.
This means that a lognormal distribution for a given parameter will tend to
produce a more conservative result than a normal distribution, assuming
large values of the parameter lead to high doses. Similarly, the arithme-
tic mean becomes more conservative as the lognormal distributions are
widened.

3. ENVIRONMENTAL CHANGE

3.1 TIME DEPENDENCE AND BIQSPHERE MODELLING

The biosphere, and the processes that control nuclide transport through it,
are fundamentally time-dependent (Davis 1986). On the shortest time
scales, variations in the amount of solar radiation reaching the earth's
surface drive diurnal and seasonal cycles in the atmosphere, which are
reflected in other biosphere compartments. In contrast, geological pro-
cesses, such as mountain building and continental drift, occur over hun-
dreds of millions of years. Processes with time scales of about 10 000 a
or less will affect the Canadian Shield over the assessment period. Envi-
ronmental changes should be taken into account if they significantly alter
the rate or pattern of nuclide migration and their consequences on the
environment and humans.

The parameter values sampled at the beginning of each SYVAC3 simulation are
held constant throughout the simulation. Although the parameter PDFs
reflect, in part, variations in time, they are used to describe different
permanent states of the vault, geosphere and biosphere, rather than a sys-
tem that varies in time. Therefore we do not explicitly model environmen-
tal change on any time scale. But we do take time dependence into account
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in other ways, which are described in the rest of this chapter and in
Chapter 12.

3.2 FLUCTUATING PROCESSES

Fluctuating processes are those that show relatively rapid variations in
time about some mean condition. For example, precipitation varies from day
to day, although its annual average value at a given location remains
fairly constant. Similarly, strong seasonal fluctuations occur in the rate
of nuclide transfer from the water column to sediments in a lake, but
annual average rates are much the same from year to year. The variability
in most processes tends to decrease as the time scale increases. The stan-
dard deviations of PDFs constructed from annually averaged parameter values
are generally less than those formed from daily averaged data.

Because means and fluctuations can be defined on all time scales, the rele-
vant scale for a given application depends on the desired result. The main
end point of BIOTRAC is to calculate annual doses to humans and other
organisms (Sections 1.2.3 and 1.2.4). Accordingly, averaging times of one
year are appropriate. Although fluctuations on scales less than one year
are common, they generally have no effect on the calculated annual dose.
Because doses are additive, and because the surface water, atmosphere and
food-chain submodels are linear (Chapters 5, 7 and 8), doses calculated for
these compartments using annual average values are equal to the annual sum
of doses calculated at finer time scales. On the other hand, the soil
submodel (Chapter 6) is non-linear. Annual average nuclide concentrations
in soil depend on weather patterns throughout the year, as well as on their
annual values. In this case, short time-scale fluctuations are important,
and are taken into account by basing the model on daily average data.

The biosphere also varies on time scales greater than one year. For exam-
ple, the climate exhibits a continuous spectrum of fluctuations ranging up
to decades and centuries even during interglacial conditions (Morner and
Karlen 1984). Although we do not model these processes explicitly, we
account for their effects through the PDFs (Davis 1986), as explained in
the following comparison.

Consider a biosphere that is constant except for a single process, charac-
terized by a parameter, Pr, that varies on a time scale, 7, that is sub-
stantially less than the total simulation time, T. We assume further that
Pr has no spatial variability, and can be measured precisely, so that the
distribution of Pr values reflects only the time variation in Pr. 1In gen-
eral, some values in the distribution will lead to high predicted doses and
some to low ones.

Using the random sampling methodology employed in SYVAC3, the value of Pr
selected at the beginning of a particular simulation is held constant
throughout the simulation. This value leads to a particular dose curve,
which is a smooth function of time, as shown schematically in Figure 3-1(a).
Doses remain zero until the first nuclides reach the biosphere; they then
increase as the nuclide flux from the geosphere increases. If T is suffi-
ciently large, radioactive decay or depletion of the vault inventory even-
tually leads to a decrease in the geosphere flux, and doses decline.
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FIGURE 3-1: Schematic Representations of Dose Curves to Time, T, when
(a) Pr is Held Constant Throughout the Simulation (Histogram
H.), and (b) Pr is Sampled Throughout the Simulation at
Frequency 7 (Histogram H,)

Repeated simulations with new values of Pr produce similar curves. One of
the primary outputs of SYVAC3 is a consequence-frequency histogram based on
the doses calculated in each simulation at some arbitrary point in time,
t,. Ve wvill denote this histogram H..

Consider now the case in which time dependence is modelled explicitly by
choosing new values of Pr throughout the simulation at a rate At ~ 7.
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Assuming that the predicted dose responds rapidly to changes in Pr, the
dose curve (Figure 3-1(b)) will no longer vary smoothly with time, but will
show fluctuations of periodicity 7. The consequence-frequency histogram,
H,, would be constructed in the same way as before, but from a different
set of doses.

The histogram H_ is made up of doses determined by values of Pr sampled at
time t = 0. On the other hand, H, is constructed from doses determined by
values chosen at t = t,. The two histograms will be statistically identi-
cal if the PDF for Pr Es independent of time. This is in fact the case for
PDFs associated with fluctuating processes because they describe short
time-scale variations for a system that is in the same basic state from
t=0tot=t,. Accordingly, the effect of fluctuating processes on pre-
dicted doses has been implicitly accounted for through the use of distri-
buted parameter values.

The above argument relies on the assumption that the predicted dose
responds so rapidly to changes in Pr that the dose at time t, depends only
on the value of Pr chosen at t = t_, and not on the history of Pr values
selected prior to t,. This conditgon is satisfied for the rapid processes
in surface waters, the atmosphere and the food chain, but not necessarily
in soils, where the time to steady state is much longer than the time
scales of the processes driving the system. A fluctuation in the control-
ling parameters may push the real soil system in one direction or another.
But before steady state can be reached, another fluctuation may push it in
another direction. The final soil concentrations in the real system will
reflect all perturbations, but will tend toward an average value if the
system experiences a large number of fluctuations over the period of inter-
est. In contrast, the predictions of the soil model will tend to extreme
values because the input parameters are assumed to remain constant over the
entire simulation period, even if they take on values that are more repre-
sentative of fluctuations than of means. The model will therefore tend to
overpredict or underpredict concentrations; however, the arithmetic mean
over many simulations will be conservative because the overpredictions will
dominate the mean, given a lognormal distribution (Section 2.7.4).

3.3 TRANSITIONAL PROCESSES

The biosphere is subject to changes other than those imposed by fluctuating
processes. These may take the form of specific, short-term, nonperiodic
events, such as meteorite impact or major seismic activity. They may also
appear as persistent trends caused by processes such as continental glacia-
tion or tectonic drift, with time scales that are long compared with the
time frame of interest here. In either case, these transitional processes
cause quasi-deterministic changes in the biosphere that could affect the
rate of nuclide migration through it.

It is difficult to predict the state of the Canadian Shield environment far
into the future. The forces driving environmental change are, at best,
incompletely understood, and at worst, unpredictable. In addition, the
time-dependent behaviour of the various biosphere parameters during a given
transitional event must be deduced from proxy data, and so cannot be pre-
dicted with any certainty. We believe that a detailed, time-dependent
treatment of transitional processes is not warranted since the results
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would not be credible. Instead, we have developed an alternative approach
based on the following guidelines (Davis 1986).

1. Processes are considered only if their temporal variations could
have a significant effect on health or environmental consequences.

2. The prediction of future events is based on the assumption that
the geological history of the biosphere will be repeated. This
will likely be the case if there is no interference from humans.
The human potential for altering the biosphere is great; however,
the nature of human impact is difficult or impossible to predict,
and our attempts to model it would not be productive.

3. The stochastic nature of the assessment is exploited by address-
ing as many time-dependent processes as possible through varia-
tions in parameter values or distributions rather than through
explicit modelling.

4. Supported logical arguments are used in place of mathematical
modelling to address transitional events extending beyond
10 000 a (AECB 1987).

Merrett and Gillespie (1983) and Davis (1986) reviewed the transitional
processes that have affected the Canadian Shield in the past. They found
that the majority of the processes do not require treatment because their
potential to affect nuclide migration through the biosphere in the future is
small. The probability that the vault area will be subject to tectonic
activity, volcanism or meteorite impact over the next few million years is
so low that these processes may be excluded (AECL 1994a, Goodwin et al.
1994). Tectonic drift, denudation and fluvial erosion on the Shield occur
so slowly that they will induce no significant change in the biosphere as
far as the disposal facility is concerned. Seismic activity is low and
localized, and its effects can be minimized by careful vault siting (Davison
et al. 1994a). Reversals of the earth's magnetic field can be expected to
occur in the future, but their effects on the biosphere cannot be predicted
or modelled (Goodwin et al., in preparation).

0f all the processes considered, Davis (1986) concluded that only human
activities and continental glaciation (including glacially induced faulting
and succession in a glacial regime) have the potential to alter the bio-
sphere and the rate of nuclide migration through it. The treatment of
these processes from a biosphere perspective is described in the following
sections, and in Chapter 12. The impact of glaciation on the disposal
facility itself has been discussed by Ates et al. (1991), and the effects
of glaciation on groundwater flow and nuclide transport through the geo-
sphere are described by Davison et al. (1994b).

3.3.1 Anthropogenic Effects
3.3.1.1 Effects on the Biosphere
Man continually disrupts the biosphere locally through activities such as

agriculture, mining, forestry and recreation. Human activities have begun
to alter the biosphere on much larger scales. Acid rain is modifying the
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chemical balance of soils and lakes on the Canadian Shield. The reduction
of the ozone layer may allow higher levels of ultraviolet light to reach
the earth's surface. These processes could cause changes in the types of
flora and fauna that the Shield environment can support.

The injection of large amounts of particulates and "greenhouse" gases
(particularly CO, from fossil-fuel burning) into the atmosphere may be
changing the earth’s climate. Although the effects of elevated CO, levels
are under debate (Seidel and Keyes 1983, USNRC 1983a, Idso 1984, AMS 1991),
it is generally agreed that one result will be an increase in the mean
global temperature, at least in the short term. Significant alterations in
the global wind pattern, and hence in precipitation regimes, could follow.
If the warming persists, melting of the Antarctic and Greenland ice sheets
could occur, resulting in a global rise in sea level and flooding. There
could be many changes on the Canadian Shield, including a northward shift
in climatic zones, changes in the amount of precipitation, a northward
shift of vegetation zones, degradation of permafrost, and extirpation of
some plant and animal species (Environment Canada 1991). It should be
noted that similar and much more drastic changes have occurred in the past
as a result of natural climate change. Although acid rain, ozone depletion
and increased atmospheric CO, concentrations are established environmental
facts, their long-term effects remain open to speculation.

In the case of global warming from the buildup of greenhouse gases, changes
in climate variability may have a greater impact than changes in average
climate conditions. For example, some researchers have indicated that
temperature variability may decrease, and precipitation variability
increase as the climate warms (Mearns 1991). However, there is still much
uncertainty regarding human-induced global warming, both because the cli-
mate data accumulated over the past century are insufficient to decipher
the exact nature of changes that have taken place, and because the climate
is characterized by substantial variability over different time scales

(AMS 1991). Given this uncertainty, it is difficult to evaluate the impact
of climate change from the buildup of greenhouse gases on the biosphere.
All that can be done is to use broad distributions for the climate para-
meters in BIQTRAC to cover a wide variety of possible outcomes.

Future human interaction with the biosphere is difficult to predict. Tech-
nology is advancing at such a rate that it is conceivable that it will lead
to control of the biosphere in the not too distant future, through the
genetic manipulation of plants and animals and the control of climate,
including glaciation. Humans may also learn to control the rate of nuclide
migration through the biosphere, or mitigate the effects of any nuclides
that do reach the biosphere. On the other hand, civilization may return to
a primitive state as a result of war, exhaustion of natural resources,
severe degradation of the environment, or problems assocliated with overpop-
ulation. In all these cases, the biosphere will suffer a parallel change,
at least temporarily. In the face of this uncertainty, any attempt to
predict the effect of humans on the evolution of the biosphere would be
futile. Accordingly, we have assumed that future human activities, whether
for better or worse, will not alter the biosphere in any fundamental way
over long periods of time.
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To the extent that acid rain, the destruction of the ozone layer and global
wvarming by greenhouse gases have already affected the biosphere, they are
implicitly reflected in our database and models. Allowance for future
effects of these processes can be made by using broadly distributed model
parameter values. Future interactions of humans with the biosphere are
unpredictable and we have made no allowance for them in BIOTRAC. However,
future interactions with the disposal facility can be evaluated

(Section 3.3.1.2).

3.3.1.2 Human Intrusion

One final aspect of man’'s activities is the possibility of direct intrusion
into the vault through drilling, mining or the use of explosives. In
addressing this question, Merrett and Gillespie (1983) concluded that acci-
dental intrusion would be unlikely because of the small size of the vault
relative to the total area of the Canadian Shield, its great depth, and its
location in a type of rock that is plentiful at the surface and of low
economic value. One of the siting criteria for the disposal facility will
be the absence of any valuable natural resource such as minerals (Davison
et al. 1994a). Deliberate intrusion as a result of sabotage or curiosity
is unlikely because of the magnitude of such an operation; it could likely
not be carried out without the knowledge or approval of the authorities of
the day. Deliberate intrusion to salvage the materials placed in the vault
is a possibility, but Merrett and Gillespie (1983) concluded that a society
advanced enough to want the materials, and capable of retrieving them, would
also be aware of the hazards involved and take steps to minimize them.

Ve have investigated a number of inadvertent human intrusion scenarios in
detail (AECL 1994a). The consequences of a bedrock well drilled into the
groundvater plume are calculated explicitly in the model (Davison et al.
1994b). VWell depth is a lognormally distributed parameter, but is trun-
cated at 200 m because of the subsurface fracture geometry at the WRA
(Section 4.3). Wells up to 500 m deep are known, but are extremely rare.
The probability that a well will exceed 500 m in depth can be estimated as
5 x 10-4 by extrapolating the well-depth distribution. This is so low that
a well drilled directly into the vault is highly unlikely. Even so, we
have considered an intrusion scenario of drilling into the vault, as dis-
cussed below.

Four other intrusion scenarios were assessed by Wuschke (1992), whose
analysis is summarized here. The specific scenarios were:

1. Exposure to undispersed waste of a member of a crew drilling a
core into the vault.

2. Exposure to undispersed waste of a geotechnical laboratory tech-
nician examining core material taken from the vault.

3. Exposure to waste dispersed by previous intrusion of a worker
building a house on the exposed waste.

4. Exposure to waste dispersed by previous intrusion of a resident
in a house built on the exposed waste.
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These scenarios were considered likely to present the highest risk to the
intruder and each is intended to be generally representative of a set of
similar scenarios with lower probabilities or consequences. The assessment
was done with a package of well-documented codes produced by Battelle
Pacific Northwest Laboratories for the United States Nuclear Regulatory
Commission (USNRC) (Wuschke 1992). These codes were chosen as a consistent
package with the capability to model a variety of external exposure
geometries.

In order to assess the risk from these intrusion scenarios, both the con-
centrations of nuclides in the vault and the probabilities associated with
each scenario were required. The concentrations in the vault were computed
from the estimated initial inventories, based on ten-year-cooled fuel irra-
diated to a burnup of 685 GJ.-kg-! uranium, and the reference design for the
vault. The assignment of probabilities to each scenario was more complex
and less exact. Each scenario implies a series of events such as selecting
a drilling site, missing controls or warnings about the vault, and continu-
ing drilling to vault depth. A probability was assigned to each of these
events, based largely on present experience, geotechnical considerations
and technology. Time-dependent probabilities were assigned where appropri-
ate. The probabilities for the full scenarios were then computed as the
products of the probabilities of the implied events.

The estimated radiation doses were significant (i.e., they exceeded the
AECB (1987) risk criterion if the scenario was certain to occur) for all
four scenarios. Inhalation of dust was the most important pathway for most
times. However, the probabilities were extremely low. As a result, the
risks ranged from zero, at vault closure, to a peak value of 2 x 10-11
serious health effects per annum. This peak occurred after 500 a following
vault decommissioning and closure, when institutional controls were assumed
to have lost their effectiveness. All the risks computed were substan-
tially below the AECB criterion of 10-% serious health effects per year
(AECB 1987).

3.3.2 Continental Glaciation

As part of our evaluation of the effects of glaciation on nuclide transfer
and dose, we used BIOTRAC in a somewhat modified form to calculate dose to
the critical group as an indicator of consequences in different glacial
states. Interpretation of the results requires an understanding of the
model and its parameter values. Since these topics are introduced in
Chapters 4 through 10, the discussion of glaciation is provided in

Chapter 12. The exception is succession in a glacial regime, which can be
usefully presented at this point.

3.3.2.1 Succession in a Glacial Regime

Succession is the process whereby one type of biotic community or physical
system is gradually replaced by another. The Canadian Shield shows a char-
acteristic pattern of succession following the retreat of a glacier
(Ritchie and Yarranton 1978). The climate gradually warms, and air mass
movements and precipitation patterns similar to those of today become
established. The large volumes of water associated with the melting ice
recede, leaving behind many wetland areas and small lakes, which gradually
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£fill in. Soils in deglaciated areas develop according to the type of
parent material, drainage conditions and climate they experience. Eventu-
ally, the soil over most of the Shield develops into a podzol (Chesworth
et al. 1985). In regions covered with some sort of glacial deposit, a
tundra ecosystem becomes established upon deglaciation, changing to a
spruce-dominated boreal forest within 2000 a. Pine and birch begin to
appear with further warming, leading to a forest very similar to today's
within 5000 a of the retreat of the ice (Ritchie 1984). Deglaciated areas
are repopulated by animals and by humans from refugia as soon as conditions
permit (Gordon 1975, Pielou 1991).

The Canadian Shield biosphere has changed significantly since the retreat
of the last ice sheet, and the present rate of succession is generally
slov. The climate shows fluctuations on many scales, but is in a more-or-
less steady-state condition. Soil profiles are generally mature, although
they are still undergoing some development, particularly in the north.
Succession remains dynamic within plant and animal communities; however,
the critical group experiences a biosphere that is largely agricultural in
nature, and that is subject to agronomic management practices rather than
to normal succession. Accordingly, for the most part, the Shield biosphere
will not undergo any successional changes of consequence to the critical
group as long as interglacial conditions persist. Small changes can be
accounted for through our parameter distributions.

One aspect of succession cannot be treated in this way. The discharge
water body, if it is a typical Shield lake, will £ill in significantly over
the course of the next 10 000 a. Its area and depth will decrease, the
flow through it may change, and its bottom sediments may become exposed and
used for agricultural purposes. The dose to humans and other biota arising
from the surface water pathways may depend upon the successional state of
the biosphere.

Sundblad et al. (1988) and Smith G.M. (1989) have modelled the long-term
dynamics of lake ecosystems and calculated nuclide concentrations at dif-
ferent points in their evolution. Both studies found that nuclide concen-
trations in water slowly increase as the lake fills in and its volume is
reduced. The total increase in concentration over the course of the change
depended on the sorptive behaviour of the nuclide under consideration, but
was typically a factor of two, and no more than a factor of five. Sediment
concentrations also increased with time, with concentrations at the end of
the infilling process ranging from a factor of three to almost three orders
of magnitude greater than concentrations in the young lake. The concentra-
tions in sediments after their transformation into soil depended strongly
on assumptions concerning the location in the lake at which the sediments
accumulate, nuclide mobility in the sediment after it has dried out, and
the land area over which to average the concentration. However, in all
cases concentrations in sediments used as soil were lower, and usually
substantially lower, than concentrations in the sediments proper, primarily
because nuclides were removed by leaching.

Sundblad et al. (1988) extended their calculations to estimate doses at
three stages of lake evolution: a lake phase in which no significant
infilling had occurred, a soil phase in which the lake had dried out to the
extent that sediment had been converted to farmland, and an intermediate



- 61 -

phase in which sediment near the lake shore was being transformed into
soil. They found that doses to humans in the lake and intermediate phases
vere very similar. Doses in the soil phase for nuclides of high mobility
were lower than for the preceding phases; for nuclides of low mobility,
doses in this final phase increased by up to a factor of 100 as a result of
accumulation in the sediment. The pathways responsible for increased doses
after conversion of lake sediment to soil were inhalation of dust and soil/
plant/man transfer. These results suggest that the particular successional
stage of the discharge lake has little effect on dose to humans, and
probably to other organisms. The variation in dose that does occur during
the aging process can be captured by considering the final successional
phase alone.

We do not treat lake infilling in detail, but we used two different ways to
model the scenario in which lake sediments are used as agricultural soils.
First, we assign a relatively high value to the probability that the ecriti-
cal group will farm organic soils (Section 6.5.1.1). Since the gradual
exposure and weathering of lake sediments produces a soil with organic
characteristics, this simulates in a rough way the end point in the lake
succession scenario, which is the important phase with regard to dose
assessment. Secondly, in 1% of all simulations, we use sediment concentra-
tions in place of soil concentrations throughout BIOTRAC (Section 6.3.7.3).
This allows a simple treatment of the consequences that could result if
fresh sediment were dredged and applied to an agricultural field, or if the
lake were drained and farmed. The sediment concentrations are used as
predicted, without credit for loss of nuclides through leaching, degassing,
conditioning, mixing with existing soil or radioactive decay before the
sediments become suitable for agricultural purposes. When sediment is used
as soil, the contaminated water from the lake is still assumed to be avail-
able for use in the surface water pathways (Section 9.1.2), even though the
lake may have partially filled in or been drained.

4, GEOSPHERE/BIQOSPHERE INTERFACE

The geosphere is the source of all the nuclides entering the biosphere from
the vault. Figure 4-1 shows a schematic cross section through a generic
geosphere/biosphere interface. Plutonic bedrock surrounds the vault, and
is covered at the ground surface by a layer of saturated unconsolidated
material (overburden) that consists mostly of glacial deposits on the
Canadian Shield, and by a layer of soil. In aquatic regions, the over-
burden is overlain by two sediment layers, both of which are derived from
material deposited from the water column. The top layer is newly deposited
and kept well mixed by processes such as scouring and bioturbation. The
bottom layer is older sediment that has become compacted. The geosphere
model tracks nuclide flow from the vault to the top of the compacted sedi-
ment layer, at which point the biosphere model takes over. Accordingly,
for modelling purposes, the interface is assumed to lie between the mixed
and compacted sediment layers in aquatic regions. In terrestrial regions,
the overburden is covered by unsaturated soils. Since transport within the
overburden is treated by the geosphere model, and within the soil by the
biosphere model, the interface is assumed to lie at the water table. A
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FIGURE 4-1: Schematic Cross Section Through a Generic Geosphere/Biosphere
Interface Showing the Arrangement of Bedrock, Overburden,
Sediment Layers and Soil. The interface occurs in BIOTRAC
between compacted and mixed sediments under the lake, and
between overburden and soil in terrestrial regions.

wvell may be drilled into the geosphere (bedrock) to supply domestic water
needs, providing a direct link between the geosphere and the biosphere
(Section 3.3.1.2).

An interface model is required at these three types of contact points to
ensure that the output of the geosphere model is compatible with the input
requirements of the biosphere model, and because the biosphere model is
generic whereas the geosphere model is site-specific. The geosphere model
documented in detail by Davison et al. (1994b) is described briefly below
to provide a basis for understanding the interface model.

4.1 OVERVIEW OF THE GEOSPHERE MODEL

The geosphere model is site-specific, and accordingly would be different
for each potential disposal site. For the postclosure assessment, we have
chosen to illustrate our modelling approach through a case study using data
obtained in site characterization work at the WRA. The WRA covers about
750 km? in southeastern Manitoba (Figure 4-2), encompassing the Whiteshell
Laboratories (WL) and the Underground Research Laboratory (URL). A major
portion of the area consists of part of the Lac du Bonnet batholith, a
large granitic pluton. The WRA is almost surrounded by the Winnipeg River
system, and is drained by a series of lakes and rivers, including Boggy
Creek, the Pinava Channel, the Lee River, and Lac du Bonnet, which is
formed by a hydroelectric dam. The geology, geophysics, hydrology, hydro-
geology and geochemistry of the area have been studied and documented
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FIGURE 4-2: The Whiteshell Research Area (WRA) in Southeastern Manitoba.
The Whiteshell Laboratories (WL) and the Underground Research
Laboratory (URL) are shown as enclosures.

extensively (Betcher 1983, Davison 1984, Thorne 1986, Thorne et al. 1990,
Griffault et al. 1992, Kozak and Davison 1992).

The geosphere model for the assessment was developed in three steps
(Davison et al. 1994b, Goodwin et al. 1994):

1. A conceptual model consistent with the geological, geophysical
and hydrogeological data obtained from field investigations was
constructed for the subsurface structure and hydrogeology of the
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WRA. This model summarizes our understanding of the hydrological
units of the WRA with the help of maps, sections and other
diagrams.

2. The observed groundwater flow at the WRA, containing a hypotheti-
cal vault and domestic well, was simulated using a detailed
research model (MOTIF). MOTIF is a three-dimensional finite-
element representation of the conceptual model to describe
groundwater flov and solute transport.

3. A simplified assessment model (GEONET), suitable for Monte Carlo
simulations, was developed to reproduce the groundwater flows
predicted by MOTIF and incorporate chemical information to
calculate the transport of nuclides from the hypothetical vault
to the biosphere. GEONET is a network model consisting of one-
dimensional segments that reflect the three-dimensional structure
of the conceptual model.

The conceptual model (Davison et al. 1994b) describes the geological fea-
tures that determine the groundwater transport pathways within the geo-
sphere. The geological structure of the plutonic rock mass at the WRA is
modelled using three rock zones (upper, intermediate and lower) to reflect
the decrease in permeability and porosity of the rock mass with depth. A
series of low-dipping fracture zones (designated LDO, LD1,...) cut through
the rock mass and intersect the surface (Figure 4-3(a)). These fracture
zones connect to vertical fractures (designated VO, V1,...) that extend
from the surface into the intermediate rock zone, forming a continuous
interconnected network. The fracture zones are considered to have a uni-
form thickness of 20 m, with a permeability two to six orders of magnitude
larger than that of the rock mass. For modelling purposes, we located a
hypothetical disposal vault in the conceptual model at a depth of 500 m in
a region of the WRA that is most thoroughly characterized. The vault is
purposely positioned to approach the plane of fracture zone LD1, which
rises to the northwest to reach the surface below the open body of water,
referred to as Boggy Lake, at the end of Boggy Creek. For the postclosure
assessment, we assume that LD] extends down to the proposed vault, although
it does not actually do so (Goodwin et al. 1994). A region of sparsely
fractured rock is assumed to separate the vault and fracture zone LDl at
their nearest approach (Davison et al. 1994a, Goodwin et al. 1994). Ve
recognize that the presence of a major fracture zone close to the vault
would be undesirable. However, the use of this hypothetical placement of
the vault in the postclosure assessment case study has allowed us to
examine the different actions that would be most effective in reducing
undesirable consequences.

The conceptual model is completed by a domestic well near the shore of
Boggy Lake that draws its water from fracture zone LD1. The well is very
conservatively positioned so that it intersects the maximum amount of
groundvater flow up the fracture zone from vault depth.

This conceptual model of the WRA geosphere has been translated into a
research model, MOTIF (Guvanasen 1985, Chan and Stanchell 1990, Davison
et al. 1994b), a three-dimensional finite-element code that can simulate
the processes of groundwater flow, heat transfer and solute transport in
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FIGURE 4-3:

(a) Conceptual Model of the Subsurface Structure at the
Whiteshell Research Area and (b) Groundwater Transport Path-
wvays (Dotted Lines). In (a) the Pinawa Channel, Boggy Creek
north and Boggy Creek south discharge zones are indicated.

The Boggy Creek north discharge is located behind a knoll
separating the Pinawa Channel and Boggy Creek south discharge
zone. The vertical scale of surface features is exaggerated.
Note that the fracture zone LD]1 does not actually extend down
to the vault level. It is only assumed to do so for the post-
closure assessment.
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saturated porous or fractured media. When used to model the WRA, its upper
boundary condition is a prescribed hydraulic head distribution that
reflects the local topography. The rock mass has fairly uniform thermal,
mechanical and chemical properties, and was divided into the three rock
zones based on permeability, which is constant within each layer, but
decreases with zone depth. Although the permeabilities are relatively
large near the surface, the upper zone has properties representative of the
rock rather than of the overburden. The output of the model is the spatial
distribution and time evolution of temperature and hydraulic head in the
conceptual WRA geosphere.

MOTIF results were used to construct a simplified model of groundwater
transport for use in the assessment. This simplified model, GEONET (Davison
et al. 1994b), approximates the flow regime at the WRA by a network of one-
dimensional flow paths connected in three-dimensional space (Figure 4-3(b)).
Each pathway consists of one or more segments, and connects a sector of the
vault to a surface discharge zone. The well is represented by a single
segment in the upper part of the network. Segments can converge or diverge
to allov capture by the well and leakage from the fracture zones. Physical
and chemical properties are held constant along a segment. The topmost
segment in each pathway (apart from terrestrial areas and the well) repre-
sents a compacted sediment layer, and the next deeper segment represents an
overburden layer. Mass transport is calculated by solving a set of one-
dimensional convection-diffusion equations for radionuclide decay chains of
arbitrary lengths. Chemical sorption is taken into account using solid/
liquid partition coefficients. The outputs of the model are the flow rates
of water and nuclide mass from the geosphere to the biosphere for each
pathway.

4.2 DISCHARGE ZONES

MOTIF calculations show that regional groundwater flow through the WRA
geosphere is determined by the regional and local surface topography, and
by the characteristics of the major fracture zones (Figure 4-3(b)). Water
velocities of about 1 m.a-! occur up fracture zone LD1, which acts as a
conduit for water flow. Nuclides that reach LD1 would, therefore, be
advected relatively quickly through the geosphere. Velocities are about
four to six orders of magnitude lower elsewhere in the system, including
LDO and the vertical fracture zones, which are subject to very low hydrau-
lic gradients.

At depth, the contaminated groundwater plume would have more or less the
same cross-sectional area as the vault, the source of the nuclides. The
plume becomes progressively narrower as it nears the surface and converges
on the discharge zone. For calculation purposes in the GEONET model, the
plume has been split into three distinct parts (excluding the well), which
discharge in the vicinity of Boggy Lake (Figure 4-4). Nuclides originating
in the southeast sectors of the vault tend to diffuse through a region of
sparsely fractured rock into fracture zone LD1, where they are convected
upward. Near the surface, where the fracture passes.under Boggy Lake, the
hydraulic gradients, and the generally higher horizontal and vertical
permeability of the rock, force the plume out of the fracture and verti-
cally upward to discharge near the south shore of Boggy Lake (Boggy Creek
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FIGURE 4-4: Zones (Shaded Area) where Groundwater Contaminated with
Nuclides from the Hypothetical Vault is Predicted to Discharge
to the Biosphere at Boggy Lake in the Whiteshell Research
Area. The location of the well reflects its conservative
placement in the potentially most contaminated area.

south discharge zone). Significant lateral dispersion is expected to occur
in these near-surface layers, and the wvater velocities are reduced.

Because nuclides following this pathway move relatively short distances
through sparsely fractured rock, travel times through the geosphere can be
expected to be short, of the order of thousands to tens of thousands of
years (Chan and Stanchell 1990). Travel time depends strongly on the
thickness of the region of sparsely fractured rock (Goodwin et al. 1994).
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Transfer in the remaining two plume pathways is slower because of the
greater distance nuclides must be transported through sparsely fractured
rock. One pathway discharges into the north corner of Boggy Lake (Boggy
Creek north discharge zone), and the other discharges into the Pinawa
Channel (Pinawa Channel discharge zone). Although the overall length of
these pathways is about the same as that of the Boggy Creek south pathway,
travel times are much longer, typically millions of years.

Although MOTIF predicts that pathways from the vault discharge to aquatic
areas only, it is possible that some pathways could discharge at a terres-
trial location and come into contact with the bottom of the unsaturated
soil zone. For example, relatively impervious clay layers in the over-
burden could channel the groundwater flow laterally under terrestrial zones
near the margins of Boggy Lake. The detection of helium in the sediments
and soils near the southeast shore of Boggy Lake suggests that some deep
groundwater does discharge to this area (Gascoyne and Wuschke 1990,
Stephenson et al. 1992), although the helium has not necessarily been
transported via any of the plume pathways, or originated in the vicinity of
the hypothetical vault location. Regardless, and to be conservative, we
assume that a small portion of each of the three discharge zones underlies
a terrestrial area that is suitable for farming or is available to terres-
trial wild plants and animals. The soils of these areas may therefore
become contaminated by nuclides moving upward from the water table through
the soil profile.

A domestic well drilled into the contaminant plume represents another point
of nuclide discharge. In order to access sufficient water to meet domestic
demands, and to be consistent with the critical group concept, a bedrock
well must end in a potentially contaminated fracture zone. The location of
surface water bodies and the geometry of the fracture zones at the WRA
dictate that a bedrock well must be drilled into LDl in order to penetrate
the nuclide plume (Figures 4-3 and 4-4). A well intersecting LD1 would
modify the subsurface flow patterns, accelerate the rate of flow up the
fracture between the vault and the well, and siphon off some nuclides from
the Boggy Creek south discharge zone. Well demand and well depth can
reduce the area of related discharge zones (Davison et al. 1994b). On the
other hand, an overburden well is supplied mostly by water drawn in from
near-surface layers, and would have little effect on groundwater flow or
discharge patterns. To intersect the plume, the well must be located on
the southeast side of Boggy Lake within a few hundred metres of the shore-
line. Ve use the most conservative location of the well, which places it
within the present boundary of Boggy Lake (Figure 4-4). Lake drainage or
other changes could make this area suitable for human occupation and farm-
ing at some future time.

The MOTIF code predicts the area of each groundwater discharge zone, as
well as its location (Davison et al. 1994b). In the absence of a well, the
area of the Boggy Creek south discharge zone is about 2.9 x 10° m2. This
area decreases as the well depth and well demand increase, and groundwater
that would have discharged into Boggy Lake is drawn up the well. The areas
of the Boggy Creek north and Pinawa Channel discharge zones are predicted
to be about 7.5 x 10* m? and 1.9 x 10° m? respectively. These areas are
independent of the well because they are not directly connected to fracture
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zone LD1, the source of water for the well. The area of arable terrestrial
discharge associated with each discharge zone is assumed to be given by

App = 8-Ap, (4.1)
vhere Arp is the area of arable terrestrial discharge (m?),

Ay, 1is the total area of the discharge zone (m?), and

5 is the terrestrial fraction of the total area of the dis-

charge zone (unitless).

A, and Ay, apply to each of the three discharge zones separately, and § is
treated as a probabilistic parameter sampled once during each BIOTRAC simu-
lation (Section 4.5.1).

4.3 MATCHING THE GENERIC BIOSPHERE TO THE SITE-SPECIFIC GEOSPHERE

In SYVAC3, the predictions of the site-specific geosphere model drive the
generic biosphere model. For the most part, this is accomplished smoothly,
since the assumptions made and the parameter values adopted in one model
have no direct effect on the other model. In the case of hydrology, how-
ever, the biosphere and geosphere are closely coupled, and assumptions need
to be consistent between the models. The potential for inconsistency is
particularly high where the models hold parameters in common. Where such
parameters appear in the geosphere model, they take on values that describe
conditions as they presently exist at the WRA. Where they appear in the
biosphere model, they are distributed to account for the variety of condi-
tions that could occur over the course of time at a generic Canadian Shield
location. This creates the possibility that the same parameter could be
assigned different values in different parts of the system model. Here we
discuss how the generic biosphere model is linked to the site-specific
geosphere model in a consistent manner.

The movement of nuclides in the geosphere is controlled by the groundwater
flow regime, which is driven by the hydraulic head distribution. The
hydraulic head boundary conditions used in the geosphere model reflect the
current hydrological conditions at the WRA. They are controlled by the
ground surface topography, the elevations of local water bodies, the amount
of water infiltrating the soil and the rock, and regional groundwater flow
components. Assumptions made in BIOTRAC concerning any of these parameters
must be consistent with the values implicit in the geosphere model.

Catchment area is one of the parameters of the surface water model
(Section 5.5.1). A change in catchment area implies a change in the loca-
tion of local heights of land and an associated change in hydraulic head
distribution. Therefore, to maintain consistency with the boundary condi-
tions used in the geosphere model, the catchment area used in BIOTRAC has
been fixed at 1.06 x 108 m2, the area of the Boggy Creek watershed.

Water body elevations do not appear explicitly in BIOTRAC, but are implicit
in the values adopted for the depth and area of the lake. Lake depth and
area are distributed parameters in BIOTRAC (Sections 5.5.2 and 5.5.3).
Consistency with the geosphere model is maintained by assuming that changes
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in lake dimensions take place without affecting lake elevation signifi-
cantly. Shallower or deeper lakes can be readily achieved through changes
in the elevation of the lake bottom rather than the lake surface

(Figure 4-5(a)). Similarly, smaller lakes are possible with only minor
decreases in surface elevation because the existing lake is quite shallow
(Figure 4-5(b)). On the other hand, larger lakes cannot be achieved with-
out significant increases in elevation because of the relatively steep
topography of the surrounding land (Figure 4-5(c)). Accordingly, lake area
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(b) Small Decreases in Lake Surface Elevation (dashed line)
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FIGURE 4-5: Effects of Elevation Changes on the Lake. The present profiles
are shown by solid lines. Vertical scale is exaggerated.
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in BIOTRAC is distributed, but is truncated to 80 ha at its upper end
because that is the approximate present area of Boggy Lake.

Because the discharge zone areas calculated by MOTIF assume a lake area
equal to the present area of Boggy Lake, the calculated discharge areas may
exceed the sampled lake area in some simulations. 1In these cases, part of
the excess is interpreted as the arable land associated with terrestrial
discharge (Section 4.2). Any remaining excess area is assumed to consist
of wetland on the margins of the lake. Nuclides discharging to this wet-
land are assumed to contribute to the contaminant load in the lake proper,
but otherwise are not accessed by the critical group and other organisms.
Vetlands on the Canadian Shield tend to take the form of peat bogs, which
are not heavily used by humans. WVater from a bog would likely be consi-
dered unsuitable for drinking, swimming, irrigation or watering livestock.
Moreover, bogs support little aquatic life that the critical group could
directly include in its diet, although bogs are ecologically important for
a variety of plant and animal species.

Wetlands may be drained for agricultural use, in which case the concentra-
tion in the residue would be similar to that in lake sediments, which we
model explicitly. Wetlands may also be used as a source of peat for home
heating. In BIOTRAC, however, we assume that peat is available from
organic soils, which have a similar nuclide concentration in their lower
layers as the organic material in a wetland. The exposure pathways unique
to wetland discharge, which may occur when the discharge area exceeds the
sampled lake area, are therefore implicitly incorporated into the model.

Changes in lake area may affect the location of the groundwater discharge
zones if they are accompanied by a change in elevation of the lake surface.
As noted in Section 4.2, the contaminant plume in fracture LDl escapes the
fracture and moves vertically upward at the point where the fracture passes
under Boggy Lake. As the lake area decreases, this point will occur closer
to the surface (Figure 4-6), and the plume will continue farther up the
fracture before breaking away. The physical location of the Boggy Creek
south discharge zone (Figure 4-4) would likely change, but its position
relative to the shoreline would remain more or less the same. The loca-
tions of the other two discharge zones are likely to be unaffected because
one occurs near the central channel of Boggy Lake and the other occurs
outside of Boggy Lake altogether.

Hydraulic head distributions in the geosphere beneath soil-covered areas
are determined to a limited extent by the amount of water infiltrating
downward through the soil to the water table. Infiltration through soil-
covered areas depends on water balance parameters (precipitation, runoff
and evapotranspiration), soil type and soil depth, but the dependence is
weak. Changes in precipitation, for example, would largely be counter
balanced by runoff or evapotranspiration, and leave infiltration relatively
unaffected. Furthermore, a uniform change in infiltration across a water-
shed would produce a uniform change in the elevation of the water table,
but no change in hydraulic gradients. Accordingly, values for the infil-
tration parameters used in BIOTRAC may differ from those at the WRA without
significantly affecting the hydraulic boundary conditions of the geosphere
model. Values for soil type (Section 6.5.1.1), soil depth (Section 6.5.1.2)
and the water balance parameters (Section 9.1.3) are therefore fully dis-
tributed in BIOTRAC.



- 72 -

EIS 9-4.6

(a)

Boggy Lake

Boggy Creek
South Discharge

(b)

Boggy Lake
Boggy Creek
South Discharge

0 50 100
 mmm—————
m

FIGURE 4-6: Effect of Lake Area on Discharge Location. (a) Present con-
figuration of Boggy Lake in the Whiteshell Research Area.
(b) Hypothetical discharge for a lake of smaller area.
Vertical scale is exaggerated ten times.

For a well to intersect the contaminant plume, it must be located on the
southeast side of Boggy Lake within a few hundred metres of the shoreline
(Section 4.2). Although this position is dictated by the features of the
WRA site, it presents no restrictions when viewed from a generic perspec-
tive. Fracture zone LDl can supply up to 6 x 104 m3 of water per year,
vhich is more than enough to satisfy all the needs of the household making
up the critical group at any given time (Section 9.1.1.4). The fracture
geometry at the WRA does, however, place a constraint on well depth. WVells
drilled to intersect LD1 at depths greater than 200 m would first encounter
LD2 (Figure 4-3). Since LD2 is a reliable source of water, in practice
drilling would stop there. Accordingly, wells in the model are restricted
to depths less than 200 m. This constraint eliminates very few wells
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(Davison et al. 1994b); deeper wells are rarely drilled because of their
cost and the high mineral content of their water.

The generic interpretation of the discharge watershed used in BIOTRAC is
shown in Figure 4-7. The watershed has the same area, shape and topography
as the Boggy Creek watershed at the WRA to ensure consistency with the
surface topography and hydrology of the geosphere model. It contains a
lake of variable depth, and variable area less than 80 ha. Any nuclides
that escape the geosphere discharge into this water body. All the dis-
charge zones have an associated area of terrestrial discharge. When a well
is present, it has a depth less than 200 m and is positioned so that it
intersects the contaminated groundwater plume. The watershed is completely
generic in all other respects.
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FIGURE 4-7: Generic Interpretation of the Boggy Creek Watershed
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4.4 THE _INTERFACE MODEL

As noted in Section 2.5.4, daughters in secular equilibrium and with half-
lives greater than one day are separated from their precursors as they exit
the geosphere, and are treated individually in the biosphere thereafter.
Mass flow rates, x* (mol.a-!), out of the geosphere for such secular-
equilibrium daughters are calculated from (Davison et al. 1994b)

x3 = xP.(A\P/24).(REP/RE?) (4.2)

vhere x? (mol.-a-!) is the mass flow rate of the precursor, AP and X4 (a-!)
are the radioactive decay constants of the precursor and daughter, and REP
and REY (unitless) are the corresponding retardation factors for the GEONET
segment interfacing with the biosphere. If REP/RE4 = 1, the activity in
the flow of the daughter equals the activity in the flow of the precursor.
Where the sorptive behaviour of the precursor and daughter differ, the
activities will not be equal. For example, if the precursor is more
strongly bound than the daughter, the activity of the daughter in the aque-
ous phase will exceced that of the precursor, and x? will be greater than xP.

Models are required for the interfaces between the geosphere and sediment,
surface water, soil and well. These models are discussed in turn below.

4.4.1 Geosphere/Sediment Interface

Sediment concentrations are required because sediments may serve as the
substrate on which crops and other plant communities are growing (Section
3.3.2.1). Nuclides in the shallow, mixed sediment layer are assumed to
come entirely from the water column. Concentrations in this layer are
calculated using the mass balance approach described in Section 5.3.2.
Concentrations in the compacted-sediment layer outside the zone of ground-
wvater discharge are assumed to be the same as the mixed-sediment concentra-
tions. Nuclides in the compacted layer within the region of groundwater
discharge are assumed to arise entirely through sorption from upward-moving
groundvater. Concentrations in this layer are calculated using the methods
described below. Since compacted sediments are simply mixed sediments that
have been buried, the compacted-sediment layer will contain some nuclides
that originated in the mixed sediments. However, we do not consider this
contribution in calculating the compacted-sediment concentration since in
most cases it is expected to be very much less than the contribution from
sorption from the upward-moving groundwater. A depth-weighted average of
the concentrations in the two layers is taken to give an effective sediment
concentration in the top 30 cm, which is assumed to be the depth of the
root zone for terrestrial plants (Section 6.1). Concentrations at greater
depths are not calculated because we assume that sediments below 30 cm are
no longer accessed by the critical group and other biota.

Compacted-sediment concentrations for nuclide i are calculated for each of
the three discharge zones in the following way. Pore-wvater concentrations,
ng (mol.m-?® water), at the top of the compacted-sediment layer are first
computed from

Ci,(t) = xi, (t)/Fuy, . (4.3)
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Here xi,(t) is the time-dependent mass flow (mol-a-!) of nuclide i out of
the compacted sediment layer and Fw,;, is the volumetric flow of water

(m® wvater.a-!) out of that layer. Both xi, and Fw,, are GEONET outputs for
each of the three discharge zones separately, as described in Davison

et al. (1994b).

In Equation (4.3), we assume that the nuclide flow out of the geosphere is
advection-dominated. This is likely to be the case only over relatively
restricted areas of the total discharge zone, Ap,, where groundvater velo-
cities are high. In the remaining areas, the flow is diffusion-dominated
and Equation (4.3) overestimates the pore-water concentrations. However,
ve assume conservatively that the flow is everywhere advection-dominated,
and use Equation (4.3) to calculate pore-water concentrations over the
entire discharge zone.

Nuclides will be present on the solid phase of the compacted sediments as
wvell as in the liquid phase. We model the sorption process using the sedi-
ment solid/liquid partition coefficient, Kdi,, defined as the ratio of
nuclide concentration on compacted sediment solids to that in the pore
water. The use of partition coefficients implies that sorption is a rever-
sible process, and that an equilibrium between solid and liquid phases is
reached instantaneously. From the definition of the partition coefficient,

Céol = chils'cgu (4.4)

where i,; 1is the concentration of nuclide i on sediment solids
(mol.kg-! dry sediment), and
Kdj is the compacted sediment solid/liquid partition coeffi-

8
cient (m? water.kg-! dry sediment) for nuclide i.

The total nuclide mass Mi (mol) in a compacted sediment layer of depth
Z (m) and area Ay, (m?) is given by the sum of the masses in the solid and
liquid phases:

M'il‘ = (pds'cgj).w + pds'ciol) 'ADZ'Z (4.5)

vhich, when combined with Equation (4.4), becomes

H%' = (pds + Pas 'Kdés)'ADz'z'pr . (4.6)

Here, py, is the porosity of the compacted sediments (unitless), and p4, is
their bulk density (kg dry sediment.m-3 sediment). The total compacted-
sediment concentration, Ci, (mol.kg-! dry sediment), reflecting the contri-
butions from both solid and liquid phases, is given by

i My

as = ;::TZ;;TE = (Pas/Pas + Kd;.)-cév . (4.7)

Concentrations are calculated in this way for each of the three aquatic
discharge locations, using the appropriate water flow rates and nuclide



- 76 -

fluxes. The way in which sediment concentrafions are used in BIOTRAC is
discussed in Section 6.3.7.3.

The compacted-sediment concentration calculated using Equation (4.7) is an
average over the area of discharge. In reality, the concentrations would
vary substantially in space because groundvater flows to a given discharge
zone are rarely uniform. However, to be used for farming, the sediments
would have to be spread over a few hectares, which is the area needed to
grov the crops to support a family and their livestock (Section 9.1.1.3).
Average concentrations may then be appropriate to describe the mixing that
wvould occur if the sediments vere dredged, or the random positioning of the
agricultural fields on exposed but undisturbed sediment.

Equation (4.7) provides sediment concentrations at the top of the compacted
sediment layer. This concentration will be lower than at any other depth
in the layer, because nuclides are lost through radioactive decay and sorp-
tion processes as the plume moves upward through the geosphere. Ci, will
therefore underestimate the average concentration over the top 30 cm or so
of compacted sediment. The underestimate will be largest for radionuclides
vith short half-lives or high Kdj, values. But in no case will the under-
estimate be significant because the 30-cm depth is very small compared with
the total travel distance through the geosphere.

4.4.2 Geosphere/Surface Water Interface

The input to the surface water model (Section 5.3) is the mass flow rate of
nuclides discharging from the geosphere, xi (mol.a-!), which is the sum of
nuclides discharging from the compacted sediments, xj, (mol.a-!), and the
nuclides discharged via the well, xi (mol.a-1). Here we assume that
nuclides pass through the mixed sediments without losses from sorption.
Since xi, is one of the outputs of GEONET, no special interface model is
required for groundwater discharge to the lake. The surface water model is
driven by the total nuclide flow, including the flow through the well and
through the three discharge zones (Section 5.2). Although some nuclides
emerge into the Pinawa Channel and may bypass Boggy Lake (Figure 4-4), wve
make the conservative assumption that they all contribute to the nuclide
load in Boggy Lake. We also assume that nuclides discharged via the well
are simultaneously discharged to the lake. In this way, we implicitly
account for runoff and erosion losses of nuclides initially deposited on
soil with irrigation water, and for discharge of domestic water into the
lake (Section 5.2).

4.4.3 Geosphere/Soil Interface

In each simulation, we assume that a terrestrial area is associated with
each aquatic area of the three discharge zones, and that discharge to both
types of areas occurs simultaneously. The soil model is driven by the
nuclide concentration in the water that contacts the soil (Section 6.3.1.2).
In the case of an underground source, the input to the model is the pore-
water concentration in the bottom or fourth soil layer (Section 6.1). The
input is obtained for nuclide i at a given discharge zone through the use of
a mass balance equation for the bottom soil layer:
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i s : s : : :
955{51 = xi, () + AP-1.Mi-1(t) - Pw,p.Ci (t) - Xi.Mi(t) (4.8)
where Mi(t) is the mass (mol) of nuclide i1 in the bottom soil layer

at time t (a),

Mi-1(t) is the mass of the precursor to nuclide i in the bottom
soil layer (mol),

xi,(t) 1is the mass flov rate of nuclide i out of the overburden
(mol.a-1),

Fv,, is the volumetric flow of water out of the overburden
(m? water.a-1l),

ng(t) is the pore-water concentration in the bottom soil layer
(mol.m-3 water), and

ai is the radioactive decay constant of nuclide i (a-!).

Equation (4.8) states that the amount of nuclide in the bottom soil layer
changes with time in response to the amount that enters the layer and the
amount lost from it. The input term xi, (t) is an output of the geosphere
model (Davison et al. 1994b). The second term on the right is also a
source term that describes the ingrowth of nuclide i as a result of the
radioactive decay of its precursor. Since radionuclide chains are treated
member by member (Section 2.6), a value for Mi-1(t) is available from pre-
vious calculations. This term would not appear in the equation if nuclide
i headed a chain, or if it were the only member of a chain. The last two
terms in Equation (4.8) describe the loss of nuclides from the layer by
advection and radiological decay respectively. We assume that the water
content of the layer remains constant so that the rate of advection loss is
controlled by the rate of water flow into the layer, Fw,,, which is also
available as a geosphere output. In writing Equation (4.8), we assume
uniform, instantaneous mixing of nuclides in the bottom layer.

The relationship between nuclide mass in the layer and pore-water concen-
tration depends upon the sorptive behaviour of the nuclide. We model the
sorption process in soil in the same way as in compacted sediments using
solid/liquid partition coefficients. For an unsaturated medium, the total
mass in the layer is given by

Mi = (6 + p,-Kd})-Ap,-2,.CL, (4.9)

where /] is the volumetric water content of the soil
(m3® vater-m-3 soil),

o, is the bulk density of the so0il (kg dry soil.m-3 soil),

Kd* is the soil solid/liquid partition coefficient for nuclide i
(m3 water.-kg-1 dry soil),
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A;, 1is the area of the bottom soil layer subject to contamina-
tion (m?), and

z, is the depth of the bottom or fourth soil layer (m).

Combining Equations (4.8) and (4.9), we obtain

dCi, (t)  xip(t) Ai-l.yi-l.ci-i(r) _ Fw,, .
dt = + ) - G () |— + »J (4.10)
‘Y .VTD 'Yl ‘YlovTD
vhere ¥l =8 + p,-Kdi (4.11)
and Vop = App-Z4 (4.12)

which is the volume (m3 soil) of the bottom soil layer subject to terres-
trial discharge. Note that y! is a derived quantity. Equation (4.10) is
subject to the initial condition Ci, (0) = 0. Using the theory developed in
Section (2.6), we deduce that the impulse response function for the bottom
or fourth soil layer is

Fv,
RF{(t) = exp|-[— + ki]-t (4.13)
v Vop

and that the time-dependent pore-water concentration is

, Xsp(t')  Ai-loyi-l.Ciil(t’)
Cu(t) = _ + :
o L7 Vgp 7

li‘Wob
-expj- + Ao (t - t*)]| 4t
7i 'VTD

Equation (4.14) provides the pore-water concentrations required to drive
the soil model for groundwater contamination. Pore-water concentrations
are calculated for each of the three discharge zones separately, using the
appropriate flow rates.

(4.14)

The concentration calculated in Equation (4.14) is based on the average
nuclide flux over the entire discharge zone, A,,. As such, it will pro-
bably overestimate the concentration at the edge of the zone. Since this
is wvhere terrestrial discharge is most likely to occur, this approach
ylelds a conservative result.

In deriving Equation (4.14), we assumed that the only water available for
diluting the emerging nuclides is the water moving vertically upwards from
the geosphere through the overburden. In fact, water draining downward
through the soil profile or moving laterally as subsurface runoff may
enhance the dilution. It is difficult to define volumes for these flows in
a generic biosphere. Since they are expected to be small compared with
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Fv,,, they have been ignored in calculating C},. Groundvater nuclide con-
centrations will therefore be overestimated and the resulting soil nuclide
concentrations will be conservatively high.

Equation (4.14) can be greatly simplified if the nuclide flow xi, (t) can be
considered constant and if nuclide i has no precursor. Under these
conditions the equation becomes

Xab Fv,p )
Ci,(t) = exp|-[— + A [.(t - tr)] de’ (4.15)
7 Vop Jo 7' Vop

which can be integrated directly to give

. ng Fwob X
Ciu(t) = — ‘11 - exp|-|— + At . (4.16)
Fw,, + Ateyt.V,, T Vop

For sufficiently large values of t (~ 2 x 104 a for typical values of Fw,,,
vt and V,,), the exponential term in Equation (4.16) becomes small compared
with unity, and the steady-state pore-water concentration is given by

) Xip
C;w = : : . (4.17)
Fw,p + Aleyr.Vo, ‘

Equation (4.17) provides a very simple, easily interpreted expression for
the steady-state pore-water concentration in the bottom soil layer when

xi, can be considered time-independent. Although the time to steady state
is long relative to the assessment period of 10 000 a (AECB 1987),

Equation (4.17) supplies an analytical solution that can be used to verify
the numerical integration of Equation (4.14), which is the expression actu-
ally used in the model to calculate Ci,.

4.4.4 Geosphere/Vell Interface

Domestic water supply wells are usually drilled only as deep as necessary
to provide the amount and quality of water needed. If an overburden aqui-
fer can meet the requirements, the well will not penetrate the bedrock. 1If
there is insufficient quantity or quality of water in the overburden, the
well may be extended into the bedrock until an adequate water supply is
encountered. In practice, this means that wells in bedrock normally end in
a fracture zone.

This practice is reflected in our well depth distribution, which is based
on the depth, D, (m), of wells on the Shield (Davison et al. 1994b). D, is
distributed lognormally with a GM of 37.2 m and a GSD of 2.2, and is trun-
cated at a maximum depth of 200 m (Section 4.3). If a well is chosen as
the water source for the critical group (Section 9.1.2), we determine its
type by comparing the sampled value of D, with the overburden depth, D,
(m), at the Boggy Creek south discharge zone calculated from distributed
parameters in the geosphere model (Davison et al. 1994b). If D, < D, , we
assume the well is an overburden well; if D, > D,,, we assume a bedrock
well.
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We have no explicit model to predict nuclide concentrations that might
occur in water from an overburden well. Since overburden wells are sup-
plied mostly by groundwater drawn from near-surface aquifers, we assume in
this case that nuclide concentration in well water equals the concentration
predicted for the lake (Section 5.3.1). On the other hand, concentrations
in vater from a bedrock well depend on the details of groundwater and con-
taminant transport in the geosphere.

This well water nuclide concentration, Ci, (mol-m-3 water), is calculated
in BIOTRAC with the help of input from GEONET, which incorporates a
detailed well model. The concentration is given by

Ci, = (X + Ci-V,3)/V, (4.18)

vhere xi is the mass flow rate of nuclide i out of the geosphere
into the well (mol-.a-!),

ci is the nuclide concentration in the lake water
(mol.m-3 water),

V,a is the volume of water from the lake drawn into the bedrock
vell (m? water.a-l), and

v, is the well demand (m?® water.a-!).

Here xi and V,, are provided by GEONET (Davison et al. 1994b), Ci is cal-
culated by the surface water model (Section 5.3.1) and W, is calculated by
BIOTRAC, as shown in Section 9.1.2. Note that V,, is set to zero if VW, is
less than a critical demand value, Q.,,, established by GEONET.

In the bedrock well model we assume that nuclides discharged from the geo-
sphere, xi, are diluted by surface water. Potentially contaminated surface
vater may be drawn from the lake into the well, depending on the well
demand, W,. Thus, W, is passed from BIOTRAC to GEONET to allow the calcu-
lation of V;,. Nuclides are always assumed to be distributed uniformly in
the vater drawn from the well. GEONET establishes a maximum well capacity,
Q.,p» Which is used in BIOTRAC to establish the water sources

(Section 9.1.2).

4.5 INTERFACE PARAMETERS

The parameters required in the interface models appear in Equations (4.1)
to (4.18). GEONET calculates the nuclide and groundwater flows out of the
geosphere, and the size of the discharge zones, and so these flows and
discharge zones are not discussed further here. However, we have listed
the names and symbols of the BIOTRAC parameters supplied by the geosphere
model in Table 4-1 together with the corresponding parameter symbols from
that model. Most of the properties of the compacted-sediment layer
(retardation factors, porosity and solid/liquid partition coefficients) are
reported by Bird et al. (1992) and summarized by Davison et al. (1994b),
who also discusses the well depth and the volume of lake water drawn into
the well. Section 9.1 documents the remaining well parameters, including
demand and the probability of a well as the water source. Soil properties
(vater content, density, solid/ liquid partition coefficients and depth)
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TABLE 4-1

GEOSPHERE/BIOSPHERE INTERFACE PARAMETER NAMES AND SYMBOLS FOR BIOTRAC
AND THE CORRESPONDING SYMBOLS FOR THE GEOSPHERE MODEL

Biosphere Geosphere

Interface Parameters Symbols Symbols
Retardation factor of parent REP R,
Retardation factor of daughter REd R,
Vell capacity (m® water.a-1l) Q.p Q.ap
Critical well demand (m3 wvater.a-1) Q... 4 F
Vell demand (m? water.a-!) v, Qien
Flow of nuclide i into well (mol.a-1) xXi 04
Surface water flow into well (m® water.a-!) Via Qeur
Flow of nuclide i out of comp. sediment (mol.a-1) Xi. 04
Vater flow out of comp. sediment (m?® water.a-1) Fw,, Qaie
Comp. sediment porosity (unitless) Ps. 0
Comp. sediment partition coefficient (m3.kg-1) Kdi, ky
Flow of nuclide i from comp. sediment (mol.a 1) xi Oq
Flov of nuclide i out of overburden (mol.a-1!) xi, 04
Vater flow out of overburden (m* water.a-1!) Fv,, Quis
Total area of discharge zone (m?) Ay, A,

Note: In the geosphere model, all the nuclide flows are designated by 0y -
Furthermore, Q4;. is equal to both Fws, and Fw,, in the biosphere
model because no water is gained or lost in the compacted sediment.

are discussed in Section 6.5. The only remaining parameters of the inter-
face models are the fraction of the discharge zone underlying an arable
terrestrial zone, §, and compacted-sediment bulk density, py,, which are
documented in the next sections.

4.5.1 Fraction of Discharge Zone Underlying an Arable Terrestrial Area, §
(unitless)

This parameter is used in Equation (4.1). There is little information
available to define a generic value of the fraction of the discharge zone
that underlies arable unsaturated soils. We assume that § is uniformly
distributed between 0.01 and 0.1, and that terrestrial discharge is associ-
ated with each of the three discharge zones in each model simulation.

These assumptions likely overestimate the true frequency of occurrence of
terrestrial discharge, but this means that terrestrial pathways, which are
important in dose predictions, can be more fully considered.
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4.5.2 Compacted-Sediment Bulk Density, p,,
(kg dry sediment.m-3 sediment)

The bulk density of organic sediments varies little from lake to lake, and
is not expected to change significantly over time. We have therefore
adopted a fixed value of 1.25 x 10? kg dry sediment.m-3 sediment for pg,.
This value is based on a particle density of 2.5 x 103 kg .m-3 sediment
(Evans J.E. et al. 1981, Durham and Joshi 1984), and a sediment porosity of
0.95 (El-Daoushy and Johansson 1983, Durham and Joshi 1984). Our p,, value
is relatively small, but this is conservative because sorption is reduced
in compacted sediment and the input of nuclides to the lake is enhanced
(Sections 4.4.2 and 5.3.1).

4.6 DISCUSSION AND ASSUMPTIONS

Our geosphere/biosphere interface models involve two closely related
aspects: water flow and nuclide discharge (Figures 4-8 and 4-9). The water
flows are used to calculate the concentrations of nuclides from the mass
flows out of the geosphere. In Figure 4-8, we not only show the water
flows associated with the geosphere/biosphere interface, but also those
related to water usage because these flows are not independent (Section
4.4.4)., Ve also indicate runoff, which is not modelled explicitly in
BIOTRAC, but is assumed to occur instantaneously. This is why all the
nuclides are allowed to discharge to the lake, unless they are sorbed on
the way there (Figure 4-9). Thus, nuclides discharging to the well and
soil can be thought of as being temporarily diverted from the lake.

Limited data are available on the discharge to the biosphere from deep
groundvater flow systems. Few discharge zones have been identified or
studied, and little quantitative information is available on their physical
or chemical characteristics, or on discharge rates. However, methods have
recently been developed for locating deep groundwater discharge zones (Lee
1985, Lee et al. 1991, Stephenson et al. 1992), and contaminant release
through simulated zones is being studied in the laboratory.

With the limited observational data, we cannot demonstrate that our inter-
face models are exact representations of the processes in question. Some of
the assumptions that we have made are known to be approximations. For exam-
ple, we do not explicitly model potential effects on nuclide behaviour and
transport resulting from changes in redox conditions at the geosphere/
biosphere interface. Nuclides released from the vault may pass from anaero-
bic geosphere to aerobic biosphere conditions as they reach the surface
environment. This could lead to chemical precipitation and nuclide accumu-
lation at the interface. Chemical precipitation is implicitly accounted

for by the compacted-sediment solid/liquid partition coefficients, Kdji,,
used in the geosphere model (Section 4.4.1). The coefficients measure the
bulk partitioning of nuclides between soluble and solid phases, regardless
of the mechanism leading to that partitioning. Thus, Kdi, values impli-
citly include the processes of sorption and precipitation.

The most important radionuclides in the postclosure assessment are 14C,
1297 and ?9Tc (Goodwin et al. 1994). None of them are expected to be sub-
ject to chemical precipitation. This is particularly true for 12°I and
99Tc. Iodine will be present as reduced iodide (I-) in the geosphere
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FIGURE 4-8: Schematic Representation of Water Flows in the Biosphere Model
and the Geosphere/Biosphere Interface. Water discharges from
the geosphere to the lake through overburden and compacted and
mixed sediments at three discharge zones (Figure 4-4). Vater
discharging to soil passes through overburden only. Water
also passes into the bedrock well from the geosphere. Depend-
ing on demand, the well may draw in surface water directly
from the lake. Domestic and irrigation needs may be satisfied
by lake or well water. Surface and subsurface runoff is not
modelled explicitly and is assumed to occur instantaneously,
returning all the water used by the critical group to the
lake. Closed arrows indicate explicit consideration, and open
arrows indicate implicit consideration in BIOTRAC.

(Section 8.5.9.5). This form is relatively stable in the biosphere, and
oxidation to iodate (I0;) is slow; moreover, I0; is only weakly retarded by
geological and sedimentary materials. Technetium is strongly retarded in
reduced geological or sedimentary environments, and this is reflected in
our Kdi, value. The most stable oxidized species of technetium is pertech-
netate (TcO;), which is highly soluble and unlikely to form precipitates.
Carbon-14 is likely to be present as bicarbonate (HCO;) (Section 8.5.10.4).
Canadian Shield lake sediments generally contain few carbonate minerals
because of the generally low dissolved inorganic carbon concentrations in
the water. Thus, 14C is unlikely to form precipitates at the geosphere/
biosphere interface, although the inclusion of 14C in trace calcium-
carbonate or iron-carbonate mineralization at the interface cannot be ruled
out. Some nuclides considered in the postclosure assessment (Table 1-1)
may have the potential to form precipitates, but appreciable accumulations
would be unlikely because these nuclides would reach the upper geosphere in
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FIGURE 4-9: Schematic Representation of Geosphere/Biosphere Interface
Showing Nuclide Discharges. Discharge to the well, xi, also
goes to the lake. Discharge to soil, xi, is also included in
the discharge to lake, xi,. The combined discharge to the
lake, xi, includes well, soil and lake components for all
three discharge zones shown in Figure 4-4. For concept
assessment, only discharge from the Boggy Creek south zone is
important. Closed arrows indicate explicit consideration, and
open arrovws indicate implicit consideration in BIOTRAC.

trace quantities only (Goodwin et al. 1994). For these reasons, our treat-
ment of sorption and chemical precipitation at the geosphere/biosphere
interface would likely not lead to underestimation of nuclide concentra-
tions and doses in the biosphere.

Our model is not entirely conservative. The catchment area used lies
tovard the high end of the distribution of Canadian Shield catchments so
that nuclides discharging to the lake are diluted by relatively large
volumes of water. The calculated compacted-sediment concentrations apply
to the top of the layer and underestimate the concentration at deeper
points in the layer. Wells deeper than 200 m are not considered. However,
all these assumptions are reasonable and, according to our own evaluations,
will result in only small underestimates of environmental concentrations
and doses.

On the other hand, many conservative assumptions have been built into the
model to offset potential underestimations and uncertainties. We assume
that sediments can be used for agricultural purposes. All nuclides dis-
charging from the geosphere are assumed to enter a single lake. Part of
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each discharge zone is assumed to underlie a terrestrial area, thus con-
taminating the agricultural fields of the critical group and areas inhab-
ited by terrestrial biota. When wells are used, they are located in a
manner to intersect the maximum amount of nuclide that might be released
from the vault. The consequences are overestimated in each computer simu-
lation because of these assumptions.

On balance, we believe that our conservative assumptions more than compen-
sate for any underestimates that could arise in the application of the
interface models. Ve conclude that, given the conceptual model of the WRA
geosphere and the predictions of GEONET, our models provide a reasonable
description of nuclide behaviour at the interface, and result in an over-
estimate of environmental concentrations and doses to humans and other
biota.

5. THE_SURFACE WATER SUBMODEL

5.1 THE SURFACE WATER COMPARTMENT

Groundwvater flow along fracture zones in plutonic rock typically reaches
the earth's surface at topographic lows, which ordinarily are occupied by
surface water bodies. A water body would therefore be the primary recipi-
ent of nuclides that have migrated through the geosphere from an under-
ground disposal facility (Chapter 4). The subsequent behaviour of the
nuclides in the water body will play a major role in determining the impact
of the release on humans and the environment. The model developed to treat
the surface vater pathways for the postclosure assessment is summarized in
this chapter. The information was extracted from the surface water sub-
model report (Bird et al. 1992), which contains additional details. The
model and all its parameter values have also been published in the open
literature (Bird et al. 1993).

In general, the discharge water body could be a lake, a river or a perma-
nent wetland. Por our assessment, we have chosen to model a lake. For a
given drainage basin, concentrations of nuclides in water would be similar
in both a river and a lake since the same volume of water would flow
through each. Ve selected a lake because nuclides would be retained in
lake sediments to a much greater degree than in river sediments, which are
subject to scour, resuspension and downstream transport. A lake is the
conservative choice because sediments may be used for agricultural purposes
(Section 6.3.7.3). Similarly, a lake will likely result in higher doses
than a permanent wetland because the number of potential exposure pathways
is much higher for a lake (Section 4.3). Some of the exposure pathways
unique to permanent wetlands (draining and peat use) are incorporated in
BIOTRAC, and so our model includes such wetlands implicitly.

Because human population or collective dose estimates are not required for
concept assessment, the surface water model can focus on the discharge lake
alone. There is no need to consider the drainage system of which the lake
is a part. The nuclides flushed to downstream lakes and rivers will be

diluted by additional surface runoff. Individuals living downstream of the



- 86 -

discharge lake will receive much lower doses than members of the critical
group. This is also true for non-human organisms.

The lake considered in the surface water model is essentially generic.
Because the surface water model interfaces directly with the site-specific
geosphere model, the lake shows some features that are specific to the WRA
(Section 4.3). In particular, the lake is located in a drainage basin with
an area of 1.06 x 10® m?, and the lake size is limited to less than 80 ha.
In all other aspects the lake is generic, and has characteristics typical
of Canadian Shield lakes. As noted in Section 2.1, Canadian Shield lakes
are generally small, with a mean area of about 7 ha and a mean depth of
about 5 m. Precipitation exceeds evapotranspiration, so that there is
usually a discharge through the lake outlet. A small percentage of
Canadian Shield lakes are seepage lakes having no surface outlet. Flushing
rates are typically 0.1 to 10 a-!. Processes such as productivity, water
mixing and sedimentation vary strongly throughout the year.

The geochemistry of Canadian Shield lakes is more similar than their
diverse geographic locations would suggest. Calcium, potassium and other
chemical concentrations characterize these lakes as dilute systems with low
alkalinity and little suspended particulate material in the water column
(Armstrong and Schindler 1971, Nriagu et al. 1982). Suspended solids con-
sist of both material produced within the lake and material washed in from
the catchment. Approximately 50% of the particulate material is organic
(Brunskill et al. 1971). The composition of the sediments reflects the
nature of the material suspended in the overlying water. Usually sediment
composition changes little with depth, although the high porosity (0.95 to
0.99) near the sediment/water interface decreases as the sediment is com-
pacted by the continual particulate flux. The metazoan biota living in the
water column and sediments comprise a small fraction (<10%) of the total
organic material in the lake water (Birge and Juday 1927), and <1Z of the
organic material in the sediments (Wetzel 1975).

The similar characteristics of different Canadian Shield lakes and the
relative stability of their properties over long periods of time (Robbins
and Edgington 1975, Wetzel 1975) permit a generic lake to be defined in a
meaningful way. Spatial and temporal variation as well as uncertainty in
each model parameter can be combined in a single probability density
function.

The objective of the surface water model is to estimate time-dependent
nuclide concentrations. in the water column of the discharge lake and in the
mixed-sediment layer, given the flow of nuclides out of the geosphere.
These concentrations are used directly to calculate internal doses to
members of the critical group through water ingestion, and external doses
arising from svimming, bathing, or exposure to beach sediments. The con-
centrations are also passed to the other three submodels where they are
used as inputs to calculate nuclide concentrations in air, soil and the
food chain. Furthermore, nuclide concentrations in lake water are also
used to evaluate the radiological protection of the environment and the
chemical protection of humans and the environment (Chapter 13, Amiro 1992a,
Goodwin et al. 1994).



- 87 -

5.2 QUALITATIVE DESCRIPTION OF THE SURFACE WATER MODEL

A wide variety of models has been developed to simulate nuclide behaviour
in lakes. These range from very simple, steady-state models that use bulk
parameterizations to represent many processes (Cornett and Ophel 1986), to
fully time-dependent formulations that treat a multitude of biogeochemical
processes in detail (Onishi et al. 1976, 1981). The simple models are the
most relevant for assessing the aquatic aspects of the concept for disposal
of Canada’s nuclear fuel waste. Complex models are difficult to generalize
to different situations (Edgington 1981), and so are not appropriate for a
generic application. Complex models require large amounts of computer
time, and as such are not suitable for probabilistic assessments with
repeated simulations. Moreover, the desired model outputs are annual aver-
age concentrations and doses, and so seasonal effects do not need to be
modelled. Similarly, we do not explicitly model the evolution of the lake
or the impact of human activities, such as major water diversions or hydro-
electric impoundments, which are discussed by Goodwin et al. (in prepara-
tion) as part of the scenario analysis. The use of a simple lake model for
postclosure assessment is therefore entirely appropriate. Comparisons of
simple and complex models suggest that increased model complexity does not
necessarily improve the accuracy or precision of the model predictions
(Snodgrass and Dillon 1983).

Accordingly, the surface water model developed for postclosure assessment
is a simple compartment model based on the mass balance equation. The
model is made up of two compartments, one for water and one for recently
deposited mixed sediment. This sediment compartment represents the top
sediment layer, a few centimetres thick, which is continually mixed by the
action of the water and the aquatic organisms. The deeper, compacted sedi-
ments are treated as part of the geosphere model (Section 4.4.1). In this
form, the surface water model is similar to other models developed for
similar purposes (e.g., Lerman and Taniguchi 1972, Wahlgren et al. 1980,
Tracy and Prantl 1983). 1In particular, it is similar to models used inter-
nationally to assess the impact of nuclear fuel waste disposal (Bergstrém
et al. 1982, Korhonen and Savolainen 1982, Lawson and Smith 1984).

The surface water model is driven by the nuclide flow out of the geosphere,
which reaches the lake by a number of different routes (Figure 4-9). Part
of the flow discharges directly to the lake; the remainder discharges ini-
tially to a terrestrial zone or to a well, but may eventually reach the
lake indirectly via the soil and atmosphere. In the case of terrestrial
discharge, the soil profile becomes contaminated by the upward movement of
nuclides from the water table (Section 6.2.1). 1In reality, the nuclides
may reach the lake in water that has run off over the contaminated soil.
Alternatively, nuclides may be suspended from the soil to the atmosphere,
and enter the lake from above via deposition. Similar pathways to the lake
exist for nuclides discharged to the well since well water is used for
aerial irrigation or is discarded following domestic use.

The indirect flow of nuclides to the lake from the soil and atmosphere is
difficult to quantify. Runoff, suspension and deposition are complex,
time-dependent processes that are strongly site-specific. They are diffi-
cult to model realistically when the topography of the site and the rela-
tive locations of the fields and the lake are unknown. Accordingly, we
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have chosen not to model these processes explicitly. Instead, we. assume
that all nuclides discharging to terrestrial zones and to the well reach
the lake instantaneously (Figure 4-9). Ve also assume that nuclides
removed from the lake with water used for irrigation or domestic purposes
return to the lake instantaneously. This allows the transfer of nuclides
from the soil and atmosphere to the lake to be modelled simply and conser-
vatively. On the other hand, this assumption leads to an apparent genera-
tion of mass in the model and an overestimate of the nuclide load in the
lake. The implications of this for the model predictions are discussed in
Section 9.3.

Once in the water column, the nuclides are assumed to be uniformly and
instantaneously mixed throughout the volume of the lake (Figure 5-1). They
are diluted by the volume of water passing through the lake, and may subse-
quently be flushed out into downstream parts of the drainage system.
Nuclides may also be lost from the water column in a variety of other ways.
Volatile nuclides are allowed to degas to the atmosphere. Nuclides may
sorb onto suspended material in the water column and be deposited on the
lake bottom in the form of mixed sediment. Radioactive decay continuously
removes radionuclides from the system, but some new nuclides are generated
locally by the ingrowth of daughters.

A number of processes occurring within the lake are modelled only approxi-
mately or are omitted. The suspension of nuclides into the atmosphere as
aerosols is not modelled when estimating nuclide concentrations in water.

Suspension

Domestic
Use

Irrigation

Deposition

!

Sedimentation

Mixed Sediment Nuclide
Compacted Scdiment ’ Discharge

EIS 9561

FIGURE 5-1: Transport Processes in the Lake. Closed arrows indicate
explicit consideration, and open arrows indicate implicit
consideration in BIOTRAC.
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Similarly, nuclide concentrations are calculated without allowing for
losses to fish or aquatic plants. The chemical form of the nueclides is not
considered explicitly, although a range of chemical behaviour is covered by
the parameter distributions. The sediments are assumed to be immobile, and
bioturbation and resuspension are considered only indirectly. As noted
above, the lake is assumed not to evolve over time, and seasonal processes
are not modelled. The effect of these assumptions on the model output is
discussed in Section 5.7.

5.3 MATHEMATICAL FORMULATION OF THE SURFACE WATER MODEL

5.3.1 Nuclide Concentrations in Water

Because the transport processes in lake water and sediments occur rela-
tively slowly, concentrations in these compartments also change slowly with
time and must be calculated using a time-dependent model. Expressions for
the water and sediment nuclide concentrations are therefore obtained using
the response function/convolution approach discussed in Section 2.6.

The mass balance equation for the water compartment for a radionuclide i in
a decay chain with precursor i-1 is

dMp(t) . L
3 = X'(t) + AL-1.Mi-1(t) - (f + o + ni + A)-Mi(Y) (5.1
vhere Mi(t) 1is the mass (mol) of nuclide i in the water column of the

lake at time t (a),

xi(t) 1is the total annual input of nuclide i to the lake

(mol.a-1),
Al is the radioactive decay constant of nuclide i (a-!),
f is the flushing rate of the lake (a-1),
al is the rate constant describing the net rate of transfer

of nuclide i from water to mixed sediments (a-1), and

ni is the rate constant describing the rate at which a
volatile nuclide i1 is lost to the atmosphere by gaseous
evasion (a-!).

The input term xi(t) in Equation (5.1) is the output of the geosphere
model. It is the sum of the nuclide flows over all three discharge zones
and from the well, and implicitly includes fluxes from terrestrial areas to
account for nuclides that reach the lake indirectly via runoff and atmo-
spheric deposition. The second term on the right in Equation (5.1) is also
a source term that describes the ingrowth of radionuclide i as a result of
the decay of its precursor.

The four terms in parentheses on the right side of Equation (5.1) represent
processes by which nuclides are lost from the lake water. 1In order, these
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are hydrological flushing through the lake outlet, deposition to the under-
lying mixed sediments, gaseous evasion (in the case of volatile nuclides)
and radioactive decay. We assume that the water flow through the lake can
be approximated by the product of the runoff, R (m water-.a-!), and the
catchment area, A; (m?), so that the flushing rate is given by

£ = R-A,/V, (5.2)

vhere V, is the lake volume (m? water). The rate constant ai in Equation
(5.1) describes the net transfer of nuclides from the water to the mixed
sediments, and so implicitly accounts for resuspension. The values
assigned to the various parameters and to parameters appearing in subse-
quent equations, are discussed in Section 5.5.

Equation (5.1) is subject to the initial condition Mi(0) = 0. Comparing
Equation (5.1) with Equation (2.2) in Section 2.6, and using Equations (2.4)
and (5.2), we deduce that the impulse response function for the water column
is

g
RFi(t) = exp[—[va +ol + i+ Ai]-t] , (5.3)

and that the time-dependent nuclide mass in the lake water is given by the
convolution integral (e.g., Equation (2.3))

Mi (t) =J1 [xi(t') ¢ LMo (e)]
4]

'Ad
-exp[—[va +at + ni o+ Ai]-(t - t')] dt’ . (5.4)

If we assume that the nuclide load in the lake is uniformly and instantane-
ously mixed throughout the lake volume, then the nuclide concentration in
the water column, C}{(t) (mol.-m-3 water), can be expressed as

Ci(t) = Mi(ty/vy . (5.5)
Substituting Equation (5.5) into (5.4), and assuming the lake volume does

not change with time, yields an equation for the time-dependent water
concentration:

‘ X (t") ,
Ci(t) = g F AT ()
0

.Ad
.exp[-[RVl +at + i+ )1]~(t - t')} dt’ . (5.6)
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This equation provides the concentration in water at a given time by consi-
dering the input function as an infinite sequence of impulse inputs at pre-
vious times and summing the contributions from each impulse.

5.3.2 Nuclide Concentrations in Mixed Sediment

Mixed-sediment concentrations are calculated in much the same way as water
concentrations. The nuclide mass balance equation for the sediment com-
partment is :

dMiod(t)

T = ol Mi(t) + Ai-1.Mijl(t) - AR.Mi_L () (5.7)
vhere Mi,,(t) is the mass (mol) of nuclide in the sediments at time t (a),
and all the other parameters are as defined above. We assume that the
sediments become contaminated in two ways: through deposition from the
vater column (the first term on the right in Equation (5.7)), and through
ingrowth following the decay of a precursor (the second term on the right).
Nuclides in the upward-moving groundwater are assumed not to sorb to the
mixed sediments. The only way in which nuclides are lost from the mixed -
sediments is through radioactive decay. Mixed sediments are not explicitly
transformed into compacted sediments in BIOTRAC.

Using Equation (5.7) and the framework presented in Section 2.6, we deduce
that the impulse response function for the mixed sediment compartment is

RFi 4(t) = exp(-Ai.t) (5.8)

and that the time-dependent mass of nuclide in the sediment is

Mi,a(t) = J‘ Ezi-H{(t') + Ai‘l-Mi;é(t')]
0

.exp[-xi-(t - t')] de’ . (5.9)

For most nuclides, transfer from the water column to the mixed sediments is
intimately linked to the process of sedimentation. Nuclides sorb to sus-
pended particulate matter, which then settles out. Sedimentation is a
continuous process that results in the gradual accumulation of sediments
over time in Canadian Shield lakes. Nuclides deposited at early times will
therefore be buried and compacted by subsequent deposits. The sediment
compartment considered here is the mixed-sediment layer, the top few centi-
metres of material that is kept well-mixed by water and biological action.
Let the depth of this layer be Z,,, (m). The time required (a) to accumu-
late sediments to this depth is

tiea = Zlod°psod/ssod (5.10)

where p 4 is the bulk density of the sediments (kg dry sediment -m-3 sedi-
ment) and S,,4 is the sedimentation rate (kg dry sediment.m-2.a-1). The
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total mass of sediment, SM (kg dry sediment), in the mixed-sediment com-
partment is then

SM = slod’tlod°Alcd (5.11)

vhere A .4, the area of the lake bottom covered by sediments (m?), is
assumed to be equal to A;, the area of the lake. The concentration in the
mixed-sediment layer, Ci_ ,(t) (mol.kg-! dry sediment), assuming uniform
mixing, is then given by

Cioa(t) = Mia(t)/SH . (5.12)

Here, Mi,,(t) is the nuclide mass (mol) in the mixed sediment accumulated
over a period of t,,, (a), and is given by Equation (5.9) with a change in
the lower limit of integration:

Mia(t) = J* [ai-ni<t'> + Ai-l-Ni;é<t'>]
t-tgea

-exp[-xi-(t - t')] dt’ . (5.13)

Combining Equations (5.5), (5.11), (5.12) and (5.13), and noting that
Vy/A .4 = Z,, the mean depth of the lake (m), we arrive at the defining
equation for the time-dependent mixed-sediment concentratiom, Ci,,
(mol.kg-! dry sediment):

_ al.2,.Ci(t") _ .
Cieal(t) = Wt MG
t-tgea

-exp[-A-(t - t')] dt’ . (5.14)

Equations (5.6) and (5.14) are integrated numerically using standard tech-
niques built into the SYVAC3 executive (Goodwin et al. 1994). Nuclide
concentrations in water are calculated before sediment concentrations so
that a time series for Ci(t) is available when Equation (5.14) is evaluated.
For times t < t, 4, the lower limit of integration in Equation (5.14) is set
to zero.

Equation (5.14) provides estimates of the nuclide concentration in mixed
sediments, of depth Z,,,. Since ve assume that plant roots are distributed
through the top 0.3 m of the soil profile (Section 6.1), we require an
effective sediment concentration in the top 0.3 m of sediment when the
sediments are used as soil. The effective concentration, Ci, (t) (mol.kg-!
dry sediment), is calculated as the depth-weighted average of the mixed-
and compacted-sediment concentrations for each of the three discharge
zones:
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Cia(®) = [ZeearChea(®) + (0.3 - Z,,0)-Chi(0)]/0.3 (5.15)

vhere Cj, is the compacted-sediment concentration (mol-kg-! dry sediment)
calculated in Equation (4.7). In areas outside a discharge zone, the
effective sediment nuclide concentration C},, is the same as Ci,4

(Equation 5.14) because we assume that compacted sediments are contaminated
to the same extent as mixed sediments (Section 4.4. 1) In terms of
Equation (5.15), Cj, would equal C}

sed”

5.3.3 Special Solutions

Under special circumstances, Equations (5.6) and (5.14) can be integrated
to give analytical solutions for the water and mixed-sediment concentra-
tions. The time scale of transport processes in the lake is given approxi-
mately by 1/8i, where B{ is the loss rate (a-!) of nuclide i from the wvater
column for all the loss mechanisms combined, and is given by

P = RA/V, + a8+ pf o+ 20 (5.16)

Typically, 1/8} varies from less than one year to a few hundred years. The
presence of the term [-(R-A;/V, + ol + ni + X;)-(t - t*)] = exp[-Bi.(t - t")]
in Equation (5.6) means that there will be essentially no contribution to
the integral for times prior to t,, vhere t, is defined by the equation

t - t, ~ 10/8i. The lover limit of integration in Equation (5.6) can then
effectively be changed from O to t - t_ . Because the geosphere flow, xi,
generally varies with a time scale that is very much longer than 1/}, x!

can be considered constant over the period t - t. to t. Then, for a

nuclide i that has no precursor, Equation (5.6) Becomes

Ci(t) = l%fﬁl Jt exp[—ﬂ{-(t - t')] dtr . (5.17)
t-t

This can be integrated directly to give

ci(o) - XL N1~ enp-pp -ty (5.18)
v, -

wvhich, following our definition of t,, is approximately
Ci(t) = xi(t)/(V,-B1) . - (5.19)

Equation (5:14) for the mixed-sediment concentration can be similarly sim-
plified. Cj(t) will be approximately constant over the interval t - tiea
to t, so that for a nuclide with no precursor, Equation (5.14) becomes

- a'.2,-Cl(t) )
Craalt) = ———= exp[-)i.(t - t*)] dt’ . (5.20)
Ssod'tsod
t-tged
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Carrying out the integration, and using Equation (5.19), we arrive at

. at 2y xi(t) _
Csea(t) = - _o[l - exp(-xlot..d)] . (5.21)
Ssod'tsed'vl'ﬂi'AI

Now t,, 4 is typically only a few tens of years, so that Ai.t, 4 will be
small for long-lived radionuclides, and [1 - exp(-Ai.t,,4)] can be approxi-
mated by X .t, 5. Equation (5.21) then reduces to

i ai-Zl-Xi(t)
Ciea(t) = —— . (5.22)
Ss.d'vl'ﬂi

Equations (5.19) and (5.21) provide very simple, accurate expressions for
the water and mixed-sediment concentrations for nuclides with no precursor.
An even simpler sediment relationship (Equation (5.22)) is available for
long-lived nuclides. These expression are much ecasier to understand and to
verify than the exact Equations (5.6) and (5.14) used in SYVAC3. Equations
(5.19) and (5.22) are used in a sample BIOTRAC calculation in Appendix D.

5.3.4 Special Radionuclides

Water and mixed-sediment concentrations are calculated for all the nuclides
in the vault inventory using the methods described in the previous sec-
tions, with the exception of the noble gas radionuclides 3%Ar, 81Kr and
85Kr. As noted in Section 2.5.5, these gases can impart a significant dose
only through air immersion. Air concentrations were estimated conserva-
tively by assuming that the argon and krypton fluxes to the atmosphere
equal the predicted fluxes, xés, out of the geosphere. Accordingly, water
or sediment concentrations are not required, and are not calculated.

Although the surface-water model includes the process of gaseous evasion,
this feature is invoked only for 14C. Too few data exist to define reli-
able evasion rates, 5}, for selenium or iodine, which are also potentially
volatile. For radon, evasion is unimportant in determining water or sedi-
ment concentrations, which are controlled primarily by the very short
half-life (3.8 d) of this radionuclide. Evasion rates are unnecessary for
tritium, which is modelled using a specific activity approach (Section
2.5.1). Accordingly, from the point of view of the lake, we assume for now
that tritium, selenium, iodine and radon do not degas to the atmosphere,
and set their ni values to zero. This increases their sediment and water
concentrations.

On the other hand, evasion must be taken into account in calculating air

concentrations for the gaseous nuclides in order that these concentrations
not be underestimated. The models and data used to predict the contribu-

tion of lake-derived volatile radionuclides to the air concentrations are
discussed in Sections 7.3.4 and 7.5.1. They are necessarily fairly crude
because of the shortage of information on gaseous evasion. This is one of
the instances in which the inventory of a source compartment is not deple-
ted when nuclides are transferred to a second compartment (Section 2.3.3).
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This allows both the water and air concentrations to be calculated in a
conservative manner even though the process being modelled is not under-
stood in detail. The implications of this procedure for mass balance, and
its effect on dose predictions, are discussed further in Section 9.3.

5.4 INTERFACES

The surface water submodel is driven by the nuclide mass flow out of the
geosphere (Figure 4-9), including the flows through all aquatic and terres-
trial discharge zones and through the well (Figure 5-2). These flows are
the primary output of the geosphere model (Davison et al. 1994b). The
surface water model is therefore intimately linked to the geosphere model.

The surface vater submodel is also closely coupled to the other biosphere
submodels. The output of the surface water model is the nuclide concentra-
tion in the water column and in the mixed-sediment layer of the discharge
lake. The water concentrations are used directly by the food-chain and
dose submodel to predict internal doses arising from water ingestion by
humans (Section 8.3.1.8) and external doses from swimming or bathing
(Section 8.3.2.2). The water nuclide concentrations are also used by the
atmosphere submodel to estimate air concentrations arising from the suspen-
sion of aquatic particles and gases (Sections 7.3.3, 7.3.4 and 7.3.6).

Vhen the critical group is assumed to practise aerial irrigation with lake
wvater, the soil submodel is driven by lake-water concentrations (Section
6.3.7.2). Furthermore, the food-chain and dose submodel uses the water
concentrations to estimate nuclide uptake by plants following irrigation
(Section 8.3.1.3), by terrestrial animals as a result of ingestion (Section
8.3.1.5), and by freshwater fish inhabiting the lake (Section 8.3.1.7).
Finally, when lake sediments are used for farming, the mixed-sediment con-
centrations (combined with the compacted-sediment concentrations) contri-
bute to the soil concentrations in all the exposure pathways involving the
soil.

Water and soil nuclide concentrations based on sediments are also used to
evaluate potential chemical toxic effects on humans, and to evaluate radio-
logical and chemical toxic effects on the environment (Chapter 13, Goodwin
et al. 1994). More specifically, water concentrations form the basis for
calculating radiological doses to fish, and more indirectly, together with
related soil concentrations, the radiological doses for various terrestrial
biota.

5.5 SURFACE WATER PARAMETERS

The surface water model requires two groups of parameters, one to char-
acterize the hydrological and morphometric properties of Canadian Shield
lakes, and the other to describe the geochemical behaviour of nuclides in
the lakes. Information on the hydrological properties is readily available
from studies carried out over many years by meteorologists, engineers work-
ing in flood management and hydroelectric reservoir design, and biologists
interested in fisheries productivity. The geochemical database is less
well established. The values chosen for each model parameter are discussed
in turn below. In the majority of cases, the values are distributed to
reflect spatial and temporal variability, and uncertainty in the model
formulation and the observational data. For each parameter, we show how
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the available data have been used to construct a probability density func-
tion suitable for use in our waste management application.

5.5.1 Catchment Area, A,
(m?)

As noted in Section 4.3, the catchment area used in the surface water model
must equal the area of the Boggy Creek watershed to maintain consistency
with the boundary conditions used in the geosphere model. Accordingly, a
fixed value of 1.06 x 10® m? was adopted for A;.

5.5.2 Lake Mean Depth, Z,
(m)

The only comprehensive published report of Canadian Shield lake depths is
the Ontario Ministry of Natural Resources (MNR) Lake Inventory data set
(Beals 1985a). This data set is oriented toward sport and commercial fish-
producing lakes, and so is biased toward large lakes. It shows the depths
to be lognormally distributed, with a GM of 4.6 m and a GSD of 2.0. To
ensure that this distribution provides an accurate description of Shield
lakes, we assembled depth data from a variety of sources, emphasizing sur-
veys that used unbiased lake selection criteria (Bird et al. 1992). These
data, plotted in Figure 5-3, support the assumption that the lake depth is
distributed lognormally. They have a GM of 4.76 m and a GSD of 1.99, which
are consistent with the MNR results. For postclosure assessment, we
adopted the MNR values of GM = 4.6 m and GSD = 2.0, which are slightly
lover and therefore predict slightly higher estimates of the nuclide con-
centrations in water and sediment.

The mean depth distribution is truncated at its lower end at a value of

1.0 m. Canadian Shield lakes are ice-covered to a depth of at least 0.5 m
in the winter. Lakes shallower than 1 m would likely freeze to the bottom,
and would not be able to supply water or fish to the critical group. An
upper truncation limit of 60 m is imposed to eliminate unrealistically deep
lakes in terms of the catchment and lake areas.

5.5.3 Lake Area, A,
(m?)

Although lake area does not appear explicitly in our equations, it is used
together with the mean lake depth to calculate the lake volume. We assume
that the area, A, 4, covered by sediments on the lake bottom, equals 4,.

There are several data sets that report the areas of Canadian Shield lakes,
including the MNR Lake Inventory (Beals 1985a), the MNR Counts and Measures
(Beals 1985a), and the Canada Centre for Inland Waters database (Minns
1984). Each of these data sets has some advantages and limitations. As
noted in the previous section, the MNR data are biased towards large lakes.

The Counts and Measures data were measured from topographic map sheets, but
regional differences in map scales cast doubt on the overall quality of the
sample. Furthermore, each map scale has a minimum measurable lake size,

which biases the sample against small lakes. The data of Minns (1984) are
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FIGURE 5-3: Probability Plot of the Log-Transformed Mean Depths of
Canadian Shield Lakes. A straight line indicates a lognormal
distribution. g and o are the mean and standard deviation of
the log-transformed data.

the least affected by bias. The samples were drawn in an objective manner
from 1:50 000 scale map sheets, with a minimum resolvable lake size of
0.2 ha. According to Beals (1985a), most sources indicate that lake areas

are distributed lognormally.

Ve based our distribution for lake area for the postclosure assessment on
the Minns (1984) data. In addition to its relatively high quality, this
data set also has the smallest value for median lake size. Since nuclide
dilution is low in small lakes, this results in conservative estimates for
vater and sediment nuclide concentrations. Accordingly, we assume that A,
is distributed lognormally with a GM of 7 ha and a GSD of 7.4. As noted in
Section 4.3, lakes larger than Boggy Lake would be inconsistent with the
boundary conditions assumed in the geosphere model. Accordingly, we trun-
cate the A, distribution at its upper end at 80 ha. This excludes only
about 11% of the largest Canadian Shield lakes. This exclusion is conser-
vative because large lakes have high dilution. The distribution is also
truncated at its lower end at 1.0 ha to ensure that there is sufficient
wvater in the lake to meet the demands of the critical group. Our value of
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1 ha was established in the following way. We assume that the maximum
annual water requirement is 10 000 m3.a-! (Sections 4.4.4 and 9.1.1).
Since the bulk of this demand would occur in the summer for irrigation
purposes, the water must be supplied from the lake volume and not from
runoff. Since the minimum mean depth of the lake is 1 m (Section 5.5.2),
the lake area cannot be less than 1 ha.

The area and mean depth of Canadian Shield lakes appear to be moderately
correlated. The data show a correlation coefficient, r, of 0.48 for the
southern region of the Canadian Shield in Ontario (Beals 1985a). The coef-
ficients are lower by about 0.2 to 0.3 for central and northern lakes, but
the area data are strongly biased against small lakes in these regions.

Our compilation of data from many regions of the Shield suggests that area
and depth are correlated with a coefficient of 0.52 (Bird et al. 1992). Ve
assume that lake area and mean depth are correlated with r = 0.5.

5.5.4 Runoff, R
(m vater.a-1)

Runoff is one component of the water balance, which also involves precipi-
tation, P, and evapotranspiration, ET. Both P and ET are used elsewvhere in
BIOTRAC, and because all three parameters are closely linked, they must be
sampled in a consistent manner. The sampling scheme and the PDF adopted
for P, R and ET are discussed in detail in Section 9.1.3. Runoff on the
Canadian Shield can be described by a normal distribution with an arith-
metic mean of 0.31 m water.a-! and a SD of 0.08 m wvater.a-*. Runoff and
precipitation are correlated, with a correlation coefficient, r, of 0.8.
The distribution is truncated at a minimum value of 0.01 m water.a-!, a
very low value found only in desert areas, to which our model and our
concept of the critical group do not apply. With a catchment area of

1.06 x 108 m?, this truncation value of R leads to a minimum flow through
the lake of 1.06 x 106 m3 water.a-1, which would likely exceed all the
wvater demands of the critical group.

5.5.5 Sedimentation Rate, S,,4
(kg dry sediment.m-2.a-1)

The distribution for the sedimentation rate was obtained by synthesizing
published results for individual sediment cores taken from Canadian Shield
lakes exhibiting a wide range of geographic, physical and chemical proper-
ties (Bird et al. 1992). 1In all cases, the sedimentation values were
determined using standard techniques (Appleby and 0ldfield 1978, Robbins
1978). The data, plotted in Figure 5-4, are distributed approximately
lognormally, with a GM of 0.16 kg dry sediment.m-2.3-1, and a GSD of 2.48.
Ve have adopted these values for BIOTRAC.

5.5.6 Sediment Thickness, 2
(m)

The active or mixed layer of sediments is quite thin. Sediment cores from
Canadian Shield lakes commonly show mixed layers from 0.01 to 0.10 m thick
(Robbins and Edgington 1975). For our assessment, we assume that Z is
distributed uniformly between 0.01 and 0.10 m.

s ed

sed



- 100 -

EIS 9-5.4
uw+ 30 T T
w+20 [ -
o'l:
f
@ u+o - -]
=
©
>
°
E e N
3]
]
o
X
11}
-u+20 {. —
-u+ 30 . '
-2 -1 0 1

log Sedimentation Rate (kg dry sediment-m2-a™)

FIGURE 5-4: Probability Plot of the Log-Transformed Sedimentation Rates in
Canadian Shield Lakes. A straight line indicates a lognormal
distribution. u and o are the mean and standard deviation of
the log-transformed data.

5.5.7 Mixed-Sediment Bulk Density, p,,q4
(kg dry sediment.m-3 sediment)

As indicated in Section 4.5.2, the bulk density of organic sediments varies
little from lake to lake, and is not expected to change significantly over
time in a given lake. Ve have therefore adopted a fixed value of

1.25 x 102 kg dry sediment.m-3? sediment for p,,4, vhich is the same value
as for p,,.

5.5.8 Sediment Transfer Rate, ol

(a-1)

The water/sediment transfer rate or rate constant describes the fraction of
nuclide in the water column that is lost to the mixed sediments per unit
time. As used to calculate water and sediment concentrations, it repre-
sents the net transfer to the mixed sediments, and so implicitly includes
resuspension from the sediments back to the water column. It is a bulk
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parameter that accounts for the sorption of nuclides to suspended particu-
late material, sedimentation, mixing or diffusion of nuclides into the
sediments, and diagenesis within the sediments.

Alpha values can be calculated in a number of different ways depending on
the observational data available (Lerman 1979, Bergstrom et al. 1982,
Santschi et al. 1986, Hesslein 1987). Mass balance studies in whole lakes
over periods of at least one year provide the most reliable estimates of
net transfer rates. However, short-term studies in lakes or lake enclo-
sures (limnocorrals) using other methods can also yield useful data
(Santschi et al. 1986). Alpha values are element-specific, and need to be
distributed because they show substantial variability.

The data on which the a PDFs are based were drawn from diverse sources
(Bird et al. 1992). Most of the information was obtained from Canadian
Shield lakes. However, where such data were limited or unavailable, they
vere supplemented by information from other North American lakes, including
the Great Lakes, and from European sources. Where possible, o values based
on long-term mass balance studies in whole lakes were used, but the limited
number of such studies made it necessary to consider a variety of data from
short-term experiments in lakes or limnocorrals as well. Transfer rates
measured during the summer, when sedimentation rates are high, may over-
estimate the annual values. Therefore, o« values obtained from summer
studies were adjusted downward by a factor of three to provide a better
estimate of annual values (Cornett and Ophel 1986). The amount of data
available for different elements varied considerably. The transport of
elements such as calcium, cesium, phosphorus, lead and thorium has been
well studied, whereas only single a values were available for bromine and
molybdenum. For several other elements, no values have been measured.
Values for these elements were assumed to be equal to those for elements
with similar chemistry in the same periodic group. For some elements «
values were found to be negative, indicating that the direction of net
transfer is from the sediments to the water column. However, in most of
these cases, the values were only slightly negative and could have resulted
from imprecise measures of nuclide inventory in the water or sediment, or
from unmeasured source terms such as sediment weathering or groundwater
discharge. Furthermore, since we assume that mixed sediments become con-
taminated from the water column only, a positive a value is required to
give nonzero sediment concentrations. Accordingly, all negative a values
were replaced with a value of 0.001 a-!.

Alpha values for those elements for which large amounts of data are avail-
able appear to be lognormally distributed (Figure 5-5). Accordingly, we
adopted a lognormal PDF for all elements. The GMs and GSDs used for post-
closure assessment are listed in Table 5-1. The values show considerable
variation from element to element, with the GM ranging from 0.001 a-! to
16.9 a-1, and the GSD ranging from 1.2 to 31.7. Vhere the values are based
on a single measurement only, the GSD was set equal to 6.9, the value for
phosphorus, an element for which we have a good data set representing a
variety of different lake types. The values given for tritium and radon
vere estimated by us because no data or suitable analogs were available for
these elements.
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5.5.9 Gaseous Evasion Rate from Lake Water, ni

(a-1)

As noted in Section 5.3.4, only !'4C is assumed to be lost from the water
column via gaseous evasion to the atmosphere. The evasion rate for 14C was
calculated as the ratio

n§ = E/Ic (5.23)

vhere E 1s the evasive flux of CO, to the atmosphere (mol.-m 2 lake
surface.a"1), and Ic is the dissolved inorganic carbon inventory in the
lake (mol.m-2 lake surface). The evasive flux itself depends on the mole-
cular diffusion coefficient of CO, in water, the dissolved CO, concentra-
tion in the lake, and the boundary-layer thickness at the air/water inter-
face (Hesslein et al. 1980). Similarly, the inventory, Ic, depends on lake
depth and the concentrations of CO,, HCO; and CO3 in the lake. We speci-
fied PDPs for each of these parameters (Bird et al. 1992), and 1000 values
of n§ were calculated from Equation (5.23) using 1000 sets of values drawn
randomly from these PDFs. The n{ values were found to be distributed log-
normally, with a GM of 0.92 a-! and a GSD of 5.43.

The distribution of n{ depends on the mean lake depth, Z,, which is sampled
independently in each BIOTRAC simulation. To ensure that the sampled
values of n{ and Z, are consistent in each simulation, the evasion rate was
correlated vith lake depth. The correlation coefficient, r, was set equal
to -0.77, the value obtained when the values of n{ were correlated with the
values of Z; in the simulation we used to calculate them. In this way,
shallow lakes, which have a low dissolved carbon inventory per unit area,
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TABLE 5-1
ELEMENT-SPECIFIC VATER/SEDIMENT TRANSFER RATES, ol

Element Number of GM GSD

Observations (a-1)
Ac (Th)* 4.9 3.3
Am (Pu) 0.9 3.0
Be (Pb) 1.9 3.7
Bi (Sb) 0.1 7.2
Br 1 0.2 6.9
c ** 2.2 4.7
Ca 16 0.005 13.1
cd (2n) (21) 1.0 4.7
Cr 3 2.0 16.1
Cs 15 1.8 2.6
gt 0.001 6.9
HE (Np,U) 0.5 3.0
I 1 2.3 6.9
K 14 0.003 11.0
Mo 1 1.0 6.9
Nb (Mo) 1.0 6.9
Ni 3 0.3 1.5
Np (U) 0.5 3.0
P 71 1.5 6.9
Pa (U) 0.5 3.0
Pb 18 1.9 3.7
Pd (Ni) 0.3 1.5
Po 2 1.1 6.2
Pu 11 0.9 3.0
Ra 11 1.3 4.7
Rb (K) 0.003 11.0
Re (Tc,Mn) (10) 1.7 9.9
Rn* 0.001 6.9
Sb 3 0.1 7.2
Se 5 3.1 6.6
Si 4 0.1 1.2
Sm (Pu) 0.9 3.0
Sn 2 16.9 1.2
Sr 5 0.1 31.7
Ta (V) (1) 12.2 6.9
Tc (Mn) (10) 1.7 9.9
Te (Se) 3.1 6.6
Th 12 4.9 3.3
U 9 0.5 3.0
Y (La) (1) 0.3 6.9
Zr (Nb,Mo) 1.0 6.9

Elements in brackets were used as analogs in estimating
values for elements for which no data were available.
Values for !4C were calculated (Bird et al. 1992).
Estimated on the basis of expert opinion since no data
vere available.
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are predicted to have large gaseous 14C evasion rates, whereas deep lakes
are predicted to have lower evasion rates.

The evasion rate of carbon also appears as a parameter in the atmosphere
submodel (Section 7.3.4.3), where it is used in units of s-1. In these
units, 7§ is distributed lognormally, with a GM of 2.9 x 10-% s-! and a
GSD of 5.43.

5.5.10 Radioactive Decay Constant, Al

(a-t)

Values for the radioactive decay constants used in the surface water model
and in other parts of BIOTRAC are listed in Table 1-1. Because these
values are well known and show no spatial or temporal variations, they are
represented by constants.

5.6 MODEL VALIDATION

Validation is the process of demonstrating that a model adequately repre-
sents the system it is meant to describe. In the case of the surface water
model, validation means showing that the processes responsible for nuclide
transport in lakes are properly simulated, and that the predicted nuclide
concentrations in water and sediment are realistic.

Validation is normally achieved by showing that model predictions agree
with experimental observations when the uncertainties in each are taken
into account. In this chapter, and in the following three chapters on the
other BIOTRAC submodels, we will restrict our discussion of validation to
this aspect. Additional confidence in the model can be gained through
activities such as peer review, model and data evaluation, model inter-
comparisons, sensitivity analysis and code verification, and through the
use of natural analogs, conservatism and a formal quality assurance pro-
gram. These aspects have been treated in a similar manner in all four
submodels, and are discussed from an overall perspective in Chapter 11.

The surface water model was experimentally validated in eight separate
tests.

1. Predicted and observed water and sediment calcium concentrations
vere compared for a relatively large, deep lake in northwestern
Ontario that was subject to a natural influx of calcium
(Schindler et al. 1976). The comparison was done for a single
point in time when the concentrations had reached steady state.

2. Predicted and observed water and sediment cadmium concentrations
were compared for a lake of average size and depth near Sault
Ste. Marie that was contaminated with cadmium through atmospheric
deposition (Johnson M.G. et al. 1986, Chan et al. 1986). The
comparison was done for a single point in time when the concen-
trations were assumed to be steady state.

3. Predicted and observed water and sediment 6°Co concentrations
wvere compared for a relatively large, shallow lake in the Ottawa
Valley that was subject to a time-varying input of 6°Co (Cornett
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and Ophel 1986). Annual average water concentrations were com-
pared over an ll-a period, and sediment concentrations were
compared for two years.

4. Predicted and observed phosphorus concentrations in water were
compared for 13 lakes with widely ranging characteristics in the
Haliburton-Kawartha area (Dillon and Rigler 1974). The compari-
son was done for a single point in time when the concentrations
vere assumed to be at steady state.

5. Model predictions of steady-state concentrations of phosphorus in
water and sediments were compared with observations for five
wvetland areas (Devito et al. 1989). This validation tested the
ability of our model to simulate nuclide transport in a variety
of permanent wetlands, including beaver ponds.

6. Predicted and observed water concentrations in a Canadian Shield
lake in northwestern Ontario treated with €9Co, 134Cs and 3H were
compared. The lake was of average depth and above-average area.
The comparison was done for a single point in time one year after
the nuclides were added to the lake.

7. Model predictions of cadmium concentrations in water and sedi-
ments were compared with observations for a Canadian Shield lake
of average depth and above-average area in northwestern Ontario.
The cadmium was added in an experiment to the lake water during
the summer months in four consecutive years. Water and sediment
concentrations were sampled in the spring before the cadmium was
added for that year. WVater concentrations were available for
comparison with predictions for three years, and sediment concen-
trations for one year.

In each of the above seven tests, site-specific data were used wherever
possible as input to our model.

8. Predicted and observed water and sediment concentrations were
compared on a stochastic basis for 64 lakes in central Ontario
that were contaminated by cadmium through atmospheric deposition
(Evans H.E. et al. 1983, Dillon and Smith 1984, Johnson M.G.
et al. 1986, Stephenson and Mackie 1988). Our model was run
numerous times using input parameter values drawn randomly from
the PDFs described in Section 5.5. The distributions of pre-
dicted concentrations were compared with the observed distribu-
tions for a single point in time when the concentrations had
reached steady state.

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, as discussed in detail by
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Bird et al. (1992). Ve conclude that the surface water model adequately
simulates contaminant behaviour in lakes characteristic of the Canadian
Shield, and that it produces realistic water and sediment nuclide
concentrations.

5.7 MODEL _DISCUSSION

5.7.1 Assumptions

A number of assumptions were made in deriving the surface water model. 1In
this section, we restate, explain and review the main assumptions, and
discuss their effects on the predicted water and mixed-sediment concentra-
tions. In this section, and in similar ones for the other submodels, the
model assumptions are stated in italics.

1.  The water body is modelled as a lake rather than as a river or a permanent
wetland. As noted in Section 5.1, water concentrations would be
similar in either a lake or river, but sediment concentrations
would be higher in a lake. Because permanent wetlands, such as
bogs, are not heavily used by humans, the number of potential
exposure pathways is higher for a lake than a wetland. There-
fore, a lake is the choice that maximizes concentrations and
doses. The exposure pathways unique to wetlands are incorporated
into BIOTRAC so that no exposure pathways are ignored.

2. All the nuclides discharging to terrestrial zones and to wells reach the lake
instantaneously. This is obviously a crude assumption, but it
allows the transfer of nuclides from the soil and the atmosphere
to the lake to be modelled very simply (Section 2.3.3). It leads
to an overestimate of the nuclide load in the lake, and a corre-
sponding overestimate of water and sediment concentrations.

3. The lake drains a catchment area of fixed size. The value of 1.06 x 10°® m?
lies toward the upper end of the distribution of Canadian Shield
catchment areas (Minns 1984). It will therefore lead to rela-
tively high flushing rates, and relatively low water and sediment
concentrations. However, it is an appropriate value for the WRA
wvatershed considered in the geosphere model. 1In interpreting the
assessment results, catchment area can be treated simply as one
of the many site-specific geosphere parameters. The effects of
lower flushing rates are accounted for to some extent through
variations in runoff, which is allowed to take on very low values
(Section 5.5.4).

4. Nuclides emerging from the geosphere do not sorb to mixed sediments, but dis-
charge directly into the water column. The mixed sediments become con-
taminated only through the deposition of nuclides from the water
compartment. Through this assumption, water concentrations are
increased, but mixed-sediment concentrations may be underestimated
because sorption might occur in the real situation (Johansen
et al. 1985). The overall impact would likely be an overestimate
of the consequences because the critical group and other biota
access the water in the discharge lake far more frequently than
they access the sediments. Also, when the sediments are accessed,
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an effective sediment concentration, made up of the depth-weighted
average of the compacted- and mixed-sediment concentrations, is
used in consequence calculations (Equation (5-15)). The compacted
sediments usually make up about 75Z of the effective sediment
depth, and are allowed to sorb nuclides discharging from the geo-
sphere (Section 4.4.1). The effective sediment concentration
would therefore not be significantly underestimated by neglecting
the contribution of sorption to the mixed-sediment concentration.

Diffusion of nuclides across the sediment/water interface has not been modelled
explicitly. Upward diffusion can be disregarded because all the
nuclides are assumed to be advected directly into the water col-
umn. Downward diffusion (Nyffeler et al. 1986, Santschi et al.
1986) is unlikely to occur at the point of discharge when the
source is underground. Moreover, the water/sediment rate con-
stant, o, accounts implicitly for diffusional transport across
the interface (Section 5.5.8).

Sediments are deposited permanently and are not transported downstream.
Mass balance calculations of particulate fluxes through lakes
suggest that sediment loss through the outflow is very small
(Risto et al. 1987), although it increases in small or shallow
lakes (Rausch and Schreiber 1981). Resuspended sediment is
usually recycled internally within the lake. This assumption is
therefore justified. It is also conservative because it over-
estimates the retention of nuclides within the lake system.

The lake water is a single continuously and instantaneously mixed compart-
ment, with a uniform nuclide concentration throughout. In reality,
nuclides emerging into the lake from a localized discharge zone
will be concentrated near the source, and more diluted farther
avay as a result of diffusion and mixing. In assuming that the
lake is well mixed, we effectively assume that water is drawn
randomly from the lake relative to the discharge location. A
vater intake located in the immediate vicinity of the discharge
zone would essentially duplicate the well scenario, and would be
overly conservative.

The assumption of a well-mixed compartment also implies that
vertical and horizontal stratifications of the lake have been
ignored. During the ice-free season, this is a good assumption
for shallow lakes, which make up a large portion of Canadian
Shield lakes (Section 5.5.2). Tracer studies in such lakes and
in the surface layers of deeper lakes have shown that uniform
concentrations are achieved within hours (Hesslein et al. 1980,
Quay et al. 1980, Hesslein 1987). In deeper lakes, heating in
the summer and ice cover in the winter result in the vertical
thermal stratification of the water into two or more layers. 1In
this case, the nuclide concentration would be relatively high in
the bottom layer receiving the discharge, and relatively low in
the upper layers because of reduced mixing. However, most of the
stratified lakes mix completely in spring and fall. Our assump-
tion of uniform mixing implies that users randomly access the
various layers of the lake.



10.

11.

12.

- 108 -

With the exception of volatile forms of '*C, water concentrations are not deple-
ted in the model when nuclides, whether particles or gases, are lost to the
atmosphere. Too few data exist for now to model suspension
processes reliably from the point of view of the lake. This
results in an overestimate of the nuclide inventory in the lake,
and in conservative water and sediment concentrations.

The net rate of nuclide transport from water to sediments is proportional to the
concentration of the nuclide in the lake water. Short-term experiments
(Hesslein et al. 1980, Santschi et al. 1986, Chant and Cornett
1988) and multiyear simulations (Carlsson 1978, Wahlgren et al.
1980, Cornett and Ophel 1986) support the use of first-order
kinetics to approximate this transfer. We assume that the
vater/sediment rate constant, al, adequately parameterizes the
effects of the various physical, chemical and biological pro-
cesses (including those responsible for resuspension) that con-
trol transfer from water to sediments (Section 5.5.8). This is
justified because most of the transfer rates were measured in
vhole lake ecosystems with these various processes active. Many
of the ol values were derived from short-term studies and may
tend to be overestimates. This will result in conservative
mixed-sediment concentrations, but an underprediction of water
concentrations. However, the underprediction will not be signi-
ficant because water concentrations are controlled primarily by
flushing.

Aquatic biota do not represent a significant sink for nuclides in the water body.
The fraction of the water and sediment nuclide inventory con-
tained in biota is generally less than 1Z (Section 5.1 and 9.3.7,
Wahlgren et al. 1980, Cornett and Ophel 1986). Therefore, it is
not necessary to include biotic activity in the mass balance
equations. The uptake of activity by biota is considered in the
food-chain and dose model (Zach and Sheppard 1992).

The model does not account for the effects of variations in parameter values
throughout the year. In reality, runoff, sedimentation rate, water-
to-sediment transfer rates, evasion rates and other lake proper-
ties may all vary considerably throughout the year in response to
vinter ice cover, spring snowmelt and periods of excess evapo-
transpiration. However, fluctuations on these time scales have
little effect on annual average concentrations. Because the
surface vater model is linear, annual concentrations calculated
using annual averages of the parameter values are equal to the
annual average concentration calculated using finer time scales
(Section 3.2). Seasonal effects can therefore be neglected in
the model.

The long-term evolution of the lake system is not modelled explicitly. In par-
ticular, the lake volume is assumed to remain constant over time,
even though observed sediment accumulation rates (Section 5.5.5)
suggest that Canadian Shield lakes fill in at the rate of approx-
imately 1 x 10-3 m.a-1. However, by setting a high probability
on the frequency of occurrence of organic soils, we do model the
end point of the infilling process in an approximate way. As
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noted in Section 3.3.2.1, it is at this stage of the evolutionary
process that impacts on predicted concentrations and doses are
the greatest. Other long-term changes, such as eutrophication,
are also omitted from consideration. Such changes are expected
to have relatively small effects on nuclide concentrations, and
are accounted for, to some extent, through the use of distributed
parameter values.

Mixed sediments are assumed to evolve into compacted sediments
after a period of time, t,_ ; (Equation 5.10), when a mixed-
sediment layer of thickness Z,,; (Section 5.5.6) has accumulated.
Ve do not explicitly model this conversion because in most cases
it would not significantly affect the compacted-sediment concen-
trations calculated on the basis of upward-moving groundwater
(Section 4.4.1). This approach is conservative because it
assumes that the compacted sediments achieve an equilibrium level
of contamination instantaneously. In areas outside discharge
zones, we assume that compacted sediments have the same nuclide
concentration as mixed sediments (Section 4.4.1). This is obvi-
ously conservative early on when the compacted sediments would be
uncontaminated. It may not be conservative at times far in the
future when nuclide fluxes from the geosphere are declining.
Because the decline would likely be slow relative to the accumu-
lation rate of mixed sediments, the underestimation of nuclide
concentrations in these sediments would be small.

5.7.2 Evaluation

The body of knowledge on the physical, chemical and biological processes
responsible for contaminant transport and accumulation in lakes is quite
extensive. We have used this information to formulate a model of nuclide
behaviour in lakes using a simple mass balance approach. Similar models
have been shown to perform well in predicting water and sediment concentra-
tions over multiyear periods (Lerman and Taniguchi 1972, Wahlgren et al.
1980, Tracy and Prantl 1983, Cornett and Ophel 1986). The majority of the
assumptions inherent in the model lead to overestimates of water and sedi-
ment concentrations (Section 5.7.1); where an assumption is non-conserva-
tive, concentrations are not significantly underpredicted. Model predic-
tions were successfully validated against observations over a wide range of
conditions, including permanent wetlands (Section 5.6). This suggests that
the model contains all the important processes, that the processes are
adequately simulated and that the model predictions are realistic.

The model was specifically designed for the postclosure assessment. It was
formulated to provide annual average concentrations for a generic Canadian

Shield lake. Its simplified, efficient structure, coupled with the distri-
buted nature of its input parameters, make it suitable for a probabilistic

assessment. It interfaces smoothly with the geosphere model and the other

three submodels of BIOTRAC (Figure 5.2).

The parameter values and distributions required by the surface water model
were derived from the most appropriate available observational data from
Canadian Shield lakes (Section 5.5). Most of the information was extracted
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from the literature, although some was supplied by our own studies (Cornett
et al. 1984, Cornett and Ophel 1986). The database is quite complete,
except for some nuclides for which information on water/sediment transfer
rates is limited. In these cases, values were determined through expert
opinion, or by analogy with another nuclide with similar chemical behav-
iour. Conservative values were selected for all parameters to compensate
for uncertainty.

Ve conclude that the surface water submodel and its associated database
provide a reasonable description of nuclide behaviour in Canadian Shield
lakes, and that it will not underestimate concentration and doses when used
for the postclosure assessment of the concept for disposal of Canada’s
nuclear fuel waste.

6. THE SOIL SUBMODEL

6.1 THE SOIL TME

Nuclides may reach the soil directly with contaminated groundwater that
discharges to a terrestrial zone, or indirectly via irrigation water or
deposition from the atmosphere. Regardless of the source, nuclides may
accumulate gradually in the soil over time, and enter crops and natural
vegetation. Because the soil interfaces directly with the geosphere and is
pivotal in the primary production of agricultural and natural ecosystems,
it is not surprising that it is an important determinant of radiological
consequences (Chapter 10). The model developed to treat the soil pathways
for the postclosure assessment is summarized in this chapter. The informa-
tion was extracted from the soil submodel report (Sheppard M.I. 1992),
which contains additional details. The model has also been published in
the open literature by Davis et al. (1992).

The soil compartment comprises the unsaturated layers of soil and over-
burden above the water table, and it includes temporary, or seasonal,
wetlands. The compartment consists of a matrix of mineral and organic
particles with water and gases in the pore spaces. It exhibits distinct
layers, or horizons, as a result of weathering and pedogenic processes, and
is able to support plant life.

Soil properties on the Canadian Shield vary considerably on all spatial
scales. Because nuclide behaviour depends strongly on soil texture and
mineralogy, it is not possible to treat the soil compartment in a com-
pletely generic wvay. Instead, we recognize four distinct soil types based
on soil texture: sand, loam, clay and organic. The latter includes peat.
In each model simulation, we choose one of these soil types and assign to
it representative generic properties. Sandy soils are most common on the
Ontario portion of the Canadian Shield, and loams least common (Section
6.5.1.1). Clays are largely restricted to the northern parts of the
region, whereas loams are generally confined to the south. The proportion
of organic soils increases in lowland areas.

Soil depth is treated as a probabilistic or distributed parameter in
BIOTRAC (Section 6.5.1.2). Soils less than or equal to 0.5 m deep are
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modelled as a single, well-mixed compartment. For deeper soils, we model
the soil profile by dividing it into four layers. The topmost layer is a
litter layer composed mainly of decomposed plant residues, and has the
characteristics of an organic soil. This layer is the same for all four
soil types and has a fixed depth of 0.1 m. The other three layers are
soil-type-specific, and have the same physical, chemical and hydraulic
properties; these layers define the overall soil type for the profile. The
second layer has a depth of 0.2 m, and together with the surface organic
layer makes up the 0.3-m-deep root zone. The bottom layer is also 0.2 m
deep. This helps to ensure that the pore-water concentration, C;,, in this
layer is the same as the concentration of the contaminating groundwater
from the geosphere below (Section 4.4.3). The depth of the third layer is
adjusted to make up the full depth of the soil profile, which is treated as
a generic parameter (Figure 6-1).

In each simulation of BIOTRAC, we calculate nuclide concentrations in three
different fields: a garden that supplies all of the plant food eaten by the
critical group; a forage field that provides the feed or fodder required by
their livestock and wild animals; and a woodlot that supplies the wood

EIS 9-6.1
Soil Layer 1 )
0.1 m (litter layer)
> Root Zone
0.2m Soil Layer 2
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FIGURE 6-1: Soil Profile Used in the Soil Model for Deep Soils Showing the
Breakdown into Four Layers. Nuclides may enter the soil
through layer. 4 from below or through layer 1 from above.
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needed to build and heat their home. When the soil type is chosen to be
organic, and when the critical group, represented by a household of vari-
able size, is assumed to heat its home with peat (Section 7.3.5.2), we
calculate nuclide concentrations in a fourth field with the characteristics
of a peat bog. Each of the three or four fields treated in a given simula-
tion has the same soil type, and the same physical, chemical and hydraulic
properties. However, in general, each field will have a different nuclide
concentration because the distribution of terrestrial discharges and irri-
gation practices differ from field to field (Sections 6.3.7.1 and 6.3.7.2).
Differences among field concentrations may also arise in those simulations
in which lake sediments are used for agricultural purposes because of the
wvay in which the sediments are distributed among the fields (Section
6.3.7.3). As discussed in Section 1.5.4, the four fields are also relevant
for evaluating potential effects on non-human biota.

In each simulation, the food, wood and peat production needs of the house-
hold belonging to the critical group are used to calculate the areas of the
four fields (Section 9.1.1.3). Although soil properties vary strongly in
space, we assume that soils are homogeneous over the required areas, with
properties representative of the soil type sampled by SYVAC3. The geometry
and physical layout of the fields do not need to be specified from the
point of view of the soil submodel, although some simple assumptions
regarding spatial aspects are made in the atmosphere submodel to allow
dispersion factors to be calculated (Section 7.3.1).

The objective of the soil submodel is to calculate time-dependent nuclide
concentrations for each field used by the critical group and other biota.
The model provides the total concentration in the root zone resulting from
the terrestrial discharge of contaminated groundwater, the application of
contaminated irrigation water, and the deposition of nuclides from the
atmosphere. The predictions are used directly to calculate human internal
doses from soil ingestion, and external doses from exposure to contaminated
soil and inorganic building materials. The predictions are passed to the
atmosphere submodel to aid in calculating nuclide concentrations in air,
and to the food-chain and dose submodel for estimating concentrations in
plants and animals, and internal doses to man. Furthermore, soil concen-
trations are also used to ensure radiological protection of the environment
(non-human biota), and chemical protection of humans and the environment
(Chapter 13, Amiro 1992a, Goodwin et al. 1994).

6.2 QUALITATIVE DESCRIPTION OF THE SOIL MODEL

6.2.1 Transport Processes in the Soil

Nuclides in an unsaturated soil are subject to a number of transport mech-
anisms: the mass flow of dissolved nuclides with the movement of soil
wvater, vapour diffusion of gaseous nuclides through both the vapour and
liquid phases of the soil, molecular diffusion along a concentration gradi-
ent, diffusion along potential gradients induced by temperature differences
in the soil, movement in association with fine particles, microbes or col-
loids, and mechanical mixing through processes such as ploughing and bio-
turbation. Since the predominant mechanism for nuclide redistribution in
temperate regions is mass flow (Richter 1987), this is the only transport
process considered explicitly in our soil model. However, since nuclide
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concentrations are assumed to be uniform in each soil layer (Section 6.2.2),
we implicitly account for mechanical mixing.

Dissolved nuclides moving with the soil water interact chemically with the
soil solids. This sorption process is reversible because nuclides may also
move from the solid phase back to the aqueous phase. Sorption retards
nuclide migration through the soil profile, and allows concentrations to
build up to levels that depend on the chemical properties of the nuclide
and the soil. We assume that sorption is substantially greater in the
surface organic layer of the soil than in the underlying mineral layers.
Because of sorption, the soil can act as a barrier to nuclide movement from
layer to layer. Strongly sorbing nuclides have long residence times in the
soil, and may continue to accumulate over hundreds or thousands of years.
The soil model must therefore be time-dependent.

The internal movement of water within an unsaturated soil is determined by
the gradient in the hydraulic head or by the water potential, y, the bind-
ing energy with which water is held in the soil. The potential is made up
of two parts: a matric potential, y_, that describes the pressure head in
the soil; and a gravitational potential, y,, that represents the head
resulting from vertical position in the profile. Under steady-state condi-
tions, a unique relationship exists between y, and the volumetric water
content of the soil, ¢. This relationship is called the moisture charac-
teristic curve. If a soil is perturbed, for example, by adding water to
the upper layer through precipitation, potential gradients are set up.
These gradients induce internal flows that reestablish the relationship
between ¥ and 4 at some new point on the characteristic curve. The poten-
tials are such that water movement in soils is primarily vertical. Water
drains down through the profile during and immediately after precipitation
events, and moves upward by capillary rise during periods of high
evapotranspiration.

Since water flow controls nuclide transport, nuclides can move upward or
downward through the soil profile (Figure 6-2). For nuclides deposited on
the soil surface from the air or with irrigation water, root-zone concen-
trations are determined primarily by downward leaching and sorption. For
nuclides reaching the bottom of the soil profile with groundwater, capil-
lary rise also plays a role. These nuclides move upward through the pro-
file during dry periods, and some sorb to the soil solids. A portion is
leached back down following the next rainfall, but the remainder continues
to rise to the surface in subsequent dry periods. In this way, nuclides
can reach the root zone from the water table even in areas where the net
flowv of water through the soil is downward.

A number of processes act to deplete nuclide concentrations in soil
(Figure 6-3). Nuclides may flow out of the bottom of the profile with
drainage water and be lost to the regional groundwater system. During wet
wveather, some may escape the soil with surface runoff. Nuclides may be
lost to the atmosphere through suspension of contaminated particulate
matter, or through gaseous evasion. Finally, nuclides may be taken up by
plants through their roots, although a portion of these may return to the
soil when the plant dies and decays.
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FIGURE 6-2: Water and Nuclide Fluxes in Soil Layer 2. 4; and y; are the
volumetric water content and water potential respectively of
the layers.

6.2.2 Modelling Approaches

Soil processes have been studied for many years, and a variety of models
have been developed to simulate contaminant behaviour in soils (Broyd

et al. 1983). Since contaminants usually reach the soil via the atmo-
sphere, most soil models used for environmental assessments have been
designed to treat an atmospheric source. These models are typically formu-
lated as simple compartment models in which the contaminant input is mixed
instantaneously and uniformly throughout the surface soil layer (CSA 1987).

Such models are not suited to waste management assessments, which allow the
soil to become contaminated from below. In this case, the upward movement
of contaminants can be very slow and is not well-described by a single
compartment. A more detailed, mechanistic model capable of predicting soil
concentrations as a function of depth over long time spans is required.

Few such models are available in the literature. We have chosen to base the
soil model for the postclosure assessment on the water flow and chemical
exchange subroutines of the Terrestrial Ecosystem Hydrology Model (TEHM)
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FIGURE 6-3: Transport Processes in the Soil. Closed arrows indicate
explicit consideration, and open arrows indicate implicit
consideration in BIOTRAC.

developed at Oak Ridge National Laboratory (Huff et al. 1977). TEHM models
contaminant transport in a watershed and has been validated experimentally.

Our version of the TEHM code is called SCEMR1 (Soil Chemical Exchange and
Migration of Radionuclides - Revision 1 (Bera and Sheppard 1984)). It is a
one-dimensional model that considers vertical flow through four soil
layers. Each layer is treated mathematically as a compartment; nuclides
entering the layer are assumed to be uniformly and instantaneously mixed.
SCEMR1 first calculates water flows between the layers. It then redistri-
butes nuclides reaching the soil from above or below throughout the pro-
file, and partitions them between the solid and liquid phases. The use of
four layers allows realistic modelling of the slow migration of nuclides
through the soil, and of the development of a depth-dependent concentration
profile.

Because we assume that water advection controls nuclide transport in soils,
the water flow subroutines lie at the heart of SCEMR1. The water content
of the four soil layers and flows between the layers are calculated over
and over on a daily basis for a standard year’s weather using detailed
meteorological inputs. The water content is estimated through a water
balance approach that takes into account irrigation, precipitation, the
fraction of precipitation intercepted by plants, evapotranspiration and
advection. The water potentials inferred by these water contents are
deduced from the characteristic curve, and are used in the Darcy flow equa-
tion and the equation of continuity to estimate the amount of water flowing
between layers.
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For irrigation, SCEMRl uses an internal process to determine the times in
the standard year at which water is applied, and the amounts applied.
During the irrigation season (assumed to be May to September, inclusive),
the model checks the soil water content of the top two layers for each day.
If the content is below the field moisture capacity (the content at which
internal drainage ceases), enough water is added to bring the content up to
capacity. The total water volume, I, (m?® vater.m ? soil.a-!), added annu-
ally through aerial irrigation is found by summing the daily values pre-
dicted by SCEMRl. I, was found to depend on the soil type, the soil depth
Z, (m), and the annual difference, Pe (m?® water.m-2 soil.a-!), between
precipitation and surface runoff. We used SCEMR] to generate numerous
values of I, for a large range of values of Z, and Pe for each of the four
soil types. This information was used to derive a regression equation
relating I, to Z, and Pe for each soil type. This equation has the form

I, =a+ b.Pe + ¢.Z2, + d-Pe-2, . (6.1)

Values for the regression constants a, b, ¢ and d are listed by soil type
in Table 6-1. Values assigned to Pe, Z, and other soil model parameters
are discussed in Section 6.5. Equation (6.1) allows the annual irrigation
volumes predicted by SCEMR1 to be readily calculated for various soil and
meteorological conditions.

Nuclides enter the soil either at the surface with irrigation wvater or
atmospheric deposition, or at the water table with groundwater (Section
4.4.3). The nuclide concentration in the receiving layer is calculated
using a mass balance equation, taking into account sorption and advection
into and out of the layer, and assuming instantaneous, uniform mixing
within the layer. The sorption process is modelled using the soil solid/
liquid partition coefficient, Kdi, defined as the ratio of the concentra-
tion of nuclide i on soil solids to that in the pore-water. The use of
partition coefficients implies that sorption is a reversible process, and
that an equilibrium between solid and liquid phases is reached instantane-
ously. As discussed in Section 4.4.1, partition coefficients are also used
to account for sorption in compacted sediments.

TABLE 6-1

VALUES OF THE REGRESSION CONSTANTS FOR CALCULATING
IRRIGATION WATER AMOUNTS BY SOIL TYPE

Constant Sand Loam Clay Organic
a 0.7618 0.7819 0.7861 0.3050
b -0.4912 -0.4282 -0.3855 -0.2249
c 0.03295 0.1297 0.5734 1.108
d 0.05054 -0.001977 -0.01589 -0.1190

Note: Constants apply to Equation (6.1).



- 117 -

Using the framework developed in Section 4.4.3, the total nuclide mass, Mi
(mol), in a soil layer of depth Z,(m) and area A (m2) is given by

Mi = (8 + p,-Kdi).A-Z .Ci, (6.2)

where 8 is the volumetric water content of the soil
(m3 vater.m-3 soil),

Py is the bulk density of the soil (kg dry soil.m-3 soil),

Kdi is the soil solid/liquid partition coefficient
(m3 water.kg-! dry soil), and

Ci, 1is the concentration of nuclide i in the pore-vater
(mol.m-3 water).

The total soil concentration reflecting the concentration in both solid and
liquid phases is given by

Mz
Ci = m = (8/p, + Kd*)-ng . (6.3)
Nuclides are transported from the source layers to other layers in the soil
profile using the water flows calculated previously. Concentrations in
these layers are also calculated using a mass balance approach, assuming
that the water entering the layer has a pore-water nuclide concentration
equal to that in the layer from which it originated.

SCEMR1 is a detailed research model that can predict time-dependent nuclide
concentrations throughout the soil profile. However, it requires a consid-
erable amount of computer time and is not practical for use in a long-term
probabilistic assessment. Accordingly, instead of incorporating SCEMR1
itself into BIOTRAC, we incorporated an assessment model based on SCEMRI
predictions. SCEMR] was run systematically a large number of times outside
BIOTRAC and its results were compiled. These results were used to generate
regression equations that allow the most important SCEMR1 predictions
(steady-state soil concentration and time required to reach this concentra-
tion) to be reconstructed very simply from an analytical expression involv-
ing the values of the most important input parameters. The regression
equations are thus based on results from SCEMR1. The regression equations
wvere incorporated into BIOTRAC in response function form (Section 2.6).

SCEMR1 does not allow nuclides to be lost from the soil profile by any
process other than drainage. However, we have incorporated other loss
mechanisms into the regression form of the model. Radionuclides may be
lost through radioactive decay, through gaseous evasion to the atmosphere
(in the case of volatile nuclides), and through root uptake by plants. The
amount or rate of nuclide lost from a given layer for each of these pro-
cesses iIs assumed to be linearly proportional to the nuclide mass in the
layer. Only a small fraction of the material taken up by plants is perma-
nently removed from the soil; the remainder is assumed to be returned to
the soil when the plant dies or is harvested. In this way, we implicitly
model the recycling of plant material and the nuclides contained in it.
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A number of other loss mechanisms are not modelled explicitly. Soil
nuclide concentrations are not reduced by the lateral transport of nuclides
in runoff water or through eroding soil material. These processes are
difficult to model at a generic site where the local topography and the
physical layout of the various fields are unknown. Losses via lateral
transport are expected to be small, and their omission results in an over-
estimate of soil concentrations. The contribution of lateral transport
through runoff to the nuclide load in the lake is accounted for implicitly
since the entire nuclide flow out of the geosphere, including the flow to
terrestrial areas and the well, is used to calculate lake water nuclide
concentrations (Sections 4.4.2 and 5.2).

Soil nuclide concentrations are also not reduced in the model when contami-
nated particles are suspended into the atmosphere because losses via this
mechanism are expected to be small. This means that atmospheric particu-
late material derived from the s0il need not be considered when calculating
soil concentrations from atmospheric deposition. The same is true for
nuclides that evade the soil as gases, but in this case we model the net
transfer between the soil and the air so that deposition is accounted for
implicitly. Similarly, few of the nuclides taken up by plants are perman-
ently removed from the soil in BIOTRAC. Accordingly, there is no need to
redeposit nuclides that enter the atmosphere as a result of fires. Since
air concentrations are made up of nuclides suspended from the soil, from
fires and from the lake (Section 7.3), the only components that need to be
considered when calculating soil concentrations resulting from deposition
are particles and gases derived from the lake.

The above procedures are used to calculate the time-dependent root-zone
soil concentrations for each of three pathways (groundwater discharge,
atmospheric deposition, aerial irrigation) that could contribute to the
nuclide load in each of the fields used by the critical group and other
biota. The total soil concentration for each field is found by summing
over the three pathways. All nuclides in the vault inventory, except 3%Ar,
3H, 81Kr, %5Kr and 222Rn, are treated in this way. Significant doses from
argon and krypton radionuclides arise only through air immersion. Since
air concentrations for them can be calculated without knowing the soil
concentrations (Section 7.3.2.2), the latter are not computed. Similarly,
doses from tritium are calculated using a specific activity approach
(Section 8.3.1.13), and soil concentrations are not required. Radon moves
essentially in concert with its precursor, 226Ra. Accordingly, we do not
track radon explicitly through the soil profile, but deduce its concentra-
tion in the root zone from the predicted 226Ra concentrations.

6.3 MATHEMATICAL FORMULATION QF THE SOIL MODEL
6.3.1 SCEMR1 Model

The mathematical basis for the SCEMR1 code is complex. It has been dis-
cussed in detail by Goldstein et al. (1974) and Sheppard M.I. (1992), and
will only be summarized here. It will be described in two parts, the first
dealing with water flow and the second with the calculation of nuclide
concentrations.
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6.3.1.1 Calculation of Water Contents and Flows

Vater flow in the soil profile is predicted by the Darcy flow equation and
the equation of continuity (Hillel 1971). Darcy'’s law defines the flow
through a time-invariant system subject to a gradient in the water poten-
tial. In one dimension

d
o, - kP (6.4)

where q, is the volume flux density of water in the z direction
(m.s-1),

¥ 1is the total potential of the soil water (m water),
K 1is the hydraulic conductivity (m water.s-!), and

z 1is the elevation of a space coordinate measured vertically
upward from the ground surface (m).

The hydraulic conductivity, K, is a function of the volumetric soil water
content, 8, and a number of other soil properties. The values of K and ¢
determine how quickly water moves through the soil profile.

Time-dependent flow is treated by introducing the equation of continuity,
which is simply a statement of the conservation of mass. In one dimension,

38  aq,

at oz

(6.5)

vhere ¢ is the volumetric water content of the soil (m? water.m 3 soil).
Combining Equations (6.4) and (6.5) yields

L a[x 3‘4’—] (6.6)

ot 9z dz

vhich provides a general equation for predicting water flow through the
soil profile. The potential ¥ can be written

Y=+ ¥ (6.7)

vhere y, is the matrix potential (m water) and y, is the gravitational
potential (m water) of the soil water.

BEquation (6.6) is used in an iterative technique to calculate the water
content of the four soil layers and the water flows between them on a daily
basis. The water content of each layer is initially set equal to the field
moisture capacity for the soil in question:

83 = 6pc (6.8)
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where 82 is the volumetric water content of layer j at t = 0
(m3 water.m-3 soil), and

is the field capacity moisture (m?® water.m 3 soil).

Initial values of the matric potential, ¥g; (m water), consistent with the
63 values, are determined from the characteristic curve for the soil. The
total potential for each layer, y§ (m water), is then found by adding yg;
to the gravitational potential, ¥3,; (m water), for each layer.

This initial hydrological state of the soil will fluctuate in response to
precipitation, the application of irrigation water, and evapotranspiration.
The increase in water content following a precipitation event depends on
the amount of water, P, (m water.a!), that is able to percolate down into
the soil; P, equals the precipitation less the surface runoff, less the
amount of water intercepted by plants, P; (m water.a"!), and less the
amount of water evaporated from surface pools, E, (m water.a-!) (Section
9.1.3). E, is a small term, and P; is calculated by SCEMR1 from the char-
acteristics of the plant canopy overlying the soil. The relevant input to
SCEMR]1 is therefore an effective precipitation, Pe (m water.a-!), defined
as the difference between precipitation and surface runoff. Pe is treated
as a distributed parameter (Section 9.1.3).

The amount of irrigation water applied to the garden and forage field is
calculated by SCEMR1 as the amount needed to maintain the soil moisture at
field capacity (Section 6.2.2). The amount of water lost through evapo-
transpiration, ET (m water.a-!), is also calculated internally by SCEMRI.
Daily averaged values of net solar radiation, wind speed, vapour pressure
and air temperature are used to predict ET from an energy balance/aerodyna-
mic approach (Cowan and Milthorpe 1968, Tanner 1968) that takes account of
the properties of the plant canopy. Ve assume a canopy typical of the
Canadian Shield and characterize it using generic values for average leaf
length, leaf area index, root cross-sectional area, root distribution with
depth, and surface resistance to water flow (Sheppard M.I. 1992). The
canopy geometry is reflected in the values assigned to the albedo. The
effects of the canopy on ET are strongly seasonal since the model accounts
for leaves appearing in the spring and for leaves falling in the autumn.

The water content and flows on the first day of the simulation are derived
as follows. The volumetric water content of the top layer, 6}, is calcu-
lated using a water balance equation that takes into account any precipita-
tion or evapotranspiration that occurred on that day. The water balance
should also include any flow between layers 1 and 2, but this flow 1s as
yet unknown. It is included in subsequent iterations. 6} is used to
deduce a value of K} and of the matric potential, ¥l,, through the charac-
teristic curve. The total potential, y!, is then calculated by adding i,
to the gravitational potential y}, for the layer. The values of y} and y§
are used to predict the flow between layers 1 and 2 using Equation (6.6).
This flow is used together with the predicted evapotranspiration to formu-
late a vater balance for layer 2, from which the water content, 63, is
deduced. 1In subsequent iterations, the flow between layers 2 and 3 is also
included in this water balance. The procedures described for layer 1 are
used to calculate Ki, yl, and the flow between layers 2 and 3. Layers 3
and 4 are then treated in a like manner, subject to the restriction that
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the water content of the bottom layer remains constant. This restriction
is consistent with the assumptions made in formulating the nuclide mass
balance equation for this layer (Section 4.4.3).

Vater conditions throughout the soil profile may not be internally consis-
tent following this first iteration since flows between layers have not
been included in the water balance equations. The entire procedure is
therefore repeated, taking these flows into account, until the water con-
tents and potentials in all four layers have converged to consistent
values. The calculations then proceed to day 2 of the simulation.

During and shortly after precipitation events, water may drain through the
bottom of the fourth soil layer and contribute to the groundwater. We
assume that lateral flow in the saturated overburden carries this drainage
volume away quickly enough to prevent changes in the level of the water
table. Since the drainage volume is generally small, we assume further
that it does not dilute the nuclide concentrations in the rising ground-
vater (Section 4.4.3).

The meteorological data used to drive SCEMR1 are observed daily-average
values for each day of a year that are typical of the long-term average
climate of a specific site on the Canadian Shield in Ontario (Section
6.5.2.1). Ve assume that the climate does not change with time, so that
this sequence of daily values repeats from year to year within a simula-
tion. The model is run until the time series of water fluxes calculated
for any one year is equal to the time series predicted for the previous
year. These steady-state fluxes are then assumed to persist for all time,
and the water flow calculations are subsequently bypassed. This saves a
substantial amount of computer time and allows the calculation of nuclide
concentrations to be carried out over long time scales.

6.3.1.2 Calculation of Nuclide Soil Concentrations

Nuclide transport in SCEMR1 is driven by the pore-water concentration in
the soil layer that receives the nuclide input. Pore-water nuclide concen-
trations are therefore required for the bottom layer when the soil becomes
contaminated by groundwater discharge, and for the root zone (the top two
layers) when the contaminant source is irrigation water or the atmosphere.
In the groundwvater case, concentrations in the bottom layer are derived
using the mass balance equation discussed in Section 4.4.3. For irriga-
tion, concentrations in the surface layers are also calculated using a mass
balance approach. Using Equation (6.2), the nuclide mass, M; (mol), pre-
sent in the root zone at time t can be expressed as

Mi = (6 + p,-KRdi).A.2, .Ci (1) (6.9)
where Z, is the depth of the root zone of 0.3 m,
A is the area of the field (m?), and

C;v(t) is the root-zone pore-water concentration (mol-m-3 water).
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In a time interval At, the nuclide mass, Mi (mol), added to the root zone
with irrigation water is given by

Mi = Ci.V .A.At (6.10)

vhere Ci is the nuclide concentration in the irrigation wvater
(mol.m-3 water),

v, is the volume of irrigation water applied per unit area and
time (m3 water.m-2 soil.d-1), and

At is the time interval (d).

In practice, At = 1 d because nuclide transport is modelled using the same
time steps as the water flow calculations. The total nuclide mass, Mi
(mol), in the layer at time t + At is given by the sum of Mi and Mi:

Mi = (8 + p,-Kdi).A.Z .CL (t) + Ci.V,.A.At . (6.11)

The ingrowth of daughter nuclides and losses through radioactive decay,
gaseous evasion, soil leaching and cropping are not included in this equa-
tion because they are treated in the response function formulation of the
SCEMR]1 results (Section 6.3.3). We assume that the nuclide mass is uni-
formly and instantaneously mixed throughout the root zone, and partition it
between solid and liquid phases. Mi can then be expressed in terms of the
pore-water concentration at time t + At, C;w(t+At) (mol.m-3 water), using

Mi = (6 + p,-Kdi).A-Z .Ci (t+At) . (6.12)

The daily root-zone pore-water concentrations required to drive SCEMR1 in
the irrigation case are found by combining Equations (6.11) and (6.12):

Ci.v;-At
Ci,(teat) = CL (t) + : . (6.13)
(6 + pg-Kd*).Z,

Equation (6.13) applies only to days on which irrigation water is added to
the soil. For other days (when precipitation brings the root-zone water
content above field capacity, or between October to April when irrigation
is not practised), V; = 0, and nuclides may be lost from the root zone by
leaching. The total nuclide mass in the root zone for these days is given
by the total mass on the previous day (Equation (6.9)) less the amount lost
through leaching:

Mi = [6(t) + p,-Kdi]-A.Z .Ci (t) - Fw .Ci,(t)-A.At (6.14)

where Pw, (m® vater.-m-2? soil.d-!) is the flux of water out of the root
zone. The pore-water concentration at time t + At is then found by
equating (6.12) and (6.14):
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[6(t) + p,-Kdi].Z - Fw .At
} . (6.15)

Ciu(t+at) = ng(t)-{ :
[6(t+Aat) + p -Kd1].Z,

Equations (6.13) and (6.15) together provide the root-zone pore-water con-

centrations required to drive SCEMR1 in its aerial irrigation mode.

Because both aerial irrigation and atmospheric deposition may contaminate
the surface soil layer, we model deposition in the same way as irrigation.
This means that a single set of SCEMR1 simulations suffices to treat these
surface sources. The assessment model is also simplified because the same
regression equations and response functions can be used for the two cases.
To treat the deposition source, we assume that nuclides reaching the soil
from the atmosphere each day do so in a volume of water equal to V;. The
concentration in this volume, Ci (mol.m-3 water), is calculated in such a
wvay that the nuclide flux reaching the soil with the water equals the flux
that would have been deposited from the air over the course of the year.
This latter flux is derived in Section 7.3.8, and is given by

Di - [(Ci)AP " (Ci)AG].[Vd . P-Vr] (6.16)

vhere Di is the rate of deposition of nuclide i from the atmosphere
to the soil (mol-m-2? soil.a-1), '

(Ci),p and (Ci),, are the air concentrations of particles and
gases suspended from the lake (mol.m-3 air),

vd is the dry deposition velocity (m-a-!),
P is the precipitation rate (m water.a-1), and
Vr is the washout ratio (unitless).

To achieve this flux through the annual application of a volume of water
equal to I,, the concentration in the water must be given by

Ci - Di/I,
= [(cg)n + (cg)AG].[Vd + P-Vr]/Iw . (6.17)

The pore-water concentrations required to drive the soil model in the

deposition case are then calculated from an equation identical to (6.13),
but with Ci replaced by Ci. The implications of using an effective water
concentration to model the deposition flux are discussed in Section 6.7.1.

Once pore-water concentrations in the two source layers have been defined,
nuclide concentrations throughout the soil profile can be calculated. Ve
assume that the nuclides are advected with the water flow calculated by the
wvater flow subroutines of SCEMR1. The concentration in any layer at any
time is found through a mass balance calculation. Consider the case in
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vhich vater flow on a given day is downward through the profile. Let the
mass of nuclide i present in layer j at time t be Mg (mol); Mi is given by

Mi = (85 + p,-Kdi).A.Z,-Cpwi(t) (6.18)

vhere pri(t) is the concentration of nuclide i in the pore-water of
layer j (mol.m-3 water) and Z; is the depth of the layer (m).

During the day, a mass M}, (mol) will enter layer j from above, where

Mi

in

= Fy_,-Cpwi_ (t)-A-At . (6.19)

Here F,_, (m® vater.m? soil.d-!) is the water flow between layers j-1 and
J. At the same time, a mass Mi,, (mol) will drain out of the bottom of
layer j with a water flow Fy:

Mi,. = F;-Cpwi(t)-A-At . (6.20)
The total mass Mi (mol) in layer j at time t + At is given by the sum of Ml
and M;,, less Mi{ .. Following Equation (6.3), the total soil concentration

Cs§ (mol.kg-1 dry soil) in the layer is given by H}/(p,-A-Zj), or
Cs(t+At) = [(ej + pg+Kdl).Z,.Cpwi(t) + Fy_,.Cpwi_,(t)-At
- Fj-va§(t)-At]~(ps-Zj)'1 . (6.21)

Pore-water concentrations for use in the subsequent time step are found by
partitioning Mi into solid and liquid phases:

Cpvi (t+At) = Cpwi(t) + At.[Fj_l.prg_l(t) - Fj.pr§(c)]

-[(95 + ps.Kdi)-Zj] . (6.22)

The linear relationship between nuclide concentrations in the solid and
liquid phases does not hold at high concentrations. The concentration on
the solid phase, C,,, (mol.kg-! dry soil), cannot exceed a limit imposed by
the cation exchange capacity, CEC (mol-kg-1 dry soil), of the soil. If
Csoy a@s predicted by SCEMR] exceeds CEC, C, , is reset to CEC, and the
excess nuclides are assumed to remain in solution. The CEC limit is rarely
reached in practice.

The final output of SCEMR] is a daily time series of total nuclide concen-
tration in the soil root zone, considering both solid and liquid contribu-
tions for each of the three contamination sources (groundwater discharge,
irrigation and atmospheric deposition). The root-zone concentration in
each case is found by taking a depth-weighted average of the total concen-
trations predicted for the top two soil layers.
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Sample SCEMR1 Results

Figure 6-4 shows the time-dependent root-zone concentrations predicted by
SCEMR]1 for soil contamination via both groundwater discharge and irriga-

tion.

In both cases, the soil was assumed to be sand 1.5 m deep subject to

an effective precipitation of 0.4 m.a-!, and contaminated with 12°I

9 EIS 9-6.4
5x10 T T T | I R T T
- (a) Groundwater Source ]
= -9 -
S 4x10
» B i
>
Ty
i 3x10° -
g Css)gf———————"———— e —
S 2x10° [~ ]
5 , -
c |
=) 1x10° I
ol
£ - |
S 0 l | I I | | I l L L | Ll
0 0 2x10* 4x10* 6x10° 8x10° 10° (tss)g
o
o
-73 T T — T T
% 10° |- (b) Irrigation / Deposition Source 1
c
o
N Css)yr——————— - == |
© 6 - | -
[} 10 [
o !
g : |
o o -— —
5 10 |
|
|
10-8 | | | | 1
10 102 10°  (tss), 10° 10°
Time (a)
FIGURE 6-4: Time-Dependent Root-Zone Soil Concentrations Predicted by

SCEMR]1 for a Sand Soil with a Soil Depth, Z_,, of 1.5 m, an
Effective Precipitation, Pe, of 0.4 m.a"!, a Solid/Liquid
Partition Coefficient, Kd, of 10-3 m® Water.kg-! Dry Soil and
a Source Concentration of 1 umol.m 3 Water. (a) (Css). and
(tss); are the steady-state concentration and the time to
reach this concentration for groundwater contamination.

(b) (Css); and (tss); are the corresponding values for irriga-
tion. Note that the scales are linear in (a) but logarithmic
in (b).



- 126 -

(Kdi = 10-3 m3 water-kg-! dry soil). 1In the groundwater case, the model
vas driven by a constant iodine concentration of 1 umol.m-3 in the pore-
water in the bottom soil layer; in the irrigation case, the source term was
a constant iodine concentration of 1 umol.m-3 in the irrigation water.

This normalizes the curves in Figure 6-4.

In the irrigation case (Figure 6-4b), the root zone becomes contaminated as
soon as the source is turned on. The concentration increases steadily, and
eventually levels off to a steady-state value, (Css);, at time (tss), as
the loss of nuclide through leaching balances the gain from additional
irrigation. Concentrations resulting from atmospheric deposition would
show similar behaviour. In the groundwater case (Figure 6-4a), the root
zone does not become contaminated immediately because time is required for
the 1291 to rise through the soil profile. Following this delay, the con-
centration builds up to a steady state value, (Css)g, at time (tss);. The
concentration at steady state is higher in the irrigation case than in the
groundvater case, and is achieved earlier because the nuclide is applied
directly to the root zone.

6.3.2 Regression Model

SCEMR]1 requires too much computer time to be of practical use in a proba-
bilistic, long-term assessment model such as BIOTRAC. Instead, we ran
SCEMR1 outside of BIOTRAC, and calculated root-zone soil concentrations for
a wide range of input parameter values. These databases were then used to
generate regression equations that were used together with a simple analyt-
ical expression in BIOTRAC to reconstruct the root-zone concentrations from
the values of the most important input parameters.

The first step in deriving the regression equations was to identify the
SCEMR1 parameters for which distributions, rather than fixed values, are
required. This was accomplished through a sensitivity analysis

(Sheppard M.I. and Bera 1984). Soil concentrations were predicted using
different values of each input parameter in turn, and compared with the
results of a standard simulation. The analysis revealed that SCEMR1 pre-
dictions are relatively sensitive to variation in four of its parameters:
soil type, soil depth, Z , effective precipitation, Pe, and soil solid/
liquid partition coefficient, Kdi. Variations in the remaining parameters
had little influence on the soil concentrations. Thus, only the four
sensitive parameters need to be varied in the regression model for BIOTRAC.

The effective precipitation is defined in SCEMR1 not by a single value, but
by a sequence of 365 daily values. Thus there exists a very large number
of possible precipitation regimes, and a rigorous treatment of the vari-
ability becomes very difficult. Instead, we assume that soil concentra-
tions are sensitive only to variations in the total annual effective pre-
cipitation, Pe, and not to variations in its pattern of values throughout
the year. Ve then account for variability in Pe in the usual way by dis-
tributing its annual values.

The next step in the procedure was to use SCEMR1 to generate root-zone soil
concentrations for a wide range of values of the four sensitive parameters
to provide the regression databases. Concentrations were calculated for

three soil depths, five effective annual precipitations, and five Kd values
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for each of the four soil types (sand, loam, clay and organic), for both
the groundvater and irrigation/deposition cases. The parameter values used
covered the ranges expected to occur on the Canadian Shield in Ontario,
given the nuclide inventory in the vault. In each simulation, the daily
effective precipitation values, (Pe);, required to drive SCEMR1 were
determined by multiplying the annual value (Pe), by the ratio (P)g,/(P),,>
vhere (P)4, and (P),, are the daily and total annual precipitations at a
representative site on the Canadian Shield (Section 6.5.2).

For these calculations, the model was driven by a constant source term of

1 mol.L-1 applied to the irrigation water in the irrigation/deposition case
and to the pore-water concentration in the bottom soil layer in the
groundvater contamination case. The simulations were carried out to

100 000 a, at which time the root-zone soil concentrations in all irriga-
tion simulations and most groundwater simulations had reached steady state.
Steady state was assumed to be achieved when

Ci(t + 7,) - Ci(t) < v (6.23)

vhere Ci(t) is the total root-zone concentration of nuclide i
(mol.kg-1 dry soil) on a given day of the year in the
tth year of the simulation,

Ci(t + 7,) is the total root-zone concentration (mol.kg-! dry
soil) on the same day of the year, 7_ years later,

is the time interval of SCEMR1 output (a), and

v is a small nuclide concentration increment (mol.kg-!
dry soil).

The results showved essentially no dependence on the day of the year chosen
for the comparison. In practice, we used the concentrations predicted for
December 31.

The values of both 7, and v varied depending on how rapidly steady state
wvas reached (Sheppard M.I. 1992). The steady-state soil concentration,
(Css)! (mol-kg-! dry soil/mol.L-! water), was set equal to Ci(t + 7,), and
vas assumed to occur at time (tss)! (a) = t + 7,. The (Css)! and (tss)i
values were stored in a database associated with the parameter values used
to generate them. Only the simulations in which steady state had been
achieved within 105 a were included in the database.

Regression surfaces describing the relationship between (Css)i and (tss)i
and the input parameters were fitted to the values in the database using

standard statistical techniques (SAS 1985). The functional relationship
between (Css)i and the input parameters for the groundwater case was

(Css)i = exp[aG + bg-Z, + c;-Pe + dg-1n Kdi + e;-Z,-1n Kdi

+ £,2,+Pe + gg-Pe.1n Kdi] (6.24)
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vhere (Css)i is the normalized steady-state root-zone soil concentra-
tion of nuclide i resulting from contaminated groundwater
(mol.kg-! dry soil/(mol.L-! water)),

Z, is the soil depth (m),

Pe is the annual effective precipitation (m water.a-1),

Kai is the soil solid/liquid partition coefficient for
nuclide i1 (L water.-kg-! dry soil), and

agy bgy Cg» dg, €, f; and g, are regression constants that
depend on the soil type.

The values of the regression constants for predicting (Css)i are given in
Table 6-2.

The regression equation relating the time to steady state in the ground-

vater case, (tss)! (a), to the input parameters has the same functional
form as Equation (6.24), but involves different regression constants:

(tss)i = exp[hG + 15+2, + mg-Pe + ng-1n Kd* + q5-2,-1n Kdi

+ rg+2,-Pe + sg.Pe.ln Kdi] . (6.25)

TABLE 6-2

VALUES OF THE REGRESSION CONSTANTS FOR CALCULATING NORMALIZED STEADY-STATE
ROOT-ZONE SOIL CONCENTRATIONS, (Css)i, BY SOIL TYPE FOR GROUNDWATER CASE

Constant Sand Loam Clay Organic
ag 1.469 0.8901 0.4039 -1.709
bg 1.507 -0.1329 -1.738 0.6909
Cq -0.3460 ~1.788 -0.1837 3.387
dg 0.8650 0.5615 0.5632 0.3632
eg -0.09265 ~0.04214 -0.2248 -0.03611
fs -3.542 -0.8678 1.238 -1.883
£ -0.1285 0.1098 0.4052 0.1566

Note: Constants apply to Equation (6.24).
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Values for the regression constants appearing in Bquation (6.23) are listed
in Table 6-3.

The regression equation for the normalized steady-state soil concentration
in the irrigation/deposition case, (Css)i, (mol.kg-! dry soil/(mol.L-1
vater)), is somewhat more complex than for the groundwater case:

(Css)i, = exp[aID + brp+Z, + ¢;p-Pe + dyp-(In Kdi)2 + e;,-1n Kdt
+ f.5-2,-1n Kd* + g;p-2,-(1n Kdi)2 + h;, .2, .Pe
+ 1,,-Pe.1n Kdi + m;,.Pe.(1n Kdi)z] : (6.26)

The equation for the time to steady state in the irrigation/deposition
case, (tss)i; (a), has the same functional form as Equation (6.26), but
involves different regression constants:

(tss)i, = exp[nID + Qrp2Z, + ryp+Pe + s;p-(1n Kdi)? + t;,-1n Kdi
+ Urp-Z,-1n Kdt + vy -2, -(1n Kdi)? + w; -2, -Pe

+ X;p-Pe.ln Kdi + y,; -Pe.(1ln Kdi)z] . (6.27)

TABLE 6-3

VALUES OF THE REGRESSION CONSTANTS FOR CALCULATING TIME TQ STEADY STATE
OF NORMALIZED ROOT-ZONE SOIL CONCENTRATIONS, (tss)i,
BY SOIL TYPE FOR GROUNDWATER CASE

Constant Sand Loam Clay Organic
hg 8.653 9.651 10.01 8.533
1, 2.542 1.282 0.9084 1.614
mg -1.029 -2.300 -1.713 -1.548
ng 0.3621 0.4502 0.3058 0.1616
4 -0.06803 -0.07706 -0.06961 -0.03711
Yg -2.466 -0.6424 -0.3975 -0.8703
Sg 0.3611 0.1438 0.2547 0.2495

Note: Constants apply to Equation (6.25).
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Values for the regression constants appearing in Equations (6.26) and
(6.27) are listed in Tables 6-4 and 6-5 respectively.

TABLE 6-4

VALUES OF THE REGRESSION CONSTANTS FOR CALCULATING
NORMALTZED STEADY-STATE ROOT-ZONE SOIL CONCENTRATIONS, (Css)i ,
BY SOIL TYPE FOR IRRIGATION/DEPOSITION CASE

Constant Sand Loam Clay Organic
ar;p 11.55 6.535 7.078 7.874
b:p -1.593 0.3149 0.2696 0.4996
C1p -6.585 -1.003 -1.772 -1.208
d;p 0.09320 0.06383 0.06606 0.07152
erp 0.5972 0.6659 0.6460 0.4694
fip -0.004256 -0.001183 0.007551 0.02331
g:p -0.006437 0.0001378 -0.0007243 -0.000005273
hyp 1.851 -0.2346 0.4413 0.1503
10 0.05587 -0.02532 -0.002168 0.01530
m -0.01808 0.002815 0.0003853 0.0007918

Note: Constants apply to Equation (6.26).

Equations (6.24) to (6.27) allow the steady-state soil concentrations pre-
dicted by SCEMR1l to be reproduced efficiently, but additional information
is needed to reconstruct the time-dependent concentrations. Based on the
shape of the curves shown in Figure 6-4, we postulated simple analytical
expressions to describe the soil concentrations as a function of time. For

the groundwater case
(Ci(t))g ~ x-Céu-(Css)é-[l - exp(-t/(tri)g] (6.28)

where (Ci(t)); is the root-zone concentration of nuclide i at time t
resulting from groundwater contamination

(mol.kg-! dry soil),

ci is the pore-water concentration in the bottom soil layer
(mol.m-3 water),
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TABLE 6-5

VALUES OF THE REGRESSION CONSTANTS FOR CALCULATING

TIME TO STEADY STATE OF NORMALIZED ROQOT-ZONE SOIL CONCENTRATIONS,
(tss)i,, BY SOIL TYPE FOR TRRIGATION/DEPOSITION CASE

Constant Sand Loam : Clay Organic
n;, 11.85 7.665 7.653 6.597
d:p -1.157 0.2745 -0.07020 0.01937
Trp -6.555 -2.133 -1.747 -0.5435
Stp 0.07153 0.06884 0.06395 0.06858
tp 0.7790 0.5983 0.6048 0.3601
Urp -0.01129 -0.009102 0.005474 0.03996
Vip -0.01589 -0.005360 -0.004422 -0.0006362
Vip 1.740 0.2456 0.5255 -0.2195
X1p -0.1021 0.02882 -0.02456 0.001428
Yip 0.003770 -0.003250 0.007149 0.008422

Note: Constants apply to Equation (6.27).

K is a conversion factor equal to 10-3 m3.L-! water, and
(tri), is a time scale related to (tss)i (a).
The factor x converts the pore-water concentrations, which are available
from the interface model (Section 4.4.3) in units of mol.-m 3 water, to
mol.L-! water, the units used in SCEMR1 to develop the regression equations.

For the irrigation case

(Ci(t)); = K-Ci.(Css)ip-{1 - exp[-t/(tri) ]} (6.29)
where (Ci(t)); is the root-zone concentration of nuclide i at time t as
a result of irrigation water contamination (mol.kg-! dry

soil),

ci is the nuclide concentration in the irrigation water
(mol.m-3 water), and

(tri);, is a time scale related to (tss)i, (a).
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For the atmospheric deposition case

(Ci(t))p = K+Cy-(Css)ip- (1 - exp[-t/(tri) ]} (6.30)

where (Ci(t)), is the root-zone concentration of nuclide i at time t
from deposition contamination (mol.kg-! dry soil), and

Ci is the effective deposition water concentration defined
in Equation (6.17) (mol.m-3 water).

To complete the regression formulation of SCEMR]1 results, it is necessary
to derive the relationship between the time scales (tri); and (tr!),,, and
the respective times to steady state, (tss)i and (tss)i,. For the ground-
vater case, ve substitute Equation (6.28) into Equation (6.23) and
rearrange the terms to obtain

(tss)i exp[7,/(tri),] - 1
> 1n . (6.31)
(tri)g v/[Kk-Cl,-(Css)i]

Because the times to steady state were determined in simulations driven by
a source term of 1 mol.L-! water, we must set n-ng = 1 mol.L-1 water in
Equation (6.31).

Once (tss)i, (Css)i, 7, and v are known, Equation (6.31) can be solved by

standard numerical techniques to yield an upper limit for (tri),. Because
the soil concentration at any given time increases with increasing values

of (tri), (Equation (6.28)), use of this upper limit is conservative. It

wvas found that, when the empirical quantity

§ = v-(tss)§/(7,-x-Cl -(Css)}) 2 0.35 (with k.Ci,= 1 mol.L-* water),

Equation (6.31) is satisfied for all values of (tri); and cannot be solved.
In this case, (tri); was set equal to 1.6, the value it takes when ¢ - 0.35.
This is conservative since (tri), decreases for increased values of £.

Values for (tri), , are obtained in an identical way using Equations (6.23)
and (6.29) or (6.30).

In writing Equations (6.28), (6.29) and (6.30), we assumed that the SCEMR1
predictions, which were obtained with a nuclide concentration of unity in
pore vater or groundwater, scale linearly with the source terms Ci,, Ci and
Ci. This assumption was verified in numerous SCEMR] simulations involving
both soluble and insoluble nuclides over a wide range of input concentra-
tions (Sheppard M.I. 1992). Thus the SCEMR] results that form the basis of
the regression equations can be readily used in Equations (6.28) (6.29) and
(6.30) to predict soil concentrations for any values of Ci,, Ci{ and C}
calculated by the geosphere and surface water models.

To summarize, the regression model allows SCEMR1 results to be recon-
structed through a number of simple steps. A soil type is first chosen,
together with values for soil depth, effective precipitation, and Kd appro-
priate to the nuclide in question. These values are used in regression
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Equations (6.24) and (6.25) (for a groundwater source) or Equations (6.26)
and (6.27) (for an irrigation/deposition source) to calculate a steady-
state concentration, (Css), and the time, (tss), to reach steady state.
The time scale, (tri), is then calculated from Equation (6.31) (or an equi-
valent equation in the irrigation/deposition case). Finally, root-zone
soil concentrations at any time t are calculated using Equations (6.28),
(6.29) or (6.30), with the source concentrations, Covr C; or C,, provided
by the geosphere model, or the surface water or atmosphere submodels of
BIOTRAC. A comparison of soil concentrations predicted by SCEMR1 and by
the regression model is shown in Figure 6-5. For this one case, the
steady-state concentrations predicted by the two models agree to within a
factor of two for both groundwater contamination and irrigation. A more
detailed discussion of the ability of the regression model to duplicate
SCEMR] results is given in Section 6.6.

6.3.3 Response Function Formulation

In the framework developed to this point, we have assumed that the source
concentrations driving the soil model are constant in time. In addition,
wve have not allowed for the buildup of daughter nuclides following decay of
the precursor, or for losses resulting from radioactive decay, gaseous
evasion or cropping. In this section we develop a fully time-dependent
model that treats these additional processes. We achieve this by formu-
lating a mass balance equation for the root-zone compartment, which is
solved using the response function/convolution approach discussed in
Section 2.6.

Ve begin by considering the soil concentrations that result from ground-
wvater contamination. A mass balance equation for this case (for a unit
soil mass) is obtained by differentiating Equation (6.28) with respect to
time:

d(Ci (1)) , .
e rem K-Cl, - (Css){-exp[-t/(tri) ]/ (tri), . (6.32)

This can be expressed as

d(Ci(t))g = w-Ci,-(Css)i/(tri), - (Ci(t))g/(tri)s .
— (6.33)

The first term on the right in Equation (6.33) is the source term resulting
from nuclide discharge from the geosphere (Section 4.4.3), and the second
is a loss term resulting from leaching. We now generalize Equation (6.33)
by allowing Ci_  to be time-dependent, and by adding terms to account for
ingrowth, radioactive decay, gaseous evasion and cropping losses:

d(Ci (1))

= K-Ch,(t)-(Css)/(tri)g + AM-1.(Ci-1(t))g
dt

IO NS GO NES TR ey ) (6.34)
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FIGURE 6-5: Comparison of Root-Zone Soil Concentrations Predicted by
SCEMR1 (Solid Lines) and the Regression Model (Dashed Lines),
for a Sand Soil with a Soil Depth, Z,, of 1.5 m, an Effective
Precipitation, Pe, of 0.4 m Vater.a-!, a Solid/Liquid Parti-
tion Coefficient, Kd, of 10-3 m3 Water-kg-! Dry Soil and a
Source Concentration of 1 umol.m-3 Water. (a) Groundwater
source and (b) irrigation/deposition source. Note that the
scales are linear in (a) but logarithmic in (b).

In writing Equation (6.34), we have assumed that the sorptive properties of
precursor and daughter nuclides are identical. This assumption is reason-
able for the actinides (Sheppard M.I. et al. 1985). It has no implications
for 1291, 14C and 99Tec, the most important dose contributors (Chapter 10),
because these radionuclides have no daughters or precursors.

Each of the loss terms in Equation (6.34) is described by a first-order
rate constant expressed in units of a-!: Al for decay, ni for gaseous
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evasion, and ¢{i for cropping. Equation (6.34) is subject to the initial
condition (Ci(t=0)); = O.

Following the framework presented in Section 2.6, the response function for
Equation (6.34) is

(RFi(t))g = exp{-[1/(tri)g + Al + ni + ¢i].t} . (6.35)

The time-dependent root-zone soil concentration from groundwater contamina-
tion is then given by

(CL(1))q =r [n-cgw(t')-wss)é/(tri)c + A*'l-(C§'1(t'))G]
0

. exp{-[l/(tri)G + A+ g+ i)t - t')} dt’ . (6.36)

Time-dependent concentrations from irrigation and atmospheric deposition
can be derived in a similar manner, beginning with Equations (6.29) and
(6.30) respectively. The response function for a surface source becomes

(Rpé(t))xn = exp{_[l/(tri)xn + Ay ni + ¢iy.t} (6.37)

The time-dependent root-zone soil concentration for an atmospheric deposi-
tion source is given by

(Ci(t)), =J1 l:lc-C,’;-(t')-(Css)%l,/(tr"-)ID + Ai‘l-(Ci'l(t'))D]
0

. t‘-xp{-[l/(tri)ID + A+ pl o4 pi)(t - t')} dt’ .  (6.38)

It is unreasonable to assume that a given field can be irrigated indefi-
nitely. The minerals introduced with the irrigation water will accumulate
in the soil and eventually make the field unsuitable for agriculture.
Accordingly, we assume that irrigation occurs only over a period of time
tirr (3). The time-dependent root-zone soil concentration for an irriga-
tion source is then given by

(€ (t); =j1 [R-ctety-(@so)tp/(ertygy + A2 (o2 (1)),

irr

. exp{-ll/(tr‘)ID + A+l o4 i)t - t’)} dt’ .  (6.39)
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If t - t;,, <0, the lover limit of integration in Equation (6.39) is set
to O.

Note that the field is irrigated over the preceding period, t, ,, for each
time t. Therefore, in the case of irrigation, we effectively model a
series of fields over time, each of which is irrigated only over t,,.,

before the time of interest. Aerial irrigation may involve either lake or
well water (Equations 4.18 and 5.6).

6.3.4 Rate Constant for Cropping Losses

The rate constants X\ (for radioactive decay) and ni (for gaseous evasion)
are fundamental parameters, and can be defined using experimental data
(Table 1-1, Section 6.5). On the other hand, ¢i, the rate constant for
cropping losses, is a derived parameter that depends on a number of soil
and plant properties. An expression for ¢! can be derived as follows. The
fractional rate of removal of nuclide i from the soil by root uptake, Fi
(a-1), is given by the ratio

Fi = UL/T4 (6.40)

wvhere IL is the nuclide inventory per unit area of the soil root zone
(mol-m-2 soil), and

Ui 1is the annual mass of nuclide taken up per unit soil area by
the crop (mol.-m-2 sofl.a-l).

Ii is given by
I§ = 2,-5,-C} (6.41)
vhere Z, 1is the depth of the soil root zone of 0.3 m,

p, 1is the soil bulk density (kg dry soil-m-3 soil), and

Ci is the root-zone soil concentration of nuclide i (mol-kg-?!
dry soil).

Ui in turn is given by
U = Bvi.Y,.Ci (6.42)

where Bvi is the plant/soil concentration ratio for nuclide i
((mol.kg-! wet biomass)/(mol.kg-! dry soil)), and

Y; 1is the annual crop yield (kg wet biomass.m-2 soil.a-1).

Substituting Equations (6.41) and (6.42) into (6.40), we obtain

Fi = Bvi.Y,/(Z,-p,) - (6.43)
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Ve assume that only a small fraction, e (unitless), of Fi is permanently
removed from the soil as a result of cropping, so that

¢l = eBvi.Y,/(Z,:p,) - (6.44)

The remaining fraction of the nuclides returns to the soil when the plant
dies. In this way we model recycling implicitly.

Cropping losses are accounted for in calculating soil concentrations for
all the fields except the peat bog, from which no live crop is taken.
Different ¢i values are used for each of the three remaining fields because
each field supports a different crop with a different yield, Y. Three
different types of crops are grown on the forage field to suppiy feed or
fodder to the dairy cows, beef cattle and poultry raised by the critical
group (Section 8.5.8.1). The smallest yield value among these crops is
used to calculate ¢ for the forage field to ensure conservatively high
predictions.

Cropping is a cultural activity and would not occur unless humans occupied
the site and used it for farming. Accordingly, we allow for cropping
losses only over the irrigation period, t,,,, assuming that a field that is
irrigated will be cropped. In cases where irrigation is not practised, we
apply the cropping loss over a 50-a period corresponding to the nominal
lifetime of members of the critical group (Section 1.2.3). In practice,
this restriction was implemented by setting ¢* equal to the value predicted
by Equation (6.44) in the period defined by t; , (or 50 a) prior to the
time of interest, and to zero for earlier times.

6.3.5 Treatment of Shallow Soils

Soils less than about 0.5 m deep simulate temporary wetland conditions
because they may be subject to seasonal flooding with groundwater as a
result of fluctuations in the water table. For the groundwater contamina-
tion case, we model these soils as a single well-mixed compartment, with
nuclide concentrations controlled by advection. Accordingly, the pore-
vater concentration in the compartment is given by (Equation (4.14)):

Xob(t ) . . . .
i.(t) = + A"l-(v"l/Y‘)'Cé;l(t')]
vV

. exp{-[Fwob/(yi-V) + A ]t - t')} dt’ (6.45)

where all the parameters have the meanings given in Section 4.4.3, except

for the layer volume, V (m3), which is based on the total depth of the
shallow soil layer:

V=2, -Ap - (6.46)
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Here the soil depth, Z, (m), and the area of shallow soil, A,, (m?), are
associated with a given terrestrial discharge. The total concentration in
the layer is then found using Equation (6.3):

Ci = (8/0, + Kdi).Ci, . (6.47)

Equation (6.47) provides the root-zone soil concentrations directly without
the need to implement SCEMR1 or the regression equations. The advective
flov associated with seasonal flooding is far more important in setting the
concentration than any capillary rise that may occur throughout the remain-
der of the year. Similarly, we do not consider cropping losses or gaseous
evasion for shallow soils. These mechanisms would be able to act over a
period of less than one year before the soil was reflooded; losses over
this short period of time would be small.

Shallow soils are subject to contamination by atmospheric deposition in the
same way as deep soils; the concentration resulting from deposition is
calculated using Equation (6.38). Although shallow soils are sometimes
irrigated to prevent salt buildup, we assume that they are not irrigated
because plants can draw all the water they need directly from the nearby
wvater table.

6.3.6 Special Solutions

Under special circumstances, Equations (6.36), (6.38) and (6.39) can be
integrated to give analytical solutions for calculating the root-zone soil
concentrations. If the source concentration, ng, can be considered
constant, and we treat a nuclide with no precursor, Equation (6.36) becomes

Kk-Ci, . (Css)i

(C3())e = ————— | exp[-(Bi)q-(t - t)] av (6.48)
(tri), 0
vhere (Bi)g = 1/(tri)g + AF + i + ¢t . (6.49)

Equation (6.48) can be integrated directly to give

(Ci(t))g = N-Céw-(Css)é/[(tri)G-(ﬂi)G] . (6.50)

Under the same conditions, Equation (6.38) for the concentration resulting
from deposition becomes

(Ci(t))n = K+CL-(Css)ip/[(tr)p-(BL)1p] (6.51)

vhere (Bi);p = 1/(tri)p + A + i + ¢ (6.52)
The analogous equation for an irrigation case is
K-C}-(Css)ip

(Ci(t)); = . : ’{1 - eXP[‘(ﬁi)m‘tin]} . (6.53)
(tr*)yp+(Bs)ip




- 139 -

Equations (6.50), (6.51) and (6.53) provide simple, accurate expressions
for the soil concentrations, which, when appropriate, are much easier to
interpret and verify than the full equations. They are used in the sample
BIOTRAC calculation presented in Appendix D.

6.3.7 Field Concentrations

Equations (6.36), (6.38) and (6.39) provide soil nuclide concentrations in
a field subject to contamination by groundwater, irrigation and atmospheric
deposition. Because of the uses to which they are put, the fields used by
the critical group and other biota (the garden, the forage field, the wood-
lot and the peat bog) will not necessarily become contaminated via all
three pathways. In this section, we discuss the contribution of each path-
way in turn to the soil concentration in each field.

6.3.7.1 Groundwvater Contamination

Nuclides from the hypothetical vault beneath the WRA are predicted to dis-
charge to the biosphere at three distinct zones in the Boggy Creek water-
shed (Section 4.2). We assume that a small fraction of each discharge zone
underlies arable terrestrial soil. Given the relative sizes of the terres-
trial discharge areas, and of the fields required by the critical group,
all four fields will not, in general, be subject to groundwater contamina-
tion. The available areas of terrestrial discharge are distributed among
the fields for each nuclide in the following way. At each time t (a), we
use Equation (4.14) to calculate the pore-water concentration in the lowest
soil layer resulting from groundwater discharge from each discharge zone in
turn. We then rank these concentrations in order of magnitude. Let Cpw,
be the largest concentration, Cpw, be next, and Cpw, the smallest. Let the
areas associated with these concentrations be A;,,, A, and A;,; respec-
tively (Figure 6-6).

We proceed by assuming that the fields become contaminated in the order
peat bog, garden, forage field and woodlot (fields 1, 2, 3 and 4 respec-
tively). Let the areas of these fields be Ap;, Ap,, A,; and A,, respec-
tively. We position the fields over the discharge zones in such a way that
the highest concentrations occur below field 1, the next highest below
field 2, and so on. 1In practice, this means that the peat bog is initially
assumed to overlie the discharge zone with the largest pore-water concen-
tration, Cpw,. If Ap; > App,, part of the bog is assumed to overlie dis-
charge zone 2 as well (and perhaps discharge zone 3, depending on the rela-
tionship among the areas). On the other hand, if A,, < A, ,, the remaining
area from discharge zone 1 is available to underlie field 2 (and perhaps
fields 3 and 4 as well). This procedure continues until the entire terres-
trial discharge area, A,,, + A;p, + App3, has been assigned to one or the
other of the four fields, or until a pore-water concentration has been
assigned to the total area under all four fields. Any fields, or portions
of fields, that do not overlie a discharge zone will have uncontaminated
pore water. In general, different parts of the same field will experience
different pore-water concentrations. An effective concentration is found
by taking an area-weighted average. This effective concentration is used
in Equation (6.36) to calculate average root-zone soil concentrations for
that field as a result of groundwater contamination.
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FIGURE 6-6: Schematic Representation of Groundwater Contamination of
Fields in the Generic Watershed. (a) Arable terrestrial
discharge areas (A;, 1 to 3) associated with discharge zones 1
to 3. Pore-water concentrations, Ci,, in zone 1 exceed those
in zone 2, which exceed those in zone 3. (b) Location of
agricultural fields with respect to terrestrial discharge
zones, assuming the critical group does not access the peat
bog. ‘

Terrestrial discharge occurs infrequently. When it does happen, it is
likely to occur to wetlands near the margins of lakes where the soil is
commonly organic. It is for this reason that we direct the discharge ini-
tially to the peat bog. There is no physical reason for the ordering of
the remaining fields; rather, the order was chosen to reflect the impor-
tance of the fields in contributing to the dose to the critical group. 1In
general, the highest doses are those associated with the garden, followed
by the forage field and then the woodlot. When the critical group does not
heat its home with peat (Section 7.5.2.7), the peat bog is not modelled and
the remaining fields are moved up one notch each in the assignment
procedure.

This approach to terrestrial discharge is conservative in a number of ways.
First, we assume that terrestrial discharge always occurs. Secondly, we
assume that the agricultural fields are always located over the discharge
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zones, even though the discharges are widely separated in space and are
likely to be wetlands unsuitable for farming. Finally, we assume that the
most sensitive fields in terms of dose contributions are located over the
most highly contaminated discharges for each nuclide.

6.3.7.2 Irrigation and Atmospheric Deposition

Ve assume that only two fields are subject to aerial irrigation: the garden
and the forage field. The garden is irrigated in most simulations to
reflect the common practice of watering gardens (Section 6.5.5.2). On the
other hand, the forage field is rarely irrigated, either in reality or in
BIOTRAC. Vhen the garden is irrigated, the water originates from the well
or the lake with equal probability (Section 9.1.2). The water used to
irrigate the forage field is always drawn from the lake because a well is
unlikely to be able to meet the high demand. Shallow soils (Section 6.3.5)
are not irrigated; in this case, we assume that plants can get all the
vater they require directly from the water table.

Atmospheric deposition contributes to the soil concentration in all the
fields.

6.3.7.3 Sediment Used as Soil

In a small percentage of model simulations, the fields are assumed to be
composed of fresh lake sediment (Section 3.3.2.1). This simulates the
situation in which the sediments are dredged and applied to the fields, or
in which the lake is drained and farmed. The soil concentrations used in
these simulations are the effective sediment concentrations discussed in
Section 5.3.2, which are calculated as the depth-weighted average concen-
tration through the top 0.3 m of mixed and compacted sediment. These con-
centrations are used as predicted, without accounting for subsequent losses
resulting from radioactive decay, leaching, cropping, gaseous evasion or
conditioning of the sediments, or gains resulting from irrigation, deposi-
tion or ingrowth of daughters. Some of these processes would increase the
concentrations and others would decrease them; it is not clear what the net
effect would be. The time interval over which these processes should be
alloved to act is also not clear. In the dredging case, a continuous sup-
ply of fresh sediments is assumed to be available each year, and concentra-
tions would be maintained at fresh sediment levels regardless of the
various processes that might influence this concentration once the sedi-
ments are used as soil. On the other hand, if the sediments are subject to
these processes over long periods of time, they would take on the charac-
teristics of organic soils. In using the fresh sediment concentrations as
predicted, we capture the distinct and important aspects of sediment use as
soil.

As with terrestrial discharge, we assume that the fraction of the field
area consisting of sediments is limited by the sediment area in the lake
(Section 5.5.3), and assign the highest concentrations to the fields having
the greatest potential for producing large doses (Figure 6-7). Distinct
sediment concentrations are found in four areas of the lake: at each of the
three discharge zones and in the remainder of the lake where sediment con-
tamination occurs from the water column only as mixed sediment (Section
4.4.1). The areas of the discharge zones, which are calculated in the
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FIGURE 6-7: Schematic Representation of the Location of Agricultural
Fields with Respect to the Regions of Contaminated Sediment in
the Generic Discharge Lake. Sediment concentrations, Ci_,, in

zone 1 exceed those in zone 2, which exceed those in zone 3.

geosphere model for present conditions at the WRA, may in some simulations
exceed the lake area, which is a sampled parameter in BIOTRAC (Sections 4.3
and 5.5.3). Ve interpret these simulations as drainage cases in which an
originally large lake or wetland area has been partially drained, making
available a sediment area surrounding a nev smaller lake. In these cases,
ve assume that the original lake area is equal to the total discharge area
so that there is no part of the lake where sediment contamination results
only from deposition from the water column.

The distribution of sediment concentrations among the various fields fol-
lows a procedure similar to that developed for terrestrial discharge
(Section 6.3.7.1). First, the sediment concentrations in the four sediment
areas are ranked. The largest concentrations are assigned to the garden,
the next largest to the forage field, the next to the woodlot, and any
remainder to the peat bog, taking the available areas into account. The
ordering of the fields here is somewhat different than for terrestrial
discharge. Dredging and draining require considerable effort and would not
be undertaken without large benefits being gained. They are most likely to
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be practised to improve soil conditions in a small field of high value,
such as the garden. The remaining fields were ordered to reflect their
value to the critical group and their potential contribution to dose.

In some simulations, the sum of the four field areas may exceed the total
sediment area. Soil concentrations in the excess area, which would belong
to one or more fields, are then predicted using the soil model described in
this chapter, taking into account the processes that would normally occur
on each field. Tn general, soil concentrations in different parts of the
same field may reflect sediment concentrations from different parts of the
lake, as well as true soil concentrations. An effective concentration for
each field is found by taking an area-weighted average, which is used as
the final soil concentration for that field in BIOTRAC.

6.3.7.4 Contributions to Soil Concentrations in Each Field

Table 6-6 summarizes the processes accounted for in calculating the soil
concentration in each field, and the pathways by which the fields become
contaminated. The different processes and pathways considered for each
field define the only ways in which the fields differ in a given simula-
tion; they are identical in all other respects, including soil properties
and the meteorological conditions to which they are exposed. The transport
processes considered for a given field are active for all pathways contri-
buting to the soil concentration in that field. The total soil nuclide
concentration for each field is found by summing the contributions from
each relevant pathway.

6.4 INTERFACES

The primary inputs to the soil submodel are the nuclide concentrations in
the vater that enters the soil profile from above and below (Figure 6-8).
For groundwater discharge, the model is driven by the pore-water concentra-
tion in the lowest soil layer, which is available from the interface model
(Section 4.4.3). For aerial irrigation, the input is the nuclide concen-
tration in the irrigation water, which is predicted by either the well
model or surface water submodel, depending on the water source. For atmo-
spheric deposition, the soil submodel is driven by an effective water con-
centration based on the air concentrations of lake-derived nuclides as
calculated by the atmosphere submodel (Sections 7.3.3.2 and 7.3.4). SCEMRI
requires daily meteorological data to calculate the water contents and
flows responsible for redistributing the nuclides within the soil profile.

The size of the areas of the groundwater discharge zones and the agricul-
tural fields used by the critical group must be known in order to determine
the contribution of each discharge to the concentration in each field. The
areas of the discharge zones are available from the geosphere model
(Section 4.2), and field areas can be calculated from the size of the crit-
ical group and from its dietary and heating requirements (Section 9.1.1.3).
This information is also needed vhen the critical group is assumed to farm
fresh lake sediments. 1In this case, the nuclide concentrations in the
sediments must also be known, and are available from the surface water
submodel (Section 5.3.2).



TABLE 6-6

PROCESSES AND PATHWAYS CONTRIBUTING TO SOIL CONCENTRATIONS IN THE VARIOUS FIELDS

Nuclide Transport Processes Contributing Pathways
Soil and Pields Advection Gaseous Cropping Decay/ Groundwater Irrigation Atmospheric
wvith Water Evasion Losses Ingrowth Contamination Deposition
Deep Soils (2, 2 0.5 m)
Garden Yes Yes Yes Yes Yes* In 90Z of runs Yes
Forage field Yes Yes Yes Yes Yes* In 27 of rums Yes \
Voodlot Yes Yes Yes Yes Yes* No Yes E
Peat bog* Yes Yes No Yes Yes No Yes I
Shallow Soils (Z, < 0.5 m)
Garden Yes** No No Yes Yes No Yes
Forage field Yes** No No Yes Yes* No Yes
Woodlot Yes** No No Yes Yes* No Yes
Peat bog* Yes** No No Yes Yes* No Yes
Sediment as Soil Advection No No No Groundwater No No
in a saturated contamination
sediment layer of sediments

* The peat bog is modelled only if the soil type is organic and the critical group burns peat for energy.
** Uniform mixing in a single layer.
+ If area of terrestrial discharge is sufficiently large.
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FIGURE 6-8: Interfaces (Related to Human Dose Prediction) Between the Soil

Submodel (Shaded), the Geosphere Model and the Other BIOTRAC
Submodels

The main output of the soil submodel is the total nuclide concentration in
the soil root zone for each of the four fields used by the critical group
and other biota. These concentrations are used directly in the food-chain
and dose submodel to predict internal doses from soil ingestion by both
animals (Section 8.3.1.6) and humans (Section 8.3.1.9), and external doses
from exposure to contaminated ground (Section 8.3.2.3). The critical group
may also use soil materials in building construction. In this case, we
assume that they access the most contaminated soil layer of the forage
field (Section 8.3.2.4). Because the soil profile becomes contaminated
from either above or below, the most contaminated layer in practice is
either the root zone, based on layers 1 and 2, or layer 4, the bottom
layer. In the latter case, concentrations are given by Equation (6.3),
with parameter values appropriate to the bottom layer. The soil concentra-
tions are also used in the atmosphere submodel to calculate air concentra-
tions resulting from the suspension of nuclides in particulate or gaseous
forms (Section 7.3). They are used in the food-chain and dose submodel to
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estimate nuclide concentrations in plants and ingestion doses to man
(Sections 8.3.1.1 and 8.3.1.2).

Soil concentrations are also used for evaluating potential chemical toxic
effects on humans, and radiological and chemical toxic effects on the envi-
ronment (Chapter 13). Soil concentrations are important in determining
doses to all biota.

6.5 SOTL MODEL PARAMETERS

Most of the parameters appearing in the soil model describe physical prop-
erties of the soil itself or of the prevailing meteorological conditions.
Both types of parameters are relatively easy to observe, and there exist
fairly extensive, high-quality databases from which values appropriate to
the Canadian Shield can be derived. The quality and quantity of the infor-
mation pertaining to the soil solid/liquid partition coefficients, Kdi,
varies from nuclide to nuclide, and soil type to soil type. Experimental
values for the gaseous evasion rates, ni, are limited. The irrigation
period, t; ,, is a cultural parameter and therefore subject to much
uncertainty.

Ve have not distributed many of the parameters appearing in the soil model,
since the model predictions are relatively insensitive to changes in their
values. A distribution was assigned to a parameter only when variations in
that parameter produced a substantial effect on the soil concentrations.

We have introduced limited variability into some of the parameters by
assigning different values to different soil types. All soil properties
are uniform in the lowest three layers, but the litter layer has the char-
acteristics of an organic soil for all soil types.

For each soil model parameter, we discuss how appropriate values and dis-
tributions were derived from the available data.

6.5.1 Soil Properties

6.5.1.1 Frequency of Occurrence of Soil Types

Soil type is treated as a sampled parameter in BIOTRAC. In each simula-
tion, the chosen soil type is assumed to underlie all the fields used by
humans and other biota (Section 1.5.4). Because many soil properties are a
function of soil type, the predicted root-zone concentrations depend
strongly on soil type. In order to obtain realistic concentration and dose
estimates, the soil type must be sampled from a distribution that reflects
the probabilities that the critical group will farm each of the four major
soil types (sand, loam, clay and organic) found on the Canadian Shield.

The probability will depend on the availability of a soil type at the dis-
charge zone, the changes in availability that may occur over time, and the
likelihood that the critical group would choose to farm a particular soil
type. Because the critical group is always assumed to practise farming,
the sum of the probabilities must equal unity.

Beals (1985b) used several different data sources to infer the primary soil
type in each 4-km?® grid area on the Ontario portion of the Canadian Shield.
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He used this information to deduce the fraction of the total Shield area
(excluding areas of wvater and bare rock) covered by each of the four soil
types. The results are shown in Table 6-7. The value of 0.09 may under-
estimate the true frequency of occurrence of organic soils at a discharge
zone. Soils high in organic content are often found on thin strips adja-
cent to lakes, river and wetlands, which are the likely areas for ground-
vater discharge. The frequency of occurrence of organic soils in the vici-
nity of discharge zones may therefore be higher than the frequency averaged
across the Shield as a whole. Moreover, because of their strip-like geo-
metry, the areas are easily missed when digitizing soil maps (Beals 1985b).

Tarnocal (1984) estimates that 25% of Ontario is covered by organic soil,
although the percentage may be different for the Canadian Shield by itself.
Finally, the new soils formed as lakes gradually fill in will be organic,
so that the frequency of occurrence of organic soils will likely increase
over time.

Some nuclides tend to sorb strongly to organic material, and so their con-
centrations may be higher in organic soils than in other soil types for a
given source strength. It is therefore important not to underestimate the
frequency of occurrence of organic soils. To be conservative, we assume
that organic soils cover 25% of the area in the vicinity of a discharge
zone, and rescale the values for the other soil types proportionately. The
results are shown in Table 6-7.

TABLE 6-7

FRACTION OF THE ONTARIO SHIELD (excluding lakes and areas of
bare rock) COVERED BY EACH OF THE FOUR SOIL TYPES

Estimates by Rescaled Assuming Rescaled Taking
Soil Type Beals (1985a) Fraction of Organic Suitability for
Soils is 0.25 Farming into Account
Sand 0.61 0.50 0.57
Clay 0.25 0.21 0.24
Organic 0.09 0.25 0.14
Loam 0.05 0.04 0.05
Total 1.0 1.0 1.0

Some soil types are less suitable for farming than others. In particular,
organic soils are characterized by low temperatures in spring because of
their high heat capacity and low thermal conductivity, and they are also
nutrient-deficient, which makes them unsuitable for many crops (Ewanek and
Toews 1988). Accordingly, farmers will often avoid organic soils if other
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soil types are available nearby. We assume that, given equal access to all
soil types, the critical group chooses to farm organic soils only half as
often as any of the mineral soils. Weighting the rescaled values in this
way produces the suitability values in Table 6-7. These are the values
used in BIOTRAC to represent the probabilities that the critical group will
farm each of the four soil types.

6.5.1.2 Soil Depth, Z,
(m)

The soil depth defines the thickness of the unsaturated overburden lying
above the water table. The soil depth is required in SCEMR]1 to set the
gravitational potential of soil water, ¥_, for the soil layers (Equation
(6.7)); it is required in BIOTRAC to evaiuate the regression equations for
(Css)i, (tss)i, (Css)i, and (tss)i, (Equations (6.24) to (6.27)), and to
calculate soil concentrations in shallow profiles (Equations (6.45) to
(6.47)). The soil depth is also used in Equation (6.1) to calculate the
total volume of irrigation water applied to the soil surface.

The predicted soil concentrations are quite sensitive to variations in soil
depth (Sheppard M.I. and Bera 1984); the soil depth is therefore treated as
a distributed parameter in BIOTRAC. The depths of Canadian Shield soils
vary considerably, from very shallow to 5 m or more. However, most soils
cannot exert sufficient matric potential to pull groundwater up through the
profile to the root zone if the water table lies more than 2.5 m below the
surface. To ensure that the critical group and other biota are always
exposed to groundwater contamination, we conservatively adopted a maximum
soil depth of 2.5 m. Ve treat this value as an upper truncation limit to a
normal distribution with a mean of 1.5 m and SD of 0.5 m.

For soil depths greater than 0.5 m, the soil profile is broken down into
four layers, and concentrations are predicted using the regression equa-~
tions based on SCEMR1 output. If the depth is less than 0.5 m, fluctua~
tions in the water table would likely cause the entire profile to be
flooded annually. In this case, we treat the soil compartment as a single
layer, and predict concentrations using the methods described in Section
6.3.5. The soil depth distribution is truncated at its lower end at 0.1 m
since shallower soils cannot support natural or cultivated crops.

The database of SCEMR] results used to develop the regression equations was
generated using soil depths of 1.0 m, 1.5 m and 2.0 m for each soil type
and contamination pathway.

6.5.1.3 Soil Bulk Density, p,
(kg dry soil.m-3 soil)

The soil bulk density is the mass of a unit volume of dry soil material
that includes pore spaces. It is used in SCEMR]1 in a variety of places and
in BIOTRAC to calculate total nuclide concentrations or masses in a given
soil layer (e.g., Equations (6.13), (6.22) and (6.47)). It is also used to
calculate the rate constant for cropping losses (Equation 6.44).
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Bulk density shows substantial variability among soil types, but varies
little within a given type. We therefore adopt single, generic values of
p, = 1500, 1300, 1400 and 150 kg dry soil.m-3 soil for sand, loam, clay and
organic soils respectively (Sheppard M.I. 1992). The surface litter layer,
although organic, has a lower density than organic soils in the lower hori-
zons. We set p, = 80 kg dry soil.m-3 soil for the litter layer.

6.5.1.4 Soil Moisture Characteristic Curves

The soil moisture characteristic curve defines the relationship between the
volumetric water content of the soil, ¢, and its matric water potential,
¥,. This relationship is used in the water flow subroutines of SCEMR1 to
calculate values of 8 or y, for given values of the other parameter
(Section 6.3.1.1). The shape of the curve depends primarily on the align-
ment and size distribution of pores, which vary considerably from soil to
soil. However, tor practical purposes, a single representative curve can
be used to describe the main features of the relationship for a given soil
type. The characteristic curves used in SCEMR1 for sand, loam, clay and
organic soils are shown in Pigure 6-9 (Hanks 1965, Beals 1985b, Sheppard M.I.
et al. 1987). These curves were established for use in SCEMR1l; values of ¢
(or y,) at arbitrary points on the curves were found by interpolating
between the data points.
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FIGURE 6-9: Soil Moisture Characteristic Curves for the Four Soil Types
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6.5.1.5 Hydraulic Conductivity, K
(m wvater.s-1) '

In SCEMR1, the hydraulic conductivity relates the flow velocity through the
soil profile to the water potential driving the flow (Equation (6.6)). The
hydraulic conductivity is a complex function of the soil water content and
a number of other soil properties, but it can be adequately represented by
a fixed functional form for a given soil type. Ve generate values of K
using Marshall’'s (1958) pore-interaction model and a solution technique
developed by Green and Corey (1971). Figure 6-10 shows the hydraulic-
conductivity/vater-content relationships used for the postclosure assess-
ment for each of the four soil types.

6.5.1.6 Field Moisture Capacity, 6.
(n® vater.-m-3 soil)

The field moisture capacity is the largest water content that a soil can
hold without drainage occurring. Water contents are initialized at #,. at
the start of each SCEMR1 simulatlon (Equation (6.8)). Values of §,. are
also used to calculate the amount of irrigation water added daily to the
soil (Section 6.2.2). Ve assume that field moisture capacity for a given
soil type can be adequately represented by a single value, and set 6,.
equal to 0.12, 0.32, 0.40 and 0.68 m® vater.m-3 soil for sand, loam, clay
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FIGURE 6-10: Relationship Between the Volumetric Soil Water Content, 4,
and the Hydraulic Conductivity, K, for the Four Soil Types
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and organic soils respectively (Sheppard M.I. 1992). This is the water
content in each of the four soil types held at 1 m of wvater pressure.

6.5.1.7 Steady-State Vater Content of Layer 4, @
(m? water.m-3 soil)

The steady-state water content of the soil refers to the content achieved
vhen the daily patterns of water flows and contents predicted by SCEMR1
remain unchanged from year to year. Values of 6 are used in Equation (4.11)
to help calculate the pore-water concentration, Cg,, in layer 4 (Equation
(4.14)), and in Equations (6.3) and (6.47) to calculate the total soil
concentration in layer 4 for deep and shallow soil profiles respectively.

The steady-state contents are calculated by SCEMR1; they depend on soil
type, but are essentially independent of the other soil parameters. Fixed
values can therefore be assigned to each soil type, and we set ¢ equal to
0.12, 0.30, 0.32 and 0.40 m3 water.m 3 soil for sand, loam, clay and
organic soils respectively, consistent with SCEMR! output.

6.5.1.8 Cation Exchange Capacity, CEC
(mol.kg-! dry soil)

The cation exchange capacity of a soil is the maximum concentration that
can be achieved on the so0il solids for nuclides in cation form. If SCEMRI
predictions of the soil solid concentration exceed CEC, the concentration
is reset to CEC and the excess amount of nuclide is returned to solution
(Section 6.3.1.2). Although some nuclides may reach the soil as anions,
the CEC is always larger than the anion capacity, and is used conserva-
tively. As with most other soil properties, we adopt fixed values of CEC
for each soil type. Ve used values of 0.55, 0.60, 0.60 and 0.95 mol-.kg-!
dry soil for sand, loam, clay and organic soils respectively (Buckman and
Brady 1969). The CEC limits are applied to the root-zone concentrations so
that these values reflect an effective exchange capacity for a 0.2-m-deep
mineral or organic layer overlain by a 0.1-m-deep litter layer.

6.5.2 Meteorological Parameters

6.5.2.1 Daily Meteorological Inputs

SCEMR] is driven by an annual cycle of daily average values for effective
precipitation (precipitation minus runoff), air temperature, vapour pres-
sure, wind speed and solar radiation. This information is used to predict
daily evapotranspiration from the root zone and, subsequently, moisture
conditions throughout the soil profile (Section 6.3.1.1). High-quality
climatic data are available for many Canadian Shield sites through the
Atmospheric Environment Service (AES) (Environment Canada 1979). Since we
assume that the same sequence of daily meteorological values is repeated
from year to year, the input data should reflect long-term average condi-
tions on the Canadian Shield. Ve identified Geraldton, Ontario, as having
a climate representative of Shield conditions. Daily precipitation and
temperature data for Geraldton for individual years were obtained from AES
archives, and compared with 30-a normals for the site (Environment Canada
1982b). The data for 1974 May to 1975 April most closely matched the long-
term precipitation mean, and precipitation and temperature values for this
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period were used to drive SCEMR] for our assessment simulations. The daily
values for each of the five climate parameters (with total precipitation
replacing effective precipitation) are shown in Figure 6-11. The mean
annual temperature was 5°C.
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6.5.2.2 Effective Precipitation, Pe
(m vater.a-1)

Effective precipitation, which is used in SCEMR1 and elsewhere in BIOTRAC,
is the only meteorological parameter treated probabilistically in BIOTRAC.
Ve assume that the important aspects of its variability can be expressed
through its total annual value (Section 6.3.2). In this capacity, it is
used in regression Equation (6.1) to predict I,, and in Equations (6.24) to
(6.27) to predict the steady-state soil concentrations and the times at
which they occur.

Bffective precipitation is one component of the water balance, which also
involves total precipitation, P (m water.a-!), and runoff, R (m water.a-l).
Both P and R are used elsewhere in BIOTRAC, and they must be sampled in a
consistent manner because all three parameters are closely linked. The
sampling scheme and the PDFs adopted for P, R and Pe are discussed in detail
in Section 9.1.3. Briefly, Pe in a given simulation is calculated from the
wvater balance equation

Pe = P - R, (6.54)

where values of P and R are drawn from their respective distributions
(Section 6.5.2.1). Values of Pe calculated using Equation (6.54) are
subject to the restriction Pe > 0.2 m water.a-! because values smaller than
this leave too little water available to support agriculture. Pe values
generated in this way are normally distributed, with a mean of 0.47 m
water.a-! and SD of 0.064 m water.a-!. This distribution is very similar to
the observed distribution of evapotranspiration (ET) values. This is to be
expected since Pe ~ ET.

The Pe distribution describes the variation in annual effective precipita-
tion across the entire Canadian Shield in Ontario, and is not specific to
Geraldton. However, we assume that the Pe value sampled in each simulation
is made up of daily values that show the same pattern as daily precipita-
tion at Geraldton. As noted in Section 6.3.2, the daily Pe values, (Pe),,
used in SCEMR1 simulations to generate the regression database were calcu-
lated from the annual value, (Pe),, using

(Pe)y = (P)g,-(Pe),/(P),, (6.55)

where (P),, and (P),, are the daily and annual precipitation respectively
at Geraldton, for which (P),, = 0.78 m water.a-!. The five annual Pe
values used to generate the regression database were (Pe), = 0.3, 0.4, 0.6,
0.78 and 1.0 m vater-a-!. The corresponding daily Pe values input to
SCEMR]1 were found from Equation (6.55) by multiplying the (P);, values for
Geraldton by factors (Pe),/(P),, = 0.38, 0.51, 0.77, 1.0 and 1.28 respec-
tively. Therefore, although the sampled Pe values for BIOTRAC simulations
represent annual conditions anywhere on the Canadian Shield in Ontario, the
distribution of daily values corresponds to the precipitation pattern at
Geraldton.
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6.5.3 Soil Partition Coefficient, Kdi
(m3 wvater.kg-1l dry soil)

The soil solid/liquid partition coefficient is the ratio of the nuclide
concentration on soil solids to the concentration in the pore water. It is
used in SCEMR] in equations such as (6.13) and (6.21) to describe sorption,
the process that retards nuclide movement through the soil profile and
allows soil concentrations to build up over time. Kdi values are also used
in regression Equations (6.24) to (6.27) to calculate the steady-state soil
concentrations and the times to steady state in BIOTRAC.

Sorption is a complex phenomenon. It involves processes such as chemical
precipitation and complexation, depends on variables such as soil pH and
redox conditions, and is affected by the presence of microbes and colloids.
The partition coefficient is a bulk parameter that describes the net effect
of these processes and variables without modelling them in detail. It is
an empirical parameter that is element- and soil-type-dependent. Partition
coefficients implicitly assume that sorption is a reversible process and
that the equilibrium between solid and liquid phases is reached
instantaneously.

The information on Kd! values is variable. A large amount of high-quality
data is available for some nuclides and some soil types; for others, data
are less complete. Sheppard M.I. et al. (1984a), Sheppard M.I. and
Thibault (1990) and Thibault et al. (1990) reviewed and synthesized the
published data for nuclides of importance in nuclear fuel waste management
(Section 1.2.1). On the basis of the available information, they were able
to define distributions for only about one third of the nuclides of inter-
est. In these cases, the Kdi values were lognormally distributed, and
showed considerable variability as a result of the many processes and vari-
ables they included. The GM values for these nuclides as a function of
soil type are listed in Table 6-8. Note that all or most of the values for
carbon, iodine and technetium are based on literature data. Sheppard M.I.
(1992) recommends a GSD of 10 for all nuclides and soil types to cover the
range of reported values.

Kdi values for the missing nuclides were determined by taking advantage of
the correlation between Kdi and the plant/soil concentration ratio, Bvi.
Bvi is the ratio of nuclide concentration in plant material to that in
soil, and quantifies the transfer of nuclides from soil to plants (Section
8.5.1.1). PFor a given nuclide, Kd! is negatively correlated with Bvi
(Sheppard S.C. and Sheppard M.I. 1989). A nuclide with a high Kdi value
will be tightly bound to soil solids; little will be available in the aque-
ous phase for root uptake, and its Bvi value will be low. Regression equa-
tions based on the nuclides for which good data were available were devel-
oped to describe the relationship between Kdi and Bvi for each soil type
(Sheppard M.I. and Thibault 1990, Thibault et al. 1990). These regression
equations were then used to predict GM values of Kdi for the missing
nuclides (Table 6-8). The GSD for these nuclides was set to 10.

Regression Equations (6.24) to (6.27) vere derived assuming that Kdi was
expressed in units of L water.kg-! dry soil. Values of Kdi in these units
can be obtained by multiplying the values listed in Table 6-8 by a factor
of 1000.
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TABLE 6-8

GEOMETRIC MEAN VALUES (m® water-kg-! dry soil) OF THE SOIL SOLID/LIQUID
PARTITION COEFFICIENT, Kdi, DISTRIBUTIONS FOR EACH ELEMENT BY SOIL TYPR

Element Sand Loam Clay Organic
Ac 0.45 1.5 2.4 5.4
Am 1.9* 9.6" 8.4* 112.0*
Be 0.25 0.80 1.3 3.0
Bi 0.1 0.45 0.60 1.5
Br 0.015 0.050 0.075 0.18
Cc 0.005* 0.020 0.001 0.070
Ca 0.005 0.030 0.050 0.090
cd 0.080* 0.040* 0.56" 0.80"
Cr . 0.070* 0.030* 1.5 0.27*
Cs 0.28* 4.6" 1.9* 0.27"
Hf 0.45 1.5 2.4 5.4
I 0.001* 0.005* 0.001* 0.025*
K 0.015 0.055 0.075 0.20
Mo 0.010" 0.125 0.090* 0.025*
Nb 0.16 0.55 0.90 2.0
Ni 0.40* 0.30 0.65* 1.1*
Np 0.005* 0.025* 0.055* 1.2*

P 0.005 0.025 0.035 0.090
Pa 0.55 1.8 2.7 6.6
Pb 0.27* 16.0* 0.55 22.0*
Pd 0.055 0.18 0.27 0.67
Po 0.15* 0.40* 3.0 7.3
Pu 0.55* 1.2* 5.1* 1.9
Ra 0.50* 36.0° 9.1% 2.4
Rb 0.055 0.18 0.27 0.67
Re 0.010 0.040 0.060 0.15
Sb 0.045* 0.15 0.25 0.55
Se 0.15 0.50 0.74 1.8
Si 0.035 0.11 0.18 0.40
Sm 0.245 0.80 1.3 3.0
Sn 0.130 0.45 0.67 1.6
Sr 0.015* 0.02* 0.11* 0.15*
Ta 0.220 0.90 1.2 3.3
Te 0.0001* 0.0001* 0.001* 0.001*
Te 0.125 0.50 0.72 1.9
Th 3.2* 3.3 5.8* 89.0*
u 0.035* 0.015" 1.6* 0.41*
Y 0.17 0.72 1.0 2.6
Zr 0.60 2.2 3.3 7.3

* Values with an asterisk come from the literature; values without an
asterisk are default values predicted using the plant/soil concentration
ratio.
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Because of its high organic content and greater microbial activity, the
surface litter layer of the soil has a higher sorptive capacity than the
underlying layers. In each SCEMR1 simulation, the Kdi value of the litter
layer was set ten times higher than the value chosen for the bottom three
layers. The Kd! value input to the regression model represents the sorp-
tive properties of the lower layers. However, the results will reflect the
Kdi profile in the soil because the regression equations are simply a para-
meterization of SCEMR1 predictions.

The database of SCEMR]1 results used to develop the regression equations was
generated using Kd values of 10-5, 10-4, 10-3, 10-2 and 10-! m? water.kg-!
dry soil for each soil type and contamination case. Above 0.1 m3 water.kg-1
dry soil, very little additional sorption occurs, and the regressions give
good results for nuclides with higher Kd values.

6.5.4 Gaseous Evasion Rate from Soil, ni
(a-1)

In BIOTRAC, gaseous evasion rates describe the fraction of the soil inven-
tory of gaseous nuclides that is lost to the atmosphere per unit time.
Values are required in Equations (6.36), (6.38) and (6.39) to calculate the
root-zone soil concentrations. Values are needed only for 14C, 12°T and
738e. Of the remaining gaseous nuclides, 3%Ar, 3H, 81Kr and 85Kr are not
treated in the soil model. Radon concentrations are not reduced as a result
of outgassing because soil concentrations for this nuclide are governed by
its short half-life.

Evasion rates for iodine have been determined in a number of field experi-
ments under a variety of conditions (Prister et al. 1977, Garland et al.
1987, Sheppard M.I. et al. 1987). The most relevant data for our purposes
vere obtained by Sheppard M.I. and Thibault (1991) in a long-term experiment
carried out under Canadian Shield conditions. The experiment involved soils
contaminated at the water table. These data suggest an evasion rate of

3.2 x 10-2 a-1, which lies within the range of values reported in other
studies. Ve assume n! is lognormally distributed, and use a GSD that covers
the full range of the published values (Sheppard M.I. 1992). Accordingly,
the iodine evasion rate used for postclosure assessment is lognormally
distributed with GM = 3.2 x 10-2 a-! and GSD = 10.

Information on evasion rates for carbon that is not organically derived is
very limited. Sheppard M.I. et al. (1991) measured the rate of '4C loss
from contaminated soils in outdoor lysimeter experiments. They found that
nS was not a strong function of soil properties, with a mean value of

12.0 a-! for clay and loam, and 21.2 a-! for sand and organic soil. Too
fewv results were available to define a distribution. Ve assume that ng
values are distributed in the same way as nl, and adopt a lognormal PDP
with GSD = 10 for all soil types. Ve chose a GM value of 8.8 a-!, which is
slightly conservative with respect to the observed data.

Experimental measurements of the selenium evasion rate from bare soils
indicate that nf® = 3.2 x 10-2 a-! (Zieve and Peterson 1981, 1984). Higher
values are observed when the soil is vegetated (Lewis 1976). Ve assume
that ni® is lognormally distributed, and set its GSD equal to 10 to include
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the high loss rates associated with vegetation. The GM is 3.2 x 10-2 a-1.
The PDF for ng® is therefore identical to that for nl.

Evasion rates are also used to calculate air concentrations in the atmo-
sphere model (Section 7.3.4) where they appear in units of s-! (Amiro
1992b). In these units, ni values for iodine and selenium are distributed
lognormally with GM = 10-? s-! and GSD = 10. For carbon, n¢ is distributed
lognormally with GM = 2.8 x 10-7 s-! and GSD = 10.

6.5.5 Cultural Parameters

Four of the parameters appearing in the soil model are determined to some
extent by human cultural practices: the fraction of nuclides taken up by
plants that is permanently lost from the soil, the probability of irri-
gating a garden or forage field, the time interval over which aerial irri-
gation is practised, and the probability that fresh lake sediment will be
used for growing crops. In one sense, values for these parameters are well
defined because present human behaviour related to these parameters can be
studied and documented. On the other hand, the values are uncertain
because they must reflect possible changes in the behaviour of the critical
group over very long periods of time.

6.5.5.1 Fraction of Root Uptake Permanently Lost From Soil, €
(unitless)

The parameter e is the fraction of nuclide mass taken up by plants through
their roots that is permanently lost from the soil. It is required in
Equation (6.44) in BIOTRAC to calculate the rate constant for cropping
losses.

Values of ¢ can be quite variable, depending on agricultural management
practices. Since low loss rates are conservative, we take our value from
experience in nutrient-efficient farming in which recycling is practised to
the extent possible. Most of the relevant information comes from the study
of phosphorus for which cropping is the dominant loss mechanism. The per-
manent loss resulting from root uptake is about 5Z of the crop inventory
(L. King, North Carolina State University, personal communication, 1989).
Other experts have only indicated that the permanent loss is less than 10%
(P. Warman, Nova Scotia Agricultural College, personal communication,
1989). Ve have adopted a conservatively low value of 0.05 for BIOTRAC.

6.5.5.2 Probability of Irrigation, PI
(unitless)

Fev data are available to establish the probability that a garden on the
Canadian Shield will be watered, or a forage field irrigated (Zach and
Sheppard 1992). Sheppard S.C. (1985) has shown that irrigation can benefit
crops grown on the Canadian Shield, and irrigation can become essential
during hot, dry weather. Although irrigation in a formal sense is rare,
gardens are commonly watered because people like to do so regardless of
need or economics. Because irrigation can increase soil nuclide concentra-
tions and the deposition rate to leaves, we set the probability of watering
a garden in BIOTRAC at the conservatively high value of 0.9. On the other
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hand, forage fields are usually not irrigated because the potential bene-
fits do not warrant the costs involved. Ve have adopted the small but
finite value of 0.02 for the probability of irrigating a forage field. 1In
BIOTRAC, the probability of aerial irrigation is expressed through a
switch, PI, that determines whether or not irrigation will occur in any
particular simulation. The exact source of irrigation water is then deter-
mined by another switch (Section 9.1.2).

6.5.5.3 Irrigation Period, t;
(a)

The irrigation period in BIOTRAC defines the time interval over which the
garden has been watered or the forage field irrigated. Values of t; _ are
required in Equation (6.39) to calculate soil concentrations for an irriga-
tion source.

It is unlikely that irrigation of a specific plot of land on the Canadian
Shield would continue uninterrupted for thousands of years. Land-use pat-
terns, including irrigation, shift in response to human needs or climatic
fluctuations. Moreover, prolonged irrigation is accompanied by salt build-
up, which renders the soil useless for raising crops (Reeve and Fireman
1967).

There are no data available from which t; , values for the Shield can be
deduced (Zach and Sheppard 1992). However, it is reasonable to assume that
values of a few years or a few tens of years are quite common, and extended
periods over many human generations are possible but much less probable.
This suggests that t; _ values are distributed lognormally, and we chose a
GM of 100 a and a GSD of 4 for the postclosure assessment. This distribu-
tion is truncated at its lower end at 50 a, assuming that irrigation con-
tinues for at least one human generation. An upper truncation limit of

10 000 a is also applied, corresponding to the period over which quantita-
tive methods must be used to assess the disposal concept (AECB 1987). This
distribution applies to both the garden and the forage field.

6.5.5.4 Probability of Sediment Use, PS
(unitless)

The probability of sediment use defines the likelihood that the material
making up the root-zone soil layer of the fields used by humans and other
biota is fresh lake sediment. The sediment may have been dredged and
applied to the fields, or the critical group may have moved on to sediments
recently exposed by natural or intentional drainage. This probability is
not meant to include the likelihood that the critical group will farm sedi-
ments that become available through the gradual filling in of the lake.
Infilling is a slow process, and the sediments would mature and become
indistinguishable from organic soils in the time required to generate an
area sufficient for farming. Matured sediments were accounted for in
BIOTRAC by setting the frequency with which the critical group farms
organic soils (Section 6.5.1.1).

To our knowledge, there are no data on the frequency with which farmers on
the Canadian Shield use fresh sediment for agricultural purposes. However,
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ve believe that this practice is not common, and arbitrarily set the proba-
bility of sediment use to the low but finite value of 0.01. In BIOTRAC,
this probability is expressed through a switch, PS, that determines whether
or not sediment will be used as soil throughout a simulation.

6.5.6 Parameters Documented Elsewhere

The soil submodel contains a number of parameters that appear in other
parts of BIOTRAC. These parameters are listed in Table 6-9, together with
the sections where they are documented. In addition, SCEMR! contains a
number of parameters pertaining to atmospheric conditions and vegetation
cover that have not appeared explicitly in the discussion given here.
These parameters show little variability and have been assigned fixed
values representative of Canadian Shield conditions. The values and data
sources are documented by Sheppard M.I. (1992).

TABLE 6-9

SOIL SUBMODEL PARAMETERS COMMON TO OTHER SUBMODELS
AND THEIR SECTIONS OF DOCUMENTATION

Section Where

Parameter Equation Documented
Dry deposition velocity, Vd (m.a-1) 6.16 and 6.17 7.5.4.1
Precipitation rate, P (m water.a-1) 6.16 and 6.17 9.1.3
Washout ratio, Wr (unitless) 6.16 and 6.17 7.5.4.2

Plant/soil concentration ratio,
Bvi ((mol-kg-! wet biomass)/

(mol.kg-! dry soil)) 6.42 to 6.44 8.5.1.1
Crop yield, Y; (kg wet biomass.m-2.a-1) 6.42 to 6.44 8.5.8.1
6.6 MODEL VALIDATION

In the case of the soil model, validation means demonstrating that the
processes responsible for nuclide transport in soils are adequately formu-
lated and that the predicted soil concentrations are realistic.

The model containing the subroutines on which SCEMR1 is based, TEHM (Huff
et al. 1977), has been experimentally validated using data from contaminant
transfer in a watershed (Begovich and Jackson 1975, Munro et al. 1976).
SCEMR]1 predictions have been continuously verified against those of TEHM
using a test data set supplied by Oak Ridge National Laboratory. This has
ensured that the basic solution techniques of the original code were pre-
served during the changes made in developing SCEMRI.
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The SCEMR]1 model itself has been validated experimentally in two series of
tests involving the migration of several nuclides in different soil types.
All the tests were conducted in outdoor lysimeters 0.13 m in diameter and
0.40 or 0.64 m deep. The bottoms of the lysimeters were sealed and the
vater tables were maintained artificially. Plants were grown in the lysi-
meters in some tests but not in others, but in all cases the lysimeters
vere exposed to natural atmospheric conditions. Nuclides were injected
into the soil profile in discrete layers at different depths, and vere left
undisturbed over the growing season. The cores were then sectioned and the
total nuclide concentrations were analyzed in 0.02-m-thick sections. These
observations were compared with the predictions of SCEMR1, which was run in
a five-layer version, with inputs derived from the experimental data when-
ever possible. In addition, observed evapotranspiration amounts were
compared with the SCEMR]1 predictions to validate the water flow subroutines
in the model.

In the first series of experiments, uranium and chromium were placed in the
unsaturated zone 0.15 and 0.3 m below the surface of a coarse sand and an
organic clay loam (Sheppard M.I. et al. 1984b). In the second series,
technetium, uranium and iron were injected above, at, and below the water
table in an organic clay loam (Sheppard S.C. and Evenden 1985). 1In this
case, the nuclides experienced a redox gradient in migrating across the
water table. This was simulated in SCEMRl using a layered-partition-
coefficient profile.

In general, SCEMR1 performed well in predicting the redistribution of
nuclides throughout the soil profile. In most cases, the model predictions
for both evapotranspiration and nuclide concentration as a function of
depth agreed with observations within experimental error. Furthermore,
acceptable results were obtained using a constant Kd profile, even in the
second series of tests where the aeration conditions varied strongly with
depth. This supports our use of a constant Kd value in the lower three
layers of SCEMR1 when the model is used for the postclosure assessment.

These and further validation studies (Sheppard M.I. and Hawkins 1991a) have
tested the soil model under a wide range of conditions. The comparisons
involved soils with very different chemistries, hydraulic properties and
aeration conditions. They included eight nuclides with very different
sorptive properties. The model was successful in simulating both upward
and downward migration from a variety of injection points. The observa-
tional data were collected under conditions that are typical of the
Canadian Shield during the growing season and throughout several complete
annual cycles of freezing and thawing. We conclude that SCEMR]1 adequately
simulates nuclide behaviour in soils, and that it produces realistic soil
concentrations on annual time scales.

The final step in the validation of our soil model is to show that the
regression model used in BIOTRAC is able to duplicate SCEMR1 predictions.
To do this, we compared the normalized steady-state concentrations, (Css)i,
and times to steady state, (tss)i, predicted by the two approaches. For
the groundwater case, (Css)i values calculated from the regression model
were alvays within a factor of six of the values predicted by SCEMR1; the
(tss)i values wvere alvays within a factor of five. These factors represent
extreme cases, and the agreement was usually better. For the irrigation/
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deposition case, (Css)i, and (tss)i, values calculated from the regression
equations were always within factors of two and three respectively of the
SCEMR1 values. Again, the agreement in general was usually better. Simi-
lar agreement was obtained between the SCEMR1 predictions of the root-zone
soil concentration at any time, and the corresponding predictions of the
time-dependent form of the regression equations (Equations (6.28), (6.29)
and (6.30)). In all cases, the predictions of the regression equations
wvere scattered randomly about the SCEMR1 results, reflecting the statis-
tical nature of the regression fit. A comparison of time-dependent soil
concentrations as predicted by the two methods for two specific sets of
parameter values is shown in Figure 6-5. Given the many other sources of
uncertainty in the soil model and in BIOTRAC as a whole, we consider this
level of agreement between the regression model and SCEMR1 to be
satisfactory.

6.7 MODEL DISCUSSION
6.7.1 Assumptions

A number of assumptions were made in deriving the soil model. 1In this
section, we restate, evaluate and review the main assumptions and discuss
their effects on the model predictions.

1. The soil profile is described by a surface litter layer with the properties of an
organic soil, underlain by three layers of mineral or organic soil with uniform
properties. Canadian Shield soils commonly show an organic-enriched
surface layer. The high Kdi values assigned to this layer allow
nuclide concentrations to build up to conservatively high values.
In a real system, soil properties vary somewhat with depth; how-
ever, our validation studies have shown that nuclide concentra-
tions in a layered soil profile can be accurately predicted when
soil properties are held constant with depth (Section 6.6). By
breaking the soil down into layers, we can model the slow migra-
tion of nuclides through the profile and predict a depth-
dependent concentration. On the other hand, our assumption of
uniform and instantaneous mixing within each layer is conserva-
tive since it allows for the fastest possible rate of migration
through the soil. A well-mixed root zone 0.3 m deep is consis-
tent with cultivation of a garden or agricultural field, and
accounts for bioturbation caused by burrowing animals and growing
roots.

2. Nuclide transport through the soil profile occurs by advection only. This 1s a
reasonable assumption because according to our estimates all the
other transfer mechanisms together, including vapour diffusion of
volatile nuclides, account for less than 5Z of the mass transport.

3. The model is one-dimensional. The model considers water and nuclide
flows in the vertical direction only, the primary direction of
flow in unsaturated soils. Lateral flow will occur at the sur-
face in the form of runoff following precipitation events. Ve
account for this flow in the water balance by driving the model
with an effective precipitation equal to precipitation minus
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runoff. The saturated region below the water table may also
experience lateral flow, which carries away any nuclides draining
from the profile.

Soil concentrations are not depleted when nuclides are lost through surface
runoff, wind erosion or the suspension of particulate marter. These pro-
cesses are difficult to model without a specific site, and omit-
ting them results in an overestimate of soil nuclide concentra-
tions. Similarly, only a small fraction of the nuclide mass
taken up by plant roots is permanently removed from the soil. By
largely ignoring these depletions, we implicitly model the recy-
cling of the nuclides that would occur when decayed plant mate-
rial and animal and human wastes are returned to the soil.

Nuclide sorption can be modelled using the partition coefficient, Kd. Because
nuclide releases from the geosphere vary slowly with time, the
assumptions concerning reversibility and instantaneous equili-
brium implicit in the Kd are reasonable. Furthermore, the Kd is
an empirical parameter that accounts for the effects of many
chemical and biochemical processes that individually are not well
understood. The Kd is invariably used in assessment models
because of the lack of a good practical alternative.

The deposition of airborne nuclides to the soil is modelled analogously to irri-
gation. We assume that the annual depositional flux to the surface
is contained in a volume of water equal to the annual irrigation
volume, and is applied in the same daily pattern as irrigation
from May to September only. Although this appears to be artifi-
cial, it is actually a reasonably good representation of how
deposition occurs. In nature, a considerable fraction of the
total annual deposition reaches the soil with water during pre-
cipitation events, which are episodic and of short duration.
Rates are much lower in the intervening dry periods. Deposition
is effectively confined to the summer since many of the nuclides
deposited in winter to the snowpack would run off with the spring
melt. It ig therefore reasonable to model deposition using the
irrigation formulation. It is also conservative since the entire
annual flux is deposited in the growing season from May to
September.

The pattern of daily precipitation is assumed to be the same in every simulation,
regardless of the sampled value of the total effective precipitation. Nuclide
migration through the soil profile depends on daily water flows,
but test simulations using SCEMR] have shown that the long-term
concentrations are essentially independent of the exact daily
precipitation pattern as long as the pattern is typical of
Canadian Shield conditions. The model does not cover patterns
characterized by droughts or heavy rains extending over periods
of months or more.

The response function form of the soil model, which is based on the regression
equations, is an adequate representation of SCEMRI results. This assumes
that the variability in soil nuclide concentrations is controlled
by variations in four key parameters: soil type, soil depth,
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annual effective precipitation and nuclide partition coefficient.
This has been verified through a sensitivity analysis of SCEMRI
(Sheppard M.I. and Bera 1984). It also assumes that the regres-
sion equations provide a satisfactory statistical fit to SCEMR]
results. This was established through a thorough comparison of
the predictions of the two models (Section 6.6). Finally, it
assumes that the root-zone soil concentrations increase with time
in the exponential fashion described by Equations (6.28) to
(6.30). SCEMR1 results show this to be the case for irrigation
and deposition sources (Figure 6-4). For groundwater sources,
the time-dependent concentration curve is sigmoidal, and the
exponential form overestimates concentrations at short times.

We have made many assumptions in defining the modes through which the soil
becomes contaminated, most of these assumptions lead to an overestimate of
s0il concentration. Ve assume that terrestrial discharge always
occurs, and wve generally place the most highly contaminated dis-
charge zones beneath the fields that lead to the highest conse-
quences. Sediments are distributed among fields in the same way
vhen sediments are used as soil, a practice that is assigned a
conservatively high probability of occurrence. Furthermore, all
the soil types have a leaf litter layer that tends to enhance
nuclide concentrations in the root zone. The assumption that
irrigation maintains the soil water content at field capacity
results in a conservatively large amount of water (and therefore
of nuclides) being applied to the soil. We also assume that
irrigation is practised continuously over long periods of time,
vhich results in an overestimate of soil concentrations. Organic
soils, which are highly sorbing and accumulate nuclides readily,
are assigned a relatively high frequency of occurrence. Finally,
our distribution of soil depths tends to overestimate the fre-
quency of occurrence of shallow soils, and concentrations from
groundvater discharge into such soils are calculated conserva-
tively (Section 6.3.5).

The soil concentrations predicted by SCEMRI reflect seasonal trends in several
ways. Meteorological conditions are specified on a daily basis,
irrigation occurs during the growing season only, and the
seasonal cycle of leaves appearing and senescence is modelled.

On the other hand, SCEMR1 does not recognize the winter season.
Precipitation is assumed to fall as rain throughout the year, and
the ground is assumed not to freeze. Snow is not allowed to
accumulate, and spring melt and runoff are not modelled. Under
these circumstances, water flow and nuclide transfer remain
active in the soil profile throughout the year. However, SCEMRI
simulations in which these processes were suspended during the
vinter, and a high precipitation rate imposed in the spring to
simulate runoff, produced long-term predictions similar to those
obtained in the absence of a winter season. This was also con-
firmed by simulations in which SCEMR1 was started up at different
months of the year (Sheppard M.I. et al. 1985). It appears that
the low rates of precipitation and evapotranspiration that occur
in winter are unable to drive any significant redistribution of
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the nuclides. Disregarding snowmelt, with its attendant high
leaching rates, is likely conservative. '

11.  The model includes temporary, or seasonal, wetlands implicitly. Although
the model does not include such wetlands explicitly, they are
included as part of the treatment of shallow soils, which may be
subject to seasonal flooding with groundwater due to fluctuation
in the water table. Permanent wetlands are considered part of
the surface water model (Chapter 5).

12.  The model does not allow for the long-term evolution of the soil profile, or for
major changes in the meteorological conditions driving the system. Although
pedogenesis is not modelled, the soil parameters are based on
data from geologically young to geologically old soils on the
Canadian Shield, and so reflect soils in various stages of devel-
opment. In the absence of human interference, the climate is not
expected to show major departures from current conditions until
the next glaciation occurs. Small fluctuations are accounted for
through our distribution for effective precipitation (Section
6.5.2.2). The model appears to be relatively insensitive to
minor changes in weather patterns throughout the year. Water
table fluctuations are accounted for in calculating nuclide con-
centrations in shallow soils (Section 6.3.5); they are not likely
to influence the root-zone concentrations in soils more than
0.5 m deep. Isolated events such as flooding, which are not
modelled explicitly, are effectively included in the irrigation
case. Soil concentrations induced by flooding would likely be
lower than those caused by irrigation. Flooding is an episodic
event that would probably involve surface water, whereas irri-
gation is assumed to occur frequently over long periods of time,
and would often involve well water. We conclude that, apart from
glaciation, the model accounts for the effects of environmental
change on the predicted soil concentrations.

6.7.2 Evaluation

Contaminant transport in soils is a well-studied discipline. The underly-
ing concepts are reasonably well understood and have been translated into a
variety of predictive models. We have based our model for the postclosure
assessment on a detailed mechanistic code, SCEMR1, which simulates the
movement of water and nuclides on a daily basis. This is a more complex
approach than is commonly used in assessment models, but is more realistic,
and produces results that compare favourably with those of the simpler
models (Section 11.5). The predictions of the model have been successfully
validated against observations over a wide range of conditions. This
suggests that the model contains all of the relevant processes, that the
processes are adequately simulated, and that the model predictions are
realistic.

The model was specifically designed for the postclosure assessment. In
particular, the simulation of daily water and nuclide flows allows the
model to predict root-zone soil concentrations arising from the contamina-
tion of the profile at the water table by an underground source. The model
accounts for all contamination modes, including terrestrial discharge,



- 165 -

aerial irrigation and atmospheric deposition, and formulates each pathway
in a conservative way. SCEMR1 predictions have been cast into a simple
regression model suitable for a probabilistic assessment. This model
interfaces smoothly with the geosphere model and the other three submodels
of BIOTRAC. :

The parameter values and distributions required by the soil model were
derived from the best available observational data from the Canadian Shield
(Section 6.5). Most of the information was extracted from the literature,
although some was supplied by our own studies (e.g., Sheppard M.I. et al.
1987, Sheppard M.I. and Thibault 1991). Relevant, high-quality data were
available for most parameters, with the exception of gaseous evasion rates,
partition coefficients for some nuclides, and several cultural parameters.
The missing partition coefficient values were generated from the known
relationship between sorption and root uptake. Values for the gaseous
evasion rates and cultural parameters wvere determined from literature data
and through expert opinion, with due regard for conservatism when informa-
tion was scarce.

Ve conclude that the soil submodel and its associated database provide a
reasonable description of nuclide behaviour in soils of the Canadian
Shield, and that it will not underestimate consequences for humans and
other biota when used for the postclosure assessment of the concept for
disposal of Canada’s nuclear fuel waste.

7. ATMOSPHERE SUBMODEL

7.1 THE ATMOSPHERE COMPARTMENT

The atmosphere is a potential recipient of nuclides that escaped from the
vault. It receives its nuclide load via suspension from contaminated water
bodies, soils and vegetation. The atmosphere dilutes nuclides reaching it,
but is also very effective at redistributing them. Regions away from the
immediate vicinity of the discharge zone can become contaminated very
quickly through the action of atmospheric transport and deposition. Atmo-
spheric processes must therefore be taken into account in assessing the
consequences of a geological disposal facility. This chapter summarizes
the model developed to treat the atmospheric pathways for the postclosure
assessment. The information was extracted from the atmosphere submodel
report (Amiro 1992b), which contains further details. The model has also
been published in the open literature by Amiro and Davis (1991).

Because we focus on dose prediction for the critical group (AECB 1987), we
do not consider the long-range transport of nuclides by the atmosphere.
Atmospheric dispersion will cause airborne nuclide concentrations to
decrease with increasing distance from the discharge zone. Humans located
away from the source will be at lower risk than the critical group. This
is also true for non-human biota (Section 1.5.4). Accordingly, we consider
only local atmospheric transport within the air compartment that overlies
the discharge lake and the various fields used by the critical group.
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Furthermore, we focus on the layer of air fairly close to the ground, where
the critical group and other biota are located. We calculate concentra-
tions at a height of 1.5 m above the ground, the height at which human
inhalation occurs. We assume that concentrations at this height are also
representative of concentrations experienced by plants and animals at
large. A single concentration is therefore used as input to the food-chain
and dose submodel to calculate human doses due to inhalation and immersion,
and deposition to vegetation.

As noted in Section 2.1, the Canadian Shield in Ontario experiences a humid
continental climate, with extremes of temperature and sufficient precipita-
tion to support agriculture. Temperature, precipitation and evapotrans-
piration all show a general increase from northwest to southeast across the
region. The air is fairly clean, particularly away from urban areas, with
annual average dust loads of about 20 ug-m-3 air. Despite these general
patterns, many sites show local anomalies that depend on their topography
and their location with respect to the Great Lakes. At a given location,
the state of the atmosphere varies strongly from day to day and from season
to season, but exhibits relatively little variability from year to year.
Extreme climatic conditions are similar across the region.

The atmosphere model is essentially generic. It simulates processes char-
acteristic of the atmosphere above the Shield in Ontario, and its parameter
values reflect present meteorological conditions. In some cases where
parameters show little spatial variability, fixed values have been adopted
in place of distributions. For convenience, and to be consistent with the
site-specific approach taken in the geosphere model, some values were set
to be representative of the WRA. We have also made some assumptions con-
cerning the geometry and physical locations of the discharge lake and the
various fields used by the critical group and other biota (Sections 7.3.1.1
and 7.3.1.4). Such information is required to quantify the effects of
atmospheric dispersion where one field acts as a source of contamination
and a second as a receptor.

The atmosphere model is driven by the nuclide concentrations in soils (or
sediments), surface waters and vegetation (Figure 7-1). These concen-
trations are used to calculate the rate at which nuclides are suspended
into the atmosphere by a variety of mechanisms. This information is com-
bined with a dispersion factor to estimate concentrations in air. These
concentrations are used directly in the food-chain and dose submodel to
calculate internal doses to humans resulting from inhalation, and external
doses from air immersion. They are also used to calculate similar doses
for non-human biota (Chapter 13). Airborne nuclide concentrations are used
to calculate the rate at which nuclides are transferred from the atmosphere
to underlying surfaces. This information is employed in estimating concen-
trations in the soil and vegetation following atmospheric deposition.

7.2 QUALITATIVE DESCRIPTION OF THE ATMOSPHERE MODEL

7.2.1 Atmospheric Processes

The atmosphere model considers three main processes: suspension of nuclides
into the atmosphere, dispersion of the nuclides by atmospheric turbulence,
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FIGURE 7-1: Transport Processes in the Atmosphere Considered in BIOTRAC.
Closed arrows indicate explicit consideration in BIOTRAC, and
open arrovws indicate implicit consideration.

and deposition back to the underlying surface. The need to model suspen-
sion as a primary source of contamination is unique to assessments that
deal with ground sources. In most cases of atmospheric pollution, contami-
nants are released directly to the atmosphere from industrial stacks, for
wvhich the source term can be readily estimated.

Suspension, dispersion and deposition are all complex processes, but sus-
pension is distinguished by the very large number of mechanisms through
wvhich it operates. Many of these are natural mechanisms: soil erosion by
wind action, forest fires, gaseous emissions from soil and water bodies,
and so on. Human activities can be equally important: wood burning for
energy, soil cultivation and agricultural fires may make a significant
contribution to the total nuclide load in the atmosphere. The model must
therefore make some assumptions about human cultural behaviour in order to
arrive at reasonable and conservative air concentrations. In particular,
some activities carried on inside houses can raise indoor air concentra-
tions above outdoor levels. For instance, the use of contaminated water
for showering or in humidifiers could lead to the release of volatile
nuclides to the indoor air. Accordingly, we calculate both indoor and
outdoor nuclide concentrations in air, taking account of the appropriate
processes in each case.

Many nuclides that reach the atmosphere are attached to particulate matter.
These are treated generically as particles, using parameter values that are
not element-specific. Nuclides that exist in gaseous form are generally
treated individually, taking account of element-specific behaviour. Apart
from this breakdown into particulate and gaseous forms, the chemical spe-
cies of a contaminant is not modelled in most cases. For some elements
there are only a few possible forms, whereas for others many species may
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exist. Wherever possible, we model the most mobile form or combination of
forme to ensure that the atmospheric nuclide concentrations are not
underestimated.

Amiro (1985) identified and evaluated mechanisms by which nuclides could be
suspended into the atmosphere. The mechanisms that.could conceivably con-
tribute significantly to the air concentration have been included in the
atmosphere model. Where it is practical, and where the theoretical frame-
work and observational data exist, mechanisms have been modelled expli-
citly; otherwvise, they have been included implicitly in a bulk formulation
that describes several mechanisms. Several suspension processes are
included in the atmosphere submodel.

1. Mechanisms that suspend particulate material from terrestrial
sources. These include natural phenomena such as wind erosion of
soil and pollen release from vegetation, and human activities
such as soil cultivation, driving on dusty roads and construc-
tion. These processes are modelled collectively using a mass
loading approach.

2. Mechanisms that suspend particulate material from aquatic
sources. These include processes such as wvave bhreaking and
bubble bursting, which are also modelled collectively.

3. Evasion of gases from terrestrial sources. Gaseous evasion from
soil and vegetation, caused by inorganic and microbial processes,
operates primarily outdoors, but radon is allowed to diffuse into
buildings and contribute to the indoor concentration.

4. Evasion of gases from aquatic sources. As above, this mechanism
operates largely outdoors, but 14C, 1291 and 222Rn are also
assumed to be released as gases from water brought into the house
for domestic use.

5. Nuclides may be released to the atmosphere when wood or peat is
burned in stoves for space heating, when stubble is burned on
agricultural fields, and when forests or peat are burned in
forest fires or to clear lands.

Most suspension mechanisms are not active continuously, but occur over
short periods of time when certain conditions are met. For example, signi-
ficant soil erosion occurs only when wind speeds are high. In general, we
obtain annual average air concentrations by averaging the source terms from
each episode over a one-year period. In doing this, we assume that a high
source term acting over a short period of time (when the physical system is
in some particular state) has the same effect as a low source term applied
to a system characterized by its annual average properties. The effects of
this and other assumptions on the model output are discussed in

Section 7.7.1.

Once in the air, nuclides are dispersed according to the prevailing condi-
tions of atmospheric turbulence, which depend on local values of wind speed
and atmospheric stability. Airborne nuclides are also subject to deposi-
tion back to soils or crops, and may eventually reach humans through the
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food chain. Deposition to water bodies is not considered in the model. As
noted in Section 5.2, the discharge lake receives the entire nuclide flow
out of the geosphere, and surface water concentrations are usually not
reduced when nuclides are transferred to the atmosphere. Nuclides input to
the water column through deposition would duplicate mass already in the
system (Section 9.3).

The deposition process and the rate at which it occurs depend partly on
whether precipitation is falling. Ve have separate models of dry and wet
deposition covering both particulate and gaseous nuclides. We assume con-
servatively that air concentrations are not reduced when nuclides are lost
to the underlying surface.

7.2.2 Modelling Approaches

Our understanding of the various suspension mechanisms is uneven. Some
processes have been studied extensively and are reasonably well understood.
For these, it is possible to formulate models to predict the nuclide flux
to the atmosphere, which can be coupled to a dispersion model to calculate
air concentrations. Occasionally, sufficient information exists to allow
the flux models to provide a detailed, mechanistic representation of the
suspension process, e.g., gaseous evasion of radon from soils (Rogers

et al. 1980). More often, the fluxes are expressed using simple bulk para-
meters that empirically account for the effects of several processes. We
have taken this approach in modelling the fire pathways, gaseous evasion
from soils and water (with the exception of 123 evasion from water), and
the release of gaseous nuclides from domestic water to indoor air. For
still other suspension mechanisms, too little information is available to
allowv fluxes to be estimated. In these cases, we have assumed that air-
borne nuclide concentrations are simply proportional to the concentration
in the source compartment. The proportionality constants, which can be
interpreted as mass loading parameters, are empirically derived and impli-
citly account for dispersion and suspension. We have used this approach to
model the suspension of particles from terrestrial and aquatic sources, the
gaseous evasion of 12°I from water, and the diffusion of radon from soils
into the indoor air compartment.

Atmospheric dispersion has a long history of study and is reasonably well
understood. A variety of validated dispersion models is available to treat
a given source configuration. Most of the suspension pathways that we
consider involve a ground-level area source: a contaminated field or lake.
For these cases, we have based our dispersion model on the trajectory simu-
lation approach (Wilson 1982a), which was recommended by Culkowski (1984)
for surface emissions. Special dispersion relations were used for the
wood-burning-for-energy pathway, which involves an elevated point source
influenced by building-induced turbulence, and for gaseous releases from
domestic water, which involve dispersion inside a building.

Atmospheric deposition has been studied extensively, and mechanistic models
are available to treat parts of the process under special circumstances
(Sehmel 1980). However, simpler models are invariably used for assessment
purposes. We have used deposition velocities to model the dry deposition
process (Sehmel 1980) and the washout ratio to treat wet deposition (Slinn
1978).
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The models that we have employed to address the various atmospheric path-
ways vary considerably in complexity. Each was selected only after a care-
ful evaluation of the models available in the literature. Each reflects
our current level of understanding of the process and the amount and qual-
ity of the data available to model it. Furthermore, each was formulated
taking into account the need for efficient, generic assessment models able
to predict annual average airborne nuclide concentrations.

Transport processes in the atmosphere occur very rapidly, with time scales
on the order of minutes to hours. Nuclide concentrations in air therefore
adjust very quickly to changes in the concentration of the source compart-
ments. The transient aspects of atmospheric processes are not important
when calculating annual average concentrations. Accordingly, the atmo-
sphere model is expressed as an equilibrium steady-state model. The rapid
time scales also mean that radioactive decay and ingrowth need not be con-
sidered in the model.

7.3 MATHEMATICAL FORMULATION OF THE ATMOSPHERE MODEL

In the equations of the atmosphere submodel, soil concentrations of
nuclides are designated by Ci, which relates to the soil submodel

(Table 6-6). However, soil concentrations may also be based on sediment
concentrations, Ci,, as calculated in Equation (5.15). The probability of
sediment use as soil, PS, is discussed in Section 6.5.5.4.

7.3.1 Dispersion Factors

Airborne nuclide concentrations, (Ci), (mol.m-3 air), for a number of
pathways, k, are calculated using an expression of the form

(Ci)y = (Q1),-(DISP), . (7.1)

Here, (Qi), is the flux of nuclide i from the source compartment to the
atmosphere via pathway k, and is the quantitative expression of the suspen-
sion process. (DISP), is the atmospheric dispersion factor corresponding
to pathway k. If the source is distributed over an area, (Qi),, has units
of mol.m-2.s-! and (DISP), has units of s.m"!. For a point source, (Qi),
has units of mol.s-! and the units of (DISP), become s.m-3 air. Since
dispersion relations are common to several pathways, we derive them here
for future reference.

7.3.1.1 Ground-Level Area Sources

Several suspension pathways involve a ground-level area source such as a
contaminated field or lake. Material suspended from each point of such a
source results in an air concentration that depends on the source flux, the
prevailing dispersion conditions and the distance from the source to the
receptor. The total air concentration at a given downwind distance equals
the sum of contributions from all parts of the source, and depends on the
geometry of the source, the relative locations of the source and receptor,
and the wind direction. These factors would not be known for a generic
site. Ve assume that the source is circular in geometry, with the receptor
located at its centre (Figure 7-2). With the further assumption that the
flux is constant across the source, this implies that air concentrations
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FIGURE 7-2: Air Concentration at a Receptor, Rt, at the Centre of a Circu-
lar Field. Points B and C contribute to the concentration at
Rt, but points A and D do not. The downwind distance from the

receptor, Rt, to the upwind leading edge of the source is
designated by x.

are independent of wind direction. Moreover, a centrally located receptor
is conservative. Concentrations at a fixed point on the perimeter of the
source would be somewhat higher than in the centre for some wind direc-
tions, but annual average concentrations would be lower since winds typi-
cally blow from a given direction only a small proportion of the time.

Traditionally, a class of models known as Gaussian models has been used to
simulate atmospheric dispersion for assessment purposes (Turner 1970).
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However, the Gaussian models are applicable only when the turbulence pro-
perties of the atmosphere are homogeneous. They are therefore not suitable
for a ground-level source because meteorological parameters vary strongly
vith height near the ground. Instead, we have used a statistical-
trajectory model that was developed for a ground-level area source (Wilson
1982a, 1982b). Culkowski (1984) recommended this model for evaluating low-
level waste disposal facilities.

For a surface source, Wilson's model provides normalized airborne nuclide
concentrations, or dispersion factors, Ci/Q* (s.m-!), as a function of wind
speed, atmospheric stability, receptor location and a surface roughness
parameter, z, (m), which is a scale height related to the height of rough-
ness elements (vegetation, buildings, etc.) at the location of interest.

Ve used wind speed and atmospheric stability data from the WL site (Davis
and Reimer 1980) to calculate an annual average value of Ci/Qi for a recep-
tor height of 1.5 m and various distances, x (m), of the receptor from the
upwind leading edge of the source (Figure 7-2). Since our receptor is
assumed to be at the centre of a circular source, the concentrations calcu-
lated for a particular value of x are the concentrations that would arise
from a source with area, A (m?), equal to ax2.

Ve derived values of Ci/Qi for a number of discrete values of A for both
terrestrial and aquatic surfaces. A separate treatment for the two types of
sources is necessary because z, for a lake is quite different from z, for a
vegetated area. For the terrestrial calculation, we used z, = 0.15 m, a
value that lies between the values for farmland and forest (Monteith 1973).
For the aquatic calculation, ve set z, = 1.3 x 10-¢ m, a value typical of
lakes (Brtko and Kabel 1978). Analytical curves were then fitted to the
values (Figure 7-3). Por the terrestrial source, the data can be repre-
sented by

(Ci/Qi), = 4.87.A,1/8 - 3.56 (7-2)

vhere A, is the terrestrial source area (m?), which may be represented by
various fields (Section 9.1.1). Equation (7.2) provides a good fit to the
data over the range of field areas that could be expected to become contam-
inated in the vicinity of a discharge zone (Section 9.1.1.3). For an aqua-
tic source, the data suggest an expression of the form

(Ci/qi), = exp[S-ln(ln A) - 9] (7.3)

vhere A, is the lake area, which ranges between 10 and 10° m? (Section
5.5.3). Equation (7.3) provides a good fit for lake areas near 105 m?
(Figure 7-3), and overestimates Wilson's predictions at smaller and larger
values. Wilson presents his results in both tabular and analytical forms.
The tabular results are an exact numerical solution of the governing equa-
tions, and wvere used to generate most of the theoretical values plotted in
Figure 7-3. The exceptions are the points beyond A, = 105 m? on the aqua-
tic dispersion curve; Wilson'’s table does not extend to these values for
small values of z,. These values were calculated from the analytical solu-
tion, which is an approximate solution to the governing equations (Wilson
1982b).
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FIGURE 7-3: Dispersion Factors for Terrestrial and Aquatic Sources. The
points are calculated from the model of Wilson (1982b). The
lines correspond to Equation (7.2) for terrestrial and to
Equation (7.3) for aquatic sources.

Equations (7.2) and (7.3) provide dispersion factors for wind speed and
atmospheric stability conditions representative of WL. Atmospheric stabil-
ity does not vary substantially among locations on the Ontario portion of
the Shield. Also, because of its long cold winters, VWL has a relatively
high proportion of stable atmospheric conditions, which lead to relatively
large Ci/Qi values. Accordingly, from the point of view of atmospheric
stability, the application of Equations (7.2) and (7.3) to a generic loca-
tion will lead to representative or slightly conservative results. On the
other hand, wind speed varies substantially from site to site across the
Canadian Shield, with WL values being close to average. We introduce
spatial variability of wind speed into Equations (7.2) and (7.3) through a
wveighting factor, UWGHT (unitless), which is the ratio of wind speed at a
generic site to the average wind speed at a number of sites across the
Shield. Then the final form of the annual average atmospheric dispersion
factor for a ground-level terrestrial area source, (DISP), (s-m-!), becomes

(DISP), = [4.87-A.,1/3 - 3.56]/UVGHT (7.4)
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and for an aquatic source, (DISP), (s-m-!),
(DISP), = exp[S In(ln 4;) - 9]/UVGHT (7.5)

In these relations, UWGHT appears in the denominator because higher wind
speeds lead to greater dilution and lower nuclide concentrations in air.

7.3.1.2 Elevated Point Sources

In the biomass-burning-for-energy pathway, emissions to the atmosphere occur
through a chimney. Since most chimneys of houses are relatively short, we
assume conservatively that the emissions become entrained in the cavity

that forms in the lee of the building as a result of the disruption of the
air flow by the building. The normalized air concentration in the cavity

is usually calculated from the empirical expression (Hanna et al. 1982)

Ci/Qi = KK/(BV.BH.UCAV) (7.6)

wvhere Ci/Qf (s.m-3) is the air concentration normalized by the source
strength, or dispersion factor. In Equation (7.6),

KK is a building wake entrainment parameter (unitless),
BW is the building width (m),

BH is the building height (m), and

UCAV is the ambient wind speed (m.s"1).

The values assigned to the parameters in Equation (7.6) and in subsequent
equations for the atmosphere model are discussed in Section 7.5.

Releases from a chimney can contaminate the air on only one side of the
building at a time. If we assume that the wind blows with equal probabil-
ity from all directions, the likelihood is one in four that the plume will
be present behind one particular side, given a square or rectangular build-
ing. An annual average atmospheric dispersion factor for chimney releases,
(DISP), (s-m-3), is therefore obtained by dividing Equation (7.6) by four:

(DISP), = 0.25.KK/(BV-BH.-UCAV) . a.7
7.3.1.3 Indoor Releases
Nuclides may be released inside houses from contaminated domestic water.
Ve assume that the flux to the building interior is dispersed uniformly
throughout the building so that concentrations are equal everywhere. In

this case, the atmospheric dispersion factor for indoor releases, (DISP),
(s.m3), is

(DISP); = 1/(BVOL.INFILT) (7.8)
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vhere BVOL is the building volume (m3) and INFILT is the infiltration rate
(s-1). Ve assume that the building is square, so that its volume is given
by

BVOL = BW2.BH (7.9)
vhere BV and BH are the building width and height defined in Section 7.3.1.2.
7.3.1.4 Lateral Transfers Between Fields

In general, each of the four fields used by the critical group and other
biota has a different soil concentration. The nuclide flux to the atmo-
sphere from each field will therefore be different, and air concentrations
will vary from field to field. In the real atmosphere, the concentration
at a given location will largely reflect the concentration of the underly-
ing field, but it will also be influenced by upwind sources. The effects
of lateral transport between fields is difficult to predict for a generic
site, such as ours, where the locations of the various fields with respect
to each other and to the wind direction are unknown. We have accounted for
these effects implicitly by calculating air concentrations in a conserva-
tive way. Where a suspension mechanism is active over all fields (e.g.,
particle suspension), we calculate air concentrations over the most highly
contaminated field in the usual way, and assume that the air over all the
fields is contaminated to this extent. Where a suspension mechanism can
occur over only one field (e.g., agricultural fires), the air concentration
calculated for that field is assumed to apply over all the fields. The
total air concentration, which is the sum of contributions from all suspen-
sion mechanisms, is therefore the same at any point over any of the fields
and exceeds the concentration that could actually be achieved anywhere.
This approach ensures that the air concentration is not underestimated.

7.3.2 Air Concentrations for Special Radionuclides

Air concentrations for the vast majority of nuclides are determined by
applying the concepts discussed above. However, tritium and the noble
gases argon and krypton are handled in different ways. The treatment of
these radionuclides is discussed in this section.

7.3.2.1 Tritium

As noted in Section 2.5.1, internal tritium doses are calculated using a
specific-activity model based on tritium concentrations in lake or well
vater. External tritium doses are very small and can be ignored (Zach and
Sheppard 1992). Tritium concentrations in air are therefore not required
and are not calculated.

7.3.2.2 Argon and Krypton

The noble gas nuclides 3%Ar, ®1Kr and 85Kr are inert and highly mobile in
the biosphere. We assume that the soil and lake do not form a barrier to
their movement so that transfer to the atmosphere can be quantified by the
flux out of the geosphere, xi (mol.a-!). Ve further assume that this flux
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enters the lake, and derive another flux term, (Qi),, (mol-m-2? water-.a-!),
by distributing xi evenly over the lake area, A, (m?):

Q)6 = X474, . (7.10)

Air concentrations, (Ci),s (mol-m-3 air), are found by combining Equation
(7.10) with the dispersion relation for aquatic areas, Equation (7.5),

(Cidag = S (DISP),/(3.16 x 107) (7.11)
1

where the factor 3.16 x 107 s.a-1 converts the flux from mol.a-! to mol.s-!l.

7.3.3 Air Concentrations from Particulate Suspension

All the nuclides, with the exception of tritium, argon and krypton, are
assumed to be suspended as particles of terrestrial and aqueous matter that
become entrained in the atmosphere.

7.3.3.1 Terrestrial Sources

The main mechanisms of particulate suspension from terrestrial environments
are wind erosion of soil, vehicle traffic on dusty roads, and industrial
and agricultural activities (Amiro 1985). Ve believe these processes are
not well enough understood to model each of them individually. Even the
science of wind erosion, which has been studied extensively (Male 1985), is
unable to predict adequately the vertical flux of soil particles suspended
by wind action. Moreover, numerous other suspension mechanisms, which
individually contribute little to the nuclide load in the atmosphere, could
in total have a significant effect.

Because particulate fluxes cannot be estimated reliably, we cannot use the
flux/dispersion methodology presented in Section 7.3.1.1 to calculate air

concentrations. Instead, we have used a mass loading approach that treats
all the particulate suspension processes simultaneously. We calculate air
concentrations from terrestrial particulate suspension, (Ci);p (mol.m-3),

from

(Ci)pp = ADL.Ci (7.12)

vhere ADL is the atmospheric dust load (kg dry soil.m-3 air) and Ci is the
concentration of nuclide i in the surface soil layer (mol.kg-! dry soil).
Equation (7.12) states that all the suspended particulate material in the
atmosphere is contaminated to the same extent as the soil, irrespective of
the size of the suspended particles. This approach is conservative because
much of the atmospheric dust load originates from distant sources and would
be uncontaminated. The dust loading approach accounts for all possible
terrestrial particulate suspension mechanisms and implicitly incorporates
the effects of dispersion. In applying Equation (7.12), CI was set equal
to the greatest nuclide concentration among the garden, forage field,
woodlot and peat bog soils (Section 7.3.1.4).
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The ambient dust load includes suspended organic matter that reaches the
atmosphere from vegetation as a result of fires or pollen release.

Equation (7.12) is not strictly applicable to organic material because it
is expressed in terms of a soil concentration, and so assumes a soil
source. Suspension mechanisms involving biomass sources are treated expli-
citly as discussed in Section 7.3.5. Air concentrations will therefore be
overestimated to the extent that ADL includes organic material.

7.3.3.2 Aquatic Sources

Vater is suspended into the atmosphere through wind and bubble-bursting
action at the lake/atmosphere interface (Junge 1963, Blanchard 1983). As
the vater droplets evaporate, dry aerosols are left suspended. Ve assume,
conservatively, that all of the particles suspended initially are small
enough to remain suspended in the air.

For aquatic particulate suspension we adopt a mass-loading concept similar
to that used for terrestrial particulate suspension (Section 7.3.3.1), so
that

(Ci)ap = AADL.Ci (7-13)

where (Ci),p is the concentration of nuclide i in the atmosphere
(mol.m-? air) caused by aquatic particulate suspension,

ci is the concentration of radionuclide i in the lake
(mol.m-3 water), and

AADL is the aquatic atmospheric dust load (m? water.m 3 air).

This mass-loading approach accounts for all the possible aquatic particu-
late suspension mechanisms, as well as for the effects of dispersion.

7.3.4 Air Concentrations from Gaseous Suspension

Of the nuclides in the vault, 3%Ar, 81Kr, 85Kr and 222Rn are gases, and
14c, 3H, 1291 and 79Se can form gaseous species. We model these nuclides
as gases and assume that gaseous transport is not a major process for the
other nuclides in the vault inventory (Table 1-1). Tritium, argon and
krypton were discussed in Section 7.3.2; radon, iodine, carbon and selenium
are considered here. Gaseous emissions include contributions from pro-
cesses such as inorganic and organic chemical reactions, and microbial and
other biotic activities. Specific examples are methylation of carbon,
iodine and selenium, and respiration of carbon.

7.3.4.1 Radon
Terrestrial Sources

Radon behaviour in the biosphere has been studied extensively in the con-
text of uranium mine tailings (Rogers et al. 1980) and diffusion into
buildings (Jonassen and McLaughlin 1980). As a result, fairly sophisti-
cated models of radon transport are available. Since radon is in secular
equilibrium with its precursor, 226Ra, radon fluxes to the atmosphere from
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terrestrial sources have traditionally been expressed in terms of 226Ra
concentrations in soil. Ve calculate the air concentration of radon from
terrestrial sources, (CE"),, (mol.m-3 air), using

(Cﬁn)rs = (an)rs‘(DISP)T (7-14)

where (Q®*"),, is the flux of radon from terrestrial gaseous emissions
(mol.m-2 soil.s-!) and (DISP), is defined in Equation (7.4).

The radon flux can be expressed as

(QRP),; = qRP.CRa (7.15)

vwhere q*" 1s the radon emission rate ((mol 222Rn.m-? soil.s-1)/(mol
226Ra.kg-! dry soil)), and CR% is the 226Ra concentration in the soil
(mol.kg-! dry soil). The emission rate q®® can itself be expressed in
terms of the physical properties of the soil and the radiological proper-
ties of radon and 226Ra (Rogers et al. 1980, UNSCEAR 1982). In practice,
ve treated qR®" as a sampled parameter, with a PDF constructed from 1000
values calculated from its defining equation. Values of the controlling
parameters in this equation were drawn randomly from their distributions
(Amiro 1992b).

In applying Equations (7.14) and (7.15), CR* is set equal to the largest
soil concentration predicted among the garden, forage field, woodlot and
peat bog. The area, A, (m?), used to calculate (DISP), is set equal to the
sum of the areas of these fields. This 1s more conservative than using the
area of a single field only.

Aquatic Sources

The air concentration of radon from aquatic sources, (Ci"),. (mol.m"3 air),
is also calculated using a flux/dispersion relationship

(C3™)ac = (QR"),q- (DISP), (7.16)

vhere (Q®*),, is the radon flux from the water to the atmosphere (mol.m-2
water.s-1), and (DISP), is defined in Equation (7.5). The amount of infor-
mation on radon fluxes from lakes is much less than from soils. Accord-
ingly, (Qf®),; is modelled using a simple aquatic transfer coefficient,
ATCR® (m.s-1),

(QRm), . = ATCRn.CEn (7.17)
wvhere C}» is the concentration of radon in the lake (mol.m-3 water).

Values of (Q®"),. are quite conservative over an entire year because in
winter frozen lakes do not release appreciable amounts of radon.
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7.3.4.2 Iodine-129

Terrestrial Sources

The experimental data on gaseous iodine emissions from soil are fairly
limited, and are generally expressed as the fraction of the soil inventory
lost per unit time. This suggests a model of the iodine flux, (Q¥),,
(mol.m-2 soil.s-!), in terms of an evasion rate constant, nI (s°!),

(@) = Zs"’s'”i'cz . (7.18)

Here, Z_, is the soil depth (m) from which the 12°I is released; we set

Z, = 0.3 m, the depth of the root zone, which is assumed to be well mixed
(Section 6.5.1.2). p, is the soil bulk density (kg dry soil.m-3 soil)
(Section 6.5.1.3) and CI is the 1291 concentration in soil (mol.kg-! dry
soil). In practice, CI was set equal to the largest predicted !29I con-
centration among the garden, forage field, woodlot and peat bog soils. The
concentration of 12°I in air, (Cl),; (mol.m-3 air), is given by

(CR)ze = (Q)pg-(DISP), . (7.19)

The area, A;, used to calculate (DISP), (Equation 7.4) was set equal to the
sum of the areas of the garden, forage field, woodlot and peat bog.

Aquatic Sources

All of the studies of gaseous iodine emissions from water have been made
over oceans rather than over lakes. The available data are best expressed
in terms of a mass loading parameter, AIML (m3 water-m-3 air), so that the
1297 air concentration, (CI),, (mol-m-3 air), is given by

(CI),e = AIML.CI (7.20)

wvhere CI is the 129I concentration in lake water (mol.m-3 water). This
approach accounts for all possible aquatic gaseous release mechanisms and
for the effects of dispersion.

7.3.4.3 Carbon-14
Terrestrial Sources

Ve use the same model for the terrestrial release of carbon as we do for
terrestrial emissions of iodine. Therefore, the air concentration of gase-
ous forms of '4C arising from terrestrial sources, (CS),, (mol.m-3 air), is
given by

(Crs = Z,-p,-n5-CC- (DISP), ' (7.21)

where n{ is the evasion rate constant of carbon from soil (s-!), C¢ is the
14C concentration in soil (mol.kg-! dry soil), and the other parameters are
defined in Equations (7.4) and (7.18).
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Aquatic Sources

As noted in Section 5.3.1, the gaseous emission of carbon to the atmosphere
from lake water can be modelled using an evasion rate, 7§ (s-!). Accord-
ingly, the air concentration of gaseous forms of !4C arising from aquatic
sources, (CS),e (mol.m-3 air), is given by

(CS)ac = Z,-n5-C§-(DISP), (7.22)

vhere Z, is the mean lake depth (m), nf the evasion rate constant of carbon
from surface water (s-!), C{ the 14C concentration in lake (mol.m-3 water)
and (DISP), is defined in Equation (7.5).

7.3.4.4 Selenium-79

The available data support the use of an evasion rate to model the gaseous
flux of selenium from the soil to the atmosphere. Therefore, 798e air
concentrations resulting from gaseous emissions from terrestrial sources,
(C:®)pg (mol.m-3 air), are given by an expression similar to Equations
(7.19) and (7.21) for 12°I and 14C:

(C3*)xg = 2, P, -mE®-Ci® - (DISP), (7.23)

vhere n3* is the selenium evasion rate constant from soil (s-!) and C:¢ the
798e concentration in soil (mol.kg-! dry soil). The other parameters are
defined in Equations (7.4) and (7.18).

The experimental evidence for selenium volatilization from water is incon-
clusive. Ve assume that aquatic sources do not contribute to the air con-
centration of gaseous 79Se species, although we allow 7°Se to be suspended
in aqueous particles (Section 7.3.3.2).

7.3.5 Air Concentrations from Fires

All the nuclides, with the exception of 39Ar, 3H, ®1Kr and ®5Kr, are
assumed to be suspended when contaminated vegetation or peat is burned.
The suspended nuclides may be gaseous or attached to smoke particles.

7.3.5.1 Agricultural Fires
Ve assume that the stubble is burned on the forage field each year, thereby
releasing some of the nuclides in the crop to the atmosphere. The annual

flux from agricultural fires, (Qi),, (mol.m-? land.s-!), is calculated from
the nuclide inventory in the crop

(Q4),p = CL-££.Y.(EMFRAC!),, » (7.24)

vhere (&3 is the concentration of nuclide i in the crop biomass
(mol.kg-1 wet biomass),

ff is the fire frequency (s-1!),
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¥y is the biomass yield of food type j
(kg wet biomass.m-2? soil), and

(EMFRACL), . is the fraction of the nuclide released in fire
(unitless).

For an annual fire, ff = 1 a-!, or 3.17 x 10-8 s-1. 1In Equation (7.24),
BIOTRAC uses the highest biomass yileld, Yy, selected during each simulation
(Section 8.5.8.1).

The calculation of Ci is described in detail as part of the food-chain and
dose submodel in Section 8.3. In general, nuclides can reach agricultural
crops in three ways:

1. They may be taken up from the soil by the plant roots.
2. They may be deposited onto plant leaves during aerial irrigation.
3. They may be deposited onto plant leaves from the atmosphere.

Ve do not account for the contribution from atmospheric deposition in cal-
culating Ci for use in Equation (7.24). To do so would count these
nuclides twice since the original air concentrations were not depleted
during the deposition processes. We have not included the irrigation path-
way. In the forage field, the contribution to Ci from the interception of
irrigation water from the lake is generally much less than the contribution
from root uptake. Furthermore, the forage field is very rarely irrigated.
Accordingly, Ci may be calculated assuming that nuclides reach the plant
through root uptake only. We show in Section 8.3.1.1 that plant concentra-
tion for nuclide i resulting from root uptake can be predicted from

Ci - Bvi.Ci (7.25)

where Bvi is the plant/soil concentration ratio ((mol-kg-! wet biomass)/
(mol.-kg-! dry soil)) and Ci the concentration in the root-zone soil
(mol.kg-! dry soil). Since values of Ci are available from the soil
submodel (Chapter 6), Ci for use in Equation (7.24) can be calculated
before the food-chain model itself is run. In applying Equation (7.25), Ci
was set equal to the predicted concentration in the soil of the forage
field.

The air concentration resulting from agricultural fires, (Ci),, (mol.m"3
air), is given by

(Ci)ar = (Qi),p-(DISP), (7.26)

vhere (Qi),, is defined in Equation (7.24) and (DISP), is defined in
Equation (7.4). The area A, that appears in (DISP), was here set equal to
the area of the forage field. Because (DISP), was developed for a passive
dispersion source, it will overestimate fire-induced air concentrations
since fires enhance the dispersive power of the atmosphere.
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7.3.5.2 Biomass Combustion for Energy

Ve assume that the home of the critical group is heated by burning contami-
nated wood or peat. The fuel is burned in a stove and nuclides are
released to the atmosphere through a chimney. When wood is used as the
fuel, the air concentration caused by home-heating fires, (Ci)gy (mol.m-3
air), is calculated from the nuclide inventory in the wood

_ Ci - FUELUS - (EMFRAC )
(Cidgr = +(DISP)g (7.27)
EV
vhere ci is the concentration of nuclide i in the wood fuel

(mol.kg-! wet biomass),

FUELUS is the amount of energy required to heat a single
family home (MJ.s- 1),

(EMFRACi )., is the fraction of nuclide i released in fire
(unitless),

EV is the convertible energy content of wood (MJ-kg-!
wvet biomass), and

(DISP), is the dispersion coefficient for elevated point
sources (s-m-3) defined in Equation (7.7).

Trees in a woodlot are subject to the same exposure pathways as pasture
crops in a forage field, but we assume that trees are never irrigated. As
shown in Section 7.3.5.1, Ci in Equation (7.27) can be calculated using
Equation (7.25), where Ci is set equal to the soil nuclide concentration
predicted by BIOTRAC for the woodlot.

Residents of the Canadian Shield rarely, if ever, use peat as a source of
home heating fuel today. But because nuclide concentrations in peat could
exceed concentrations in wood, this exposure pathway cannot be ignored.
For peat burning, the air concentration is given by

) Ci .FUELUS. (EMFRAC? )¢
(Cider = EP

. (DISP), (7.28)

vhere Ci is the concentration of nuclide i in the peat bog or soil (mol.kg-1
dry peat) and EP is the convertible energy content of peat (MJ-kg-! dry
peat).

7.3.5.3 Porest and Land-Clearing Fires

At a given site on the Canadian Shield, forest fires occur naturally about
once per century. Forests and peat may also be deliberately burned to make
land suitable for agriculture. Although such events occur infrequently, any
single generation could be exposed to clearing fires. Accordingly, wve
assume that the trees and peat in an area equal to the area of the woodlot
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(Section 9.1.1.3) burn every 50 a. The resulting nuclide flux to the atmo-
sphere, (Qi),, (mol.m-2 land.s-1), is estimated from the nuclide inventory
in the material burned:

(Ql),, = [CL-FY + Ci.PY].(EMFRAC}), . -f, (7.29)

vhere ci is the nuclide concentration of nuclide i in the trees
(mol.kg-1 wet biomass),

FY is the tree mass consumed in the fire
(kg wet biomass.m-2 land),

ci is the nuclide concentration in peat
(mol.kg-! dry peat),
PY is the mass of peat burned (kg dry peat.m-2 land),

(EMFRAC)%, , is the fraction of nuclide i released in fire
(unitless), and

f, is the frequency of forest or land-clearing fires
(s 1).
For fires with a 50-a return period, f; = 0.02 a-! or 6.34 x 10-10 s-1,
Equation (7.25) defines Ci, where C{ is equal to the soil concentration of
the woodlot. The term Ci.PY in Equation (7.29) is included only if the soil

type is organic (Section 6.5.1.1), in which case the soil concentration is
that of the woodlot here as well.

The air concentration of nuclide i from forest and land-clearing fires,

(Ci),p (mol.m-3 air), is found by combining the flux with the dispersion
factor for a terrestrial area source

(Ci)r_p = (Ql )Lp'(DISP)T . (7.30)

The area A, used to calculate (DISP), in Equation (7.4) equals here the
area of the woodlot.

7.3.6 Air Concentrations from Indoor Sources

In Sections 7.3.3 to 7.3.5, we deal with air concentrations arising from
outdoor sources, which includes biomass combustion for energy. Here we
consider concentrations involving two indoor sources. We discuss the
diffusion of radon from soil into houses and the release of nuclides from
contaminated water brought into the house for domestic use.

7.3.6.1 Radon Diffusion into Buildings

In general, most of the radon present in indoor air originates from 226Ra
in the soil surrounding houses (Bruno 1983). However, it has proven diffi-
cult to relate the observed soil 226Ra concentrations to the measured radon
concentrations in the indoor air. In areas where the soil 226Ra concentra-
tions show little spatial variability, indoor radon concentrations can
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range over several orders of magnitude (McGregor et al. 1980). Consequent-
ly, there is no observed correlation between soil 226Ra and indoor radon
concentrations (George and Breslin 1980). This situation arises because
indoor radon concentrations depend on a large number of factors, including
the number and size of cracks in the foundation of the house, diffusion
coefficients in soil and building materials, infiltration rates and the
lifestyle of the building's occupants.

Because the detailed prediction of radon concentrations in indoor air is
difficult, we relate the indoor radon concentration, (CR®),.s (mol.m-3
air), to the soil 226Ra concentration, CR* (mol.-kg-! dry soil), through a
simple transfer coefficient

(CRp), . = INDRN.CR* (7.31)

INDRN is the indoor radon transfer coefficient ((mol 222Rn.m"3 air)/

(mol 226Ra.kg-! dry soil)). INDRN is a sampled parameter (Section 7.5.1.6)
so that a given 226Ra soil concentration can cause a wide range of radon
air concentrations. CR* 1s based on the garden or forage field, whichever
has the higher concentration in a given simulation.

In theory, other volatile nuclides could also diffuse from the soil into
houses and build up to potentially high concentrations. However, this
pathway is considered for radon only. Air concentrations for argon and
krypton radionuclides are calculated so conservatively (Section 7.3.2.2)
that any indoor buildup is likely covered. Air concentrations for tritium
are not needed (Section 7.3.2.1). No data are available to quantify
infiltration of 14C, 1291 or 79Se. However, if an expression like
Equation (7.31) were applied to 14C or 129, the resulting air concen-
trations would be much less than those predicted for release from domestic
vater (Section 7.3.6.2) for typical soil and water concentrations. So we
focus on the release of these nuclides from domestic water only.

7.3.6.2 Release from Domestic Water

Nuclides can be released to indoor air from contaminated water brought into
the house and used for activities such as showers, or in appliances such as
dishvashers and humidifiers (Lowry et al. 1987, Giardino et al. 1988). Ve
calculate the flux of a nuclide released to the indoor air, (Qi);qy,
(mol.a-1), based on the nuclide inventory in the water required by the
critical group for domestic purposes:

(Qi);gy = Ci-Uwe-Nph.RELFRACH (7.32)

vhere Ci is the concentration of nuclide i in the domestic water
(mol.m-3 water),

Uwe is annual wvater demand of each member of the household
(m?® wvater.a-l.p-1),

Nph is the number of people per household (p), and
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RELFRAC! is the fraction of the inventory in domestic water
released to indoor air (unitless).

Ci can refer to the concentration in well water or lake water (Equations
(4.18) and (5.6)), whichever source is used in BIOTRAC to satisfy domestic
demands (Section 9.1.2). The flux is assumed to be dispersed uniformly
throughout the building so that the air concentration, (Ci);qy (mol.m-3
air), is given by

(Ci)rew = (Qi);qw-(DISP);/(3.16 x 107) (7.33)

vhere (DISP); is the indoor dispersion coefficient defined in Equation (7.8),
and the factor 3.16 x 107 s.a-! converts the flux from mol-.-a-! to mol.s-1.

Although all the nuclides could be released through the domestic use of
wvater, we believe that significant air concentrations could result for
gaseous species only. Since 3%Ar, 3H, 81Kr, and %3Kr are treated by other
methods and since the evidence for 79Se volatilization from water is
unclear, we apply this pathway to 14C, 129 and 222Rn only.

7.3.7 Total Air Concentrations

In the previous sections, we calculated air concentrations arising from
specific suspension mechanisms. The total air concentration for a given
nuclide is the sum of these concentrations, considering only those mecha-
nisms in which the nuclide can be involved. The total concentrations for
14C, 1297, 79Se and 222Rn include the contributions of both particulate and
gaseous forms. Although this may result in double accounting, it compen-
sates for our uncertainty regarding the chemical form of these nuclides.
The total indoor and outdoor concentrations involve different contribu-
tions. All outdoor sources are assumed to contribute to the outdoor con-
centration; they all contribute to the indoor concentration as well, except
for the biomass combustion-for-energy pathway (Section 7.3.5.2). Nuclides
released from a chimney are unlikely to be transported back into the house.
Indoor sources are assumed to contribute to indoor air concentrations only.

The mechanisms that contribute to the air concentration for the various
nuclides are indicated in Tables 7-1 and 7-2 for outdoor and indoor air
respectively. These tables can be used to establish the total concentra-
tion for each nuclide as calculated by BIOTRAC. For example, the total
indoor concentration for 1231 is given by

Ci = (Cpp + (COap + (CoIpe + (Ciag *+ (Clar + (Cdup + (CP)ygw - (7.34)

Argon-39, 81Kr and 85Kr are not listed in the tables but the total concen-
trations for both outdoor and indoor air are given by Equation (7.11).

7.3.8 Deposition

Apart from the noble gases, all nuclides in the atmosphere are subject to
deposition to underlying surfaces. Some deposition processes such as
gravitational settling, particle impaction, gaseous sorption by plants, and
molecular diffusion occur whether or not precipitation is falling. These
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TABLE 7-1

PATHWAYS CONTRIBUTING TO OUTDOOR AIR CONCENTRATIONS

Nuclide All
Pathwvay Other
l4c 795e 12897 222Rn  Nuclides
Terrestrial Particles (TP) X X X X X
Aquatic Particles (AP) X X X X X
Terrestrial Gases (TG) X X X X
Aquatic Gases (AG) X X X
Agricultural Fires (AF) X X X X X
Energy Fires (EF) X X X X X
Land-Clearing Fires (LF) X X X X X
TABLE 7-2

PATHWAYS CONTRIBUTING TO INDOOR AIR CONCENTRATIONS

Nuclide All
Pathway Other
14¢C 798e 1291 222Rn  Nuclides

Terrestrial Particles (TP) X X X X X

Aquatic Particles (AP) X X X X X
Terrestrial Gases (TG) X X X X
Aquatic Gases (AG) X X X

Agricultural Fires (AF) X X X X X

Land-Clearing Fires (LF) X X X X X
Diffusion into Buildings (IGS) X

Release from Domestic Water (IGW) X X X
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processes together are responsible for what is termed dry deposition. Vet
deposition occurs in the presence of precipitation, and refers to the
process of washout in which precipitation falling through the contaminated
air scavenges nuclides and carries them to the surface. Wet and dry depo-
sition are about equally effective over the long term for North American
climates in removing contaminants from the atmosphere (Slinn 1977). In our
atmosphere model, we treat wet and dry deposition as separate processes
that are summed to give the total rate of deposition of nuclide i,

Di (mol-m~2.d-!), to the underlying surfaces.

Deposition occurs to all types of surfaces, but in our model we allow depo-
sition to the soil and vegetation only and not to the lake. As noted in
Section 5.2, the lake receives the entire nuclide flow out of the geo-
sphere. The nuclide load in the lake therefore reflects inputs from all
sources, and there is no need to consider deposition separately. To do so
would be to count this contribution twice (Section 9.3).

Ve follovw the approach traditionally taken in assessment models (CSA 1987)
and simulate dry deposition, DDi (mol:m-2.d-!) using a deposition velocity,
Vd (m.d-!') (Sehmel 1980),

DDi = Vd.Ci . (7.35)

The deposition velocity is an empirical parameter that depends on many
physical and chemical properties of the atmosphere, the contaminant and the
surface (Section 7.5.4.1). Vet deposition, DWi (mol-m-2.d-!), is modelled
in an equally simple way using a washout ratio, Wr (unitless) (Slinn 1978),

DWi = P.Wr.Ci . (7.36)

Here, P is the daily average precipitation rate (m water.d-!), which is
discussed further in Section 9.1.3. The washout ratio is the ratio of the
nuclide concentration in precipitation reaching the ground (kg nuclide.m-3
vater) to the air concentration of the nuclide (kg nuclide.m-3 air). The
product P.Wr is effectively a wet deposition velocity. The same values of
Vd and Wr are used for deposition to both soil and vegetation. We assume
conservatively that deposition does not deplete the nuclide concentration
in air.

Not all the nuclides are subject to deposition. The argon, krypton and
radon noble gas radionuclides, being inert, do not accumulate on surfaces,
and are not allowed to deposit in our model. There is no need to deposit
tritium, which is handled through a specific-activity model (Section 2.5.1).
Ve deposit 14C to soil, but not to vegetation. The uptake of 14C through
plant leaves is accounted for implicitly in the parameter describing the
uptake of this nuclide from soil (Section 8.5.1.1).

Similarly, not all the suspension mechanisms contribute to the air concen-
tration C! used in Equations (7.35) and (7.36). As explained in Section
6.2.2, only nuclides originating from lake water are allowed to deposit to
the soil. Apart from 1291 and the nuclides discussed in the previous para-
graph, all the airborne nuclides arising from outdoor sources are allowed to
deposit to vegetation. However, the parameter describing plant uptake of
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nuclides from soil implicitly accounts for the deposition of gaseous 1291
originating from the soil, but not from other sources (Section 8.5.1.1).
Accordingly, the air concentration, Ci, used in Equations (7.35) and (7.36)
for 1297 reflects the contributions from these sources.

The equations used to calculate the flux of the various nuclides from the
air to soil and vegetation are summarized below:

1. Deposition to soil, Di (mol.m-2 sofl.d-%):
For 3%Ar, 3H, 81Kr, ®5Kr and 222Rp,
Di =0 . (7.37)

For 14C and 1297,

Di

= [(Ci)ap + (Ci)pg)-[Vd + P.WE) . (7.38)
For all the other nuclides,
Di

= (Ci)pp-[Vd + P.Nr] . (7.39)
2. Deposition to vegetation, Di (mol.m-2? soil.d-1):

For 3B and 222Rn,

D=0 . (7.40)
For 1297,
D% = [(CDhar + (Ci)AG + (Ci)ep + (Ci)ap
+ (Ci)g, + (Ci)br]-[Vd + P-Wr} . (7.41)
For 79Se,
Df = [(Ci)ap *+ (Ci)ap + (Cidpc + (Ci)ar
+ (Ci)xr + (Ci)Lr]-[Vd + P.Wr} . (7.42)

For all the other nuclides,

Df = [(Cl)gp + (Cl)ap + (Ci)ap + (Cidge
+ (C)pp]-(Vd + P.VE] . (7.43)

7.4 INTERFACES

The atmosphere submodel requires nuclide flows from the geosphere and
nuclide concentrations in other compartments of the biosphere as inputs
(Figure 7-4). Geosphere flows are required only for 39Ar, ®!Kr and ®*Kr,
wvhich are assumed to pass directly through the lake to the atmosphere
(Section 2.5.5). Lake-water concentrations are needed for all the nuclides
except 39Ar, 3H, 81Kr and 85Kr to provide source terms for the aquatic
suspension mechanisms. When a well is chosen as the domestic water source
in BIOTRAC (Section 9.1.2), well-water concentrations of 14C, 1297 and
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FIGURE 7-4: Interfaces (Related to Human Dose Prediction) Between the
Atmosphere Submodel (Shaded), the Geosphere Model, and the
Other BIOTRAC Submodels

222Rn are needed to model gaseous releases to indoor air. Soil concentra-
tions are required for all nuclides except 3%Ar, 3H, 8!Kr and ®5Kr to pro-
vide source terms for evaluating the terrestrial suspension processes. For
simulations in which the critical group is assumed to farm lake sediments,
sediment concentrations are needed to calculate effective soil concentra-
tions (Section 6.3.7.3). Nuclide concentrations in crops and trees are
also needed to calculate suspension rates following fires. The required
biomass concentrations can be obtained from the soil concentrations since
the biomass and soil concentrations are directly proportional in this
context (Equation 7.25). No inputs from the food-chain and dose submodel
are needed. All of the inputs required to drive the atmosphere submodel
are therefore available as outputs of the geosphere model, and the surface
wvater and soil submodels.

The primary outputs of the atmosphere submodel are the annual average
nuclide concentrations in both indoor and outdoor air for all nuclides
except tritium. These concentrations are passed to the food-chain and dose
submodel (Chapter 8), where they are used directly to calculate inhalation
and immersion doses, taking into account the fraction of the time that
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members of the critical group spend indoors and outdoors (Sections 8.3.1.10
and 8.3.2.1). The air concentrations are also used to calculate the rate
at wvhich airborne nuclides are deposited to the soil and vegetation. The
flux to the soil is passed to the soil submodel, where it is used to calcu-
late nuclide concentrations in soil (Section 6.3.1.2). Similarly, the flux
to vegetation is passed to the food-chain and dose submodel, and is used to
calculate concentrations in crops and trees (Sections 8.3.1.3,-8.3.1.4 and
8.3.2.4). Airborne nuclides therefore contribute indirectly to doses that
result from exposure to contaminated soils or vegetation.

Air concentrations do not play a prominent role in evaluating environmental
effects (Chapter 13). However, nuclides suspended in air may be deposited

on vegetation and soil, which play a prominent role in evaluating environ-

mental effects. Furthermore, non-human biota are subject to air immersion,
and ve calculate the resulting doses (Section 13.3.3.2).

7.5 ATMOSPHERE PARAMETERS

The atmosphere model contains a large number of parameters. The quantity
and quality of the data available for deriving values and distributions for
these parameters are varied. Where possible, we have used observational
data from the Ontario portion of the Canadian Shield to define parameter
values. However, in a number of cases it was necessary to use other
sources to supplement these data. Values for most of the parameters are
distributed to reflect spatial and temporal variability, and uncertainty in
the data and in the model formulation (Section 1.5.7). Fixed values are
adopted for parameters that are well defined and show little variability.

For convenience, we have grouped the parameters according to the processes
with which they are associated. For each parameter we show how the avail-
able data have been used to establish a value or to construct a PDF suit-

able for the postclosure assessment.

7.5.1 Transfer Parameters

7.5.1.1 Atmospheric Dust Load, ADL
(kg dry soil.m-3 air)

The atmospheric dust load is the mass per unit volume of suspended particu-
late matter in the atmosphere. It is used in Equation (7.12) to estimate
the air concentration of nuclides suspended from the soil surface in parti-
culate form. Atmospheric dust loads have been measured at numerous sites
across Canada since 1970 through the National Air Pollution Surveillance
network organized by Environment Canada (NAPS 1970 to 1983). The sites are
generally located near large population centres where anthropogenic emis-
sions make up a sizeable portion of the dust load. The data reflect the
total atmospheric dust load, and include both mineral and organic particu-
lates from local and remote sources.

We calculated annual mean dust loads for the period 1970 to 1983 inclusive
for 149 locations across Canada. The distribution of values, shown in
Figure 7-5, reflects the variation of ADL in space. But it probably
includes most long-term temporal variability as well, since year-to-year
variability at any one site is generally less than site-to-site variability
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FIGURE 7-5: Distributions of the Atmospheric Dust Load, ADL. The histo-
gram represents data from 149 Canadian sites, and the smooth
curve is the distribution used in BIQTRAC.

in the long-term average values. The values are distributed lognormally,
with a GM of 5.9 x 10-% kg dry soil.m-3 air and a GSD of 1.41. Ve adopted
these values for BIOTRAC. The value of 5.9 x 10-% kg dry soil.m"3? air is
about a factor of three higher than the average dust load at isolated
Canadian Shield sites where anthropogenic emissions are low (Amiro 1992b).

7.5.1.2 Aquatic Atmospheric Dust Load, AADL
(w3 water.m-3 air)

The aquatic atmospheric dust load is the ratio of the nuclide concentration
in aerosol above a water surface to the nuclide concentration in the water
body. It is used in Equation (7.13) to estimate the air concentration of
nuclides suspended as particles from the lake. Data for aerosol production
above freshwater bodies are not available; instead, we have derived our
AADL values from data for the suspension of salt particles over oceans.

The marine data likely overestimate values relevant to the Canadian Shield
because wind speeds and wvave heights are larger over oceans than over
lakes. Thus, marine data would lead to conservatively high nuclide concen-
trations in air.
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Using the data on salt concentrations above and within oceans, Amiro
(1992b) deduced an average AADL value of 2.9 x 10-1° m? water.m ® air. In
the absence of any information on the variability of this parameter, we
assume it is distributed in the same way as ADL (Section 7.5.1.1). Accord-
ingly, for our assessment, AADL is lognormally distributed with GM = 2.9

x 10°1° m® water.m 3 air and GSD = 1.41.

7.5.1.3 Radon Emission Rate from Soil, qR»
((mol 222Rn.m-2 soil.s-1)/(mol 226Ra.kg-1 dry soil))

The radon emission rate is used in Equation (7.15) to calculate the radon
flux to the atmosphere from a soil with a known 226Ra concentration. A dis-
tribution for q®® was constructed using a model that depends on the physical
properties of the soil and on radon (Rogers et al. 1980, UNSCEAR 1982). Ve
defined distributions for each of these properties (Amiro 1992b) and drew
1000 sets of values from them at random. These sets were used in turn to
generate 1000 qR" values, which were found to be distributed approximately
lognormally (Figure 7-6). Therefore, we assume gq®" is distributed lognor-
mally, with a GM of 2.7 x 10-9 ((mol 222Rn.m-2.s-1)/(mol 222Ra.kg-1 dry
soil)) and a GSD of 2.16.
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FIGURE 7-6: Distributions of the Radon Emission Rates From Soil, q*". The
histogram is based on a simulation and the smooth curve is the
distribution used in BIOTRAC.
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7.5.1.4 Radon Aquatic Transfer Coefficient, ATCR»
(m-s-1)

The aquatic transfer coefficient is used in Equation (7.17) to calculate
the flux of radon from water bodies to the atmosphere. A few measurements
of ATCR» are available from the Experimental Lakes Area (ELA) in northwest-
ern Ontario (Emerson et al. 1973, Emerson 1975) from lakes representative
of the Canadian Shield. Amiro (1992b) synthesized these observations and
recommended a normal distribution for ATCR® with a mean of 4.6 x 10-6 m.s"!
and an SD of 2.3 x 10-6 m.s"!. This distribution is truncated at its low
end at 0 m-s-! because negative values are impossible.

7.5.1.5 Aquatic Iodine Mass Loading Parameter, AIML
(w3 water.-m-3 air)

AIML is the ratio of the concentration of gaseous iodine in air above a
wvater surface to the iodine concentration in the water itself. It is used
in Equation (7.20) to calculate air concentrations of 129 resulting from
gaseous emissions from water bodies. As was the case for AADL (Section
7.5.1.2), data from freshwater bodies are unavailable and AIML values must
be deduced from studies over the ocean. For the reasons given in Section
7.5.1.2, the marine values should be conservative when applied to Canadian
Shield lakes.

Fuge and Johnson (1986) published data on iodine concentrations in ocean
water and in the air above it. Amiro (1992b) used these data to extract
values of AIML. Since AIML is calculated as a ratio of concentrations, he
assumed that it is distributed lognormally, and derived a GM of 1.3

x 10-3 m3 wvater.m-3 air and a GSD of 6.3. These values are used for the
postclosure assessment.

7.5.1.6 Indoor Radon Transfer Coefficient, INDRN
((mol 222Rn.m-3 air)/(mol %22¢Ra.kg-! dry soil))

The indoor radon transfer coefficient is used in Equation (7.31) to calcu-
late the radon concentration in indoor air resulting from diffusion into
the building from soil with a given 226Ra concentration. Soil 226Ra con-
centrations and indoor radon concentrations are both well known. The
former varies little worldwide, and a value of 3 ¥ 10-12 mol.kg-! dry soil
is representative of Canadian Shield conditions (DSMA Atcon 1978, Keith
Consulting 1978, Sheppard M.I. et al. 1981). Indoor radon concentrations
are lognormally distributed and show much greater variability. Studies
carried out at several locations on the Canadian Shield produced GM values
ranging from 1.6 x 10-17 to 1.3 x 10-16 mol.m 3 air, and GSD values exceed-
ing 3 (DSMA Atcon 1978, Keith Consulting 1978, Amiro 1992b). To ensure
that BIOTRAC predictions are conservative, we adopt values at the upper end
of the observed ranges and assume that indoor radon concentrations on the
Canadian Shield are distributed lognormally, with a GM of 1.3 x 10-16 mol.m-3
air and a GSD of 4.3. The distribution for INDRN was then derived using
Equation (7.31) with CR2 = 3 x 10-12 mol.kg-! dry soil. The result is a
lognormal distribution for INDRN with a GM of 4.3 x 10-5 (mol 222Rn.m-3
air)/(mol 226Ra.kg-! dry soil) and a GSD of 4.3.



- 194 -

7.5.1.7 Release Fraction, RELFRACi
(unitless)

RELFRAC! defines the fraction of the nuclide inventory in domestic water
supplies that is released to indoor air (Equation 7.32). As noted in
Section 7.3.6.2, we assume that significant air concentrations could result
only for 14C, 12°I and radon. In the absence of other data, we assume
conservatively that the entire inventory of these radionuclides is released
so that RELFRACi is assigned a fixed value of 1.0 for 14C, 1291 and radon.
For all other nuclides, RELFRACi = 0.

7.5.2 Fire Pathway Parameters

7.5.2.1 Domestic Heating Need, FUELUS
(MJ.s-1)

An estimate of FUELUS is required to calculate the amount of wood or peat
burned by the critical group for home heating or other domestic purposes
(Equations (7.27) and (7.28)). Long-term averages for total annual fuel
consumption for Northern Ontario range between 2.9 x 10-3 and 3.5 x 10-3
MJ.s-t (Amiro 1992a), of which about 60Z goes toward space heating.

Because energy consumption shows little long-term variability, we set
FUELUS equal to a constant of 3.5 x 10-3 MJ.s-1. This value is conserva-
tive because it reflects maximum consumption rates and includes energy used
for purposes other than space heating.

FUELUS is also used in Section 9.1.1.3 to calculate the areas of the wood-
lot and peat bog required to heat the home of the critical group. For this
calculation, FUELUS is expressed in units of MJ.a-!, in which case it has a
value of 1.1 x 105 MJ.a"t.

7.5.2.2 Energy Content of Wood, EW
(MJ-kg-! wet biomass)

The convertible energy content of wood fuel is required to calculate the
amount of wood burned by the critical group for home heating or other pur-
poses (Equation (7.27)). The average energy content of typical Canadian
Shield forest species is about 11 MJ.kg-! on a wet weight basis (Tillman
1978). Ve assume that wood stoves are 50% efficient (Sexton et al. 1984)
so that the convertible energy content, EW, is 5.5 MJ.kg-! wet biomass. Ve
adopt this value for the postclosure assessment and assume it is constant.

7.5.2.3 Energy Content of Peat, EP
(MJ.kg-! dry peat)

The convertible energy content of peat is required to calculate the amount
of peat burned by the critical group for space heating or other purposes
(Equation (7.28)). The average net energy content of dry, milled peat is
about 10 MJ.kg-! (Mustonen 1984). Assuming that stoves perform as effi-
ciently for peat as for wood (Section 7.5.2.2), we derive a convertible
energy content of 5 MJ.kg-! dry peat. As in the case of wood, we do not
distribute EP values.
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7.5.2.4 Forest Yield, FY
(kg wet biomass-m-2 land)

Forest yield refers to the biomass actually burned in a fire, and is
required to estimate the nuclide flux to the atmosphere caused by a forest
or land-clearing fire (Equation (7.29)). Fires on the Canadian Shield
typically engulf about 2.2 kg wet biomass.m-2 land, with a range from 1.0
to 10 kg.-m-2 (Van Wagner 1983). Assuming that FY is lognormally distri-
buted, we set its GM equal to 2.2 kg wet biomass-m-2 land, and cover the
expected range of values by choosing a GSD of 1.6.

7.5.2.5 Peat Yield, PY
(kg dry peat-.-m-2 land)

Peat yield refers to the mass of peat burned in an outdoor fire, and is
required to estimate the nuclide flux to the atmosphere caused by a forest
or land-clearing fire (Equation (7.29)). We calculate PY from

PY = Z, -0, (7.44)

vhere Z, (m) is the depth of the peat burned and p, (kg dry peat-m-3 peat)
is its bulk density. In a land-clearing fire, it is likely that a depth of
peat equal to the root-zone depth would be burned. We assume that the same
depth of peat would be burned in a forest fire. Accordingly, we set

Z, = 0.3 m (Section 6.1). 1In Section 6.5.1.3, the bulk density of organic
soil or peat was given as 150 kg dry soil.m-3 soil. Substituting these
values in Equation (7.44) gives PY = 45 kg dry peat.m-2 land. PY values

are not distributed in BIOTRAC.

7.5.2.6 Emission Fraction, EMFRACi
(unitless)

EMFRAC! defines the fraction of nuclide i that is released from biomass by
burning. Three different values of EMFRAC! are needed for each nuclide to
calculate fluxes to the atmosphere from agricultural fires ((EMFRAC!),.,
(Equation (7.24)), energy fires ((EMFRACi).., Equations (7.27) and (7.28)),
and forest and land-clearing fires ((EMFRAC!) ., Equation (7.29)). The
emission fractions for all three types of fires are set to zero for the
argon and krypton radionuclides, which do not accumulate in plants because
they are inert gases. Values for tritium are not required because tritium
is handled in a different manner (Section 7.3.2.1).

Por all three types of fires, we assume that 14C, 1291 and radon are
released as gases and that their entire inventory reaches the atmosphere.
Therefore, (EMFRACi),,, (EMFRACi).,, (EMFRAC!) . have a value of 1 for
these radionuclides.

For agricultural fires, the remaining nuclides that are released are likely
attached to smoke particles. Few data are available for now to define
EMFRAC! values for this pathway. The most appropriate data are from
studies of nutrient losses from burning heather (Evans C.C. and Allen
1971), which indicate that 10Z to 20Z of the initial inventory of many
elements is lost. Ve assume these values apply to our nuclides and to
fires involving other types of vegetation, and set (EMFRACi),, = 0.2 for
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all the radionuclides except 3%Ar, 14C, 3H, 1291, 81Kr, 85Kr and 222Rn.
(EMFRACi),, values are not distributed.

Data are also scarce for defining emission fractions from energy fires.
Information on nuclide emissions from commercial peat power plants and
voodburning fireplaces suggest that about 20Z of the contaminant inventory
of the fuel is lost to the atmosphere (Amiro 1992b). We assume that this
value applies to both wood and peat, and set (EMFRACi),, = 0.2 for all
nuclides except 3°Ar, !4C, 3H, 1291, 81Kr, 85Kr and 222Rn. (EMFRAC!)g,
values are not distributed.

Forest fires burn much hotter than controlled agricultural fires and may
have surface temperatures in excess of 1000°C (Smith D.V. and Sparling
1966). At these temperatures, many nuclides may volatilize and be released
in large amounts (Grier 1975). However, it is difficult to account for
this effect quantitatively because of the limited amount of data on fire
temperatures. Moreover, the chemical form of the nuclides in plants is
generally unknown, so that boiling points cannot be specified. Given this
uncertainty, we conservatively assume that the total inventory of all the
nuclides (except 3%Ar, 3H, %!Kr and ®5Kr) is released in land fires, and
give (EMFRACi) . a value of 1. (EMFRAC!) . values are not distributed.

7.5.2.7 Probability of Peat Fuel Use, PT
(unitless)

Ve assume that the home of the critical group is heated either by wood or
peat. Ve are not aware of any available data on peat use for heating on
the Canadian Shield, but peat use for heating is likely not very common.
Accordingly, we assume that peat is used for home heating 1Z of the time
vhen organic soil has been chosen as the soil type, which is 147 of the
time (Table 6-7). When organic soil is not chosen, no peat is available to
the critical group. In BIOTRAC, peat use as fuel is expressed by a switch,
PT, which has a value of 0.01 subject to the restriction indicated above.
This means that only few BIOTRAC simulations will involve peat fuel.

7.5.3 Dispersion Parameters

7.5.3.1 Vind Speed, UCAV
(m.s-1)

The annual average wind speed, UCAV, at a generic Canadian Shield site is
used in Equations (7.6) and (7.7) to calculate the dispersion factor for
elevated point sources. Wind speed data for the Canadian Shield are read-
ily available from the AES, which has made routine measurements at several
locations for many years (Environment Canada 1982a). We calculated annual
average speeds for 16 sites widely spread across the Ontario portion of the
Shield (Amiro 1992b). Equation (7.7) requires a wind speed measured at a
height of about 3 m, which corresponds to the top of a chimney on a typical
one-storey house (Section 7.5.3.4). Accordingly, the mean speeds for each
site, which were obtained at a nominal height of 10 m, were extrapolated to
3 m (Amiro 1992b). The speeds at a height of 3 m were distributed approxi-
mately normally, with a mean of 2.36 m.s"! and an SD of 0.64 m.s"1. This
value is not only a measure of spatial variability, but also accounts for
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most temporal variability because year-to-year variations at any one site
are generally much less than site-to-site variations.

For postclosure assessment, we adopt a normal distribution for UCAV, with a
mean of 2.36 m.s-1 and an SD 0.64 m.s"!. The distribution was truncated at
its lowv end at three SDs (UCAV = 0.44 m.s-!) because lower annual average
wind speeds are not probable.

7.5.3.2 Vind Speed Veighting Factor, UWGHT
(unitless)

The wind speed weighting factor is an annual average wind speed for a
generic Canadian Shield site normalized by the wind speed averaged spa-
tially across the Shield. This involved a comparison of long-term data
from WL and data from other sites on the Canadian Shield (Amiro 1992c). It
is used in Equations (7.4) and (7.5) to calculate the dispersion factors
for ground-level area sources. UWGHT is simply a non-dimensional form of
UCAV (Section 7.5.3.1). A value of UWGHT for each BIOTRAC simulation is
calculated by dividing the sampled value of UCAV by the mean value of UCAV.
Thus,

UWGHT = UCAV/2.36 m.s-1 . (7.45)

7.5.3.3 Building Width, BW
(m)

The building width and building height, BH (Section 7.5.3.4), define the
size of the cavity created by the building into which contaminants released
from a chimney become entrained (Section 7.3.1.2). These dimensions also
define the building volume (Equation (7.9)) and the volume of air that is
available for diluting contaminants released inside the building occupied
by the critical group. Ultimately, BV and BH are used in Equations (7.7)
and (7.8) to calculate dispersion factors for elevated point sources and
indoor releases.

The available data on building dimensions are given In terms of floor area.
Floor areas for new dwellings in Canada are distributed lognormally, with a
GM of 95 m? and a GSD of 1.42 (CMHC 1987). Ve assume a square building, so
that BV is distributed lognormally with a GM of 9.7 m and a GSD of 1.2.
This distribution is truncated at the lower end at 8.4 m because houses
vith floor areas smaller than 70 m? are very rarely built.

7.5.3.4 Building Height, BH
(m)

Building height is also required in Equations (7.7) and (7.8) to calculate
the dispersion factors for elevated point sources and indoor releases. We
assume that the critical group lives in a single-storey house, and set BH
equal to a fixed value of 2.4 m. This is a minimum reasonable value for
both ceiling and building heights, and leads to conservative estimates for
the dispersion factors, which are inversely proportional to BH.
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7.5.3.5 Entrainment Parameter, KK
(unitless)

The building wake entrainment parameter is required in Equation (7.7) to
calculate the dispersion factor for elevated point sources. KK is an
empirical constant that varies between 0.2 and 2.0 (Hanna et al. 1982).

Its exact value depends on the geometry of the building and its orientation
vith respect to wind direction. We conservatively set KK at its maximum
possible value of 2.0 because these factors are unknown at a generic site.

7.5.3.6 Infiltration Rate, INFILT
(s°1)

Building infiltration rates are required to estimate the volume of indoor
air into which nuclides released through domestic water use become mixed.
INFILT is used in Equation (7.8) to calculate the dispersion factor for
indoor releases. Infiltration rates are variable and have decreased in
recent times as homes have become more energy-efficient. However, there is
likely a practical lower limit to INFILT below which gases such as CO,
would build up to unacceptably high levels. The Canadian Standards Associ-
ation (CSA 1989) recommends a minimum exchange rate of 0.35 h-1, which is
substantially lower than the rates characteristic of today’s homes. Since
indoor air concentrations are inversely proportional to the infiltration
rate, we conservatively adopt this minimum value and set INFILT at 0.35 h-1,
which corresponds to 0.0058 s-1.

7.5.4 Deposition Parameters

7.5.4.1 Dry Deposition Velocity, Vd
(m-d-1)

The deposition velocity is a transfer coefficient used in Equation (7.35)
to calculate the flux of nuclides from the atmosphere to the underlying
surface as a result of dry deposition. It is a bulk parameter that incor-
porates many factors and processes, including the physical and chemical
form of the contaminant, properties of the underlying surface (soil charac-
teristics, vegetation cover and surface roughness), meteorological condi-
tions (wind speed and atmospheric stability), and the measurement height.
As a result, most of the variability in Vd is caused by local temporal or
spatial variability rather than by variability in the long-term average
conditions across the Canadian Shield.

Using a model that takes into account particle size, particle density,
surface roughness and meteorological conditions (Sehmel 1980), Amiro
(1992b) calculated an average deposition velocity for Canadian Shield con-
ditions of 0.006 m-s-!., We assume that Vd values are distributed lognor-
mally, and adopt this average value as the GM. A GSD of 2.0 results in a
distribution that covers most of the range of measured values reported by
Sehmel (1980). Therefore, our PDF for nuclides subject to deposition is
lognormal with a GM of 0.006 m.s-! and a GSD of 2.0. In units of m.d-!, as
required by RBquation (7.35), Vd is distributed lognormally, with a GM of
518 m-d-! and a GSD of 2.0. Ve assume that this PDF applies to both parti-
cles and gases, and to deposition to both soil and vegetation. We set

Vd = O for 3%Ar, 3H, 81Kr, 85Kr, and 222Rn because these nuclides are not
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deposited (Section 7.3.8). For 14C deposition to vegetation, Vd = 0
because deposition is already accounted for by the plant/soil concentration
ratio (Section 8.5.1.1).

Deposition fluxes are used in the soil model in units of mol.m-2.a-1
(Equation (6.16)), in which case Vd must be expressed in units of m.a-?!.
In these units, our PDF for Vd is lognormal with a GM of 1.89 x 105 m.a"!
and a GSD of 2.0.

7.5.4.2 Vashout Ratio, Wr
(unitless)

The washout ratio is the ratio of the nuclide concentration in precipita-
tion reaching the ground to the air concentration of the nuclide. It is
used in Equation (7.36) to estimate the nuclide flux from the atmosphere to
the underlying surface as a result of wet deposition. Most of the avail-
able data apply to particulate matter, and were obtained in studies involv-
ing natural aerosols and fallout from nuclear weapons tests (Slinn 1978).
Washout ratios for gases are generally smaller than for particulates. Ve
assume Wr is lognormally distributed (Barrie and Nuestadter 1983), and
choose a GM of 2.5 x 105 and a GSD of 1.58 to cover the range of reported
values (Slinn 1978). This distribution applies to all nuclides except
39Ar, 14C, 3H, 81Kr, 85Kr and 222Rn for which Wr = 0. As noted in Section
7.5.4.1, the deposition of 14C to vegetation is accounted for by the
plant/soil concentration ratio.

The median value of 0.01 m.s-! for our combined wet and dry deposition
velocity (Vd + Wr.P) is about a factor of three higher than the value of
0.003 m-s-1 recommended by the Canadian Standards Association (CSA 1987)
for particulate iodine, and is therefore conservative. Our median value is
comparable to the CSA value recommended for iodine gas (I,).

7.5.5 Parameters Documented Elsewhere

The atmosphere submodel contains a number of parameters that also appear in
other parts of BIOTRAC. The parameters related to the surface water and
soil submodels are documented in Chapters 5 and 6, and those pertaining to
the food-chain and dose submodel are documented in Chapters 8 and 9. All
these parameters are listed in Table 7-3 together with the sections in
which they are discussed in detail and documented.

7.6 MODEL VALIDATION

In the case of the atmosphere model, validation means showing that the
processes of suspension, dispersion and deposition are properly modelled,
and that the predicted air concentrations and deposition fluxes are realis-
tic. Only a few components of the model have been validated experimentally.

Full-scale field testing of suspension models is extremely difficult, as
the scarcity of published, validated models attests. The strengths of
natural analog sources are invariably too weak to allow air concentrations
to be measured with any certainty. Tracers must then be employed, but the
use of radioactive tracers is often unacceptable. There are practical
difficulties in applying a tracer uniformly over a large area. Costs can
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TABLE 7-3

ATMOSPHERE SUBMODEL PARAMETERS COMMON TO OTHER
SUBMODELS AND THEIR SECTIONS OF DOCUMENTATION

Section
Parameter Equation Where
Documented
Area of terrestrial contamination, A, (m?) 7.4 9.1.1.3
Area of the lake, A; (m?) 7.5, 7.10, 7.11 5.5.3
Mean depth of the lake, 2, (m) 7.22 5.5.2

Soil bulk density, p, (kg dry soil.m-3 soil) 7.18, 7.21, 7.23 6.6.1.3

Evasion rate from soil for C, I and Se, 7.18, 7.21, 7.23 6.5.4

n (s1)

Evasion rate from water for C, n§{ (s-1) 7.22 5.5.9

Crop yield, Y; (kg wet biomass-m-2 soil) 7.24 8.5.8.1

Plant/soil concentration ratio, Bvi ((mol.kg-? 7.25 8.5.1.1
vet biomass)/(mol.kg-! dry soil))

Vater demand per person, Uwc 7.32 9.1.1.4

(m3 wvater.a-1.p-1) '

Number of people per household, Nph 7.32 9.1.1.1

Precipitation rate, P (m water.d-1) 7.36 9.1.3

become prohibitive as large amounts of tracer are required to achieve
detectable air concentrations. A very extensive program would be required
to validate models for all of the potential suspension mechanisms.

0f the many suspension mechanisms that we model, only one has been vali-
dated experimentally. This is the model for qR", the terrestrial radon
emission rate (Section 7.3.4.1), which was developed using data from
radium-rich mine tailings (Rogers et al. 1980). Values derived from this
model agree well with experimental measurements reported by Pearson (1967).
Furthermore, when combined with soil radium concentrations, the model pre-
dicts a range of radon fluxes comparable to observed values (UNSCEAR 1982).

Dispersion models have been validated better than suspension models because
field studies of atmospheric dispersion are relatively easy to carry out.
The model that we use to derive the dispersion factors for ground-level
area sources (Section 7.3.1.1) has received extensive validation. Its
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predictions agree well with experimental data, and with analytical solu-
tions (Wilson et al. 1981). The model also reflects the understanding that
was gained in a series of atmospheric diffusion trials that we conducted
over the Canadian Shield (Davis et al. 1986).

Deposition experiments suffer from many of the difficulties that beset
suspension work. For full-scale field studies, it is often necessary to
resort to tracers, with their attendant challenges. The models for both
wet and dry deposition are usually expressed through bulk parameters that
incorporate many processes and are difficult to generalize and apply to
specific conditions. On the other hand, we derived our dry deposition
velocities (Section 7.5.4.1) from a model that has been validated experi-
mentally using a wide range of measurements involving both particulate and
gaseous deposition to a variety of surfaces (Sehmel 1980).

In the absence of full validation with experimental or field data, confi-
dence in the atmosphere model must be demonstrated in other ways. These
other approaches to validation are discussed in Section 7.7.2 and in
Chapter 11.

7.7 MODEL DISCUSSION
7.7.1 Assumptions

Several assumptions were made in deriving the atmosphere model. 1In this
section, we explain and review the main assumptions and discuss their
effect on the predicted air concentrations and deposition rates.

1. The physical layout of the garden, forage field, woodlot and peat bog, and their
positions relative to the building occupied by the critical group are not known
for our generic site. This makes it difficult to calculate appropri-
ate dispersion factors or to account for the contribution of
nuclides suspended from one field to the air concentration over
another. Ve have compensated for this uncertainty by adopting a
field geometry and a receptor location that maximize the air
concentration. Moreover, we have assumed that air concentrations
arising from suspension over one field apply over all fields with
no reduction from dispersion. These are conservative assump-
tions, ensuring that air concentrations and deposition rates are
not underestimated.

2.  Complex suspension and deposition processes are represented by very simple
transfer models. Ve believe that this is appropriate, given the
large number of relevant processes and our current understanding
of how they operate. The transfer coefficients that we have
employed are empirically based, and incorporate the effects of
many processes without the need for a complete theoretical model.
This includes physical, chemical and biological forces that act
together to determine nuclide transport rates. Mass loading
parameters and deposition velocities are used in many other
models of nuclide transport in the atmosphere (Healy 1980, USNRC
1977, Napier et al. 1980).
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The model accounts for all the suspension processes that could contribute
significantly to air concentrations. Ve have not explicitly included all
the processes, particularly when they originate from cultural
practices. Many human activities such as sanding a wall in an
enclosed space would increase the particulate load briefly, but
would not contribute substantially to long-term air concentra-
tions. We have not considered large-scale industrial operations
such as mining or the commercial production of energy from
biomass. We assume that the area of contaminated land is not
large enough to support large-scale industry, or if it is, the
facility would be located too far from the region occupied by the
critical group and other biota to contribute significantly to the
air concentration of nuclides from the vault.

Many other anthropogenic suspension mechanisms are included impli-
citly through bulk transfer parameters, particularly the atmo-
spheric dust load, ADL (Section 7.5.1.1). Furthermore, where we
have modelled a cultural pathway explicitly, we did so conser-
vatively. For example, the critical group burns the stubble from
its forage field every year; when peat is used as a source of
fuel, it is always available, regardless of how previous genera-
tions have used the peat bog; releases from the chimney are always
caught in the wake cavity of the home; and the dispersion factors
derived for passive sources are applied to fires. Throughout the
model, we have assumed that each nuclide can be in a variety of
chemical forms, consistent with the physical, chemical and bio-
logical environment.

Pinally, we calculate the total air concentration by summing the
contributions from all pathways (Equation (7.34)). This will
result in double accounting for some nuclides. For example,
potentially volatile nuclides contribute in both particulate and
gaseous forms, and particles originating from lake water are
added separately, although they would be included in the para-
meter ADL. By these means, we have ensured that air concentra-
tions are not underestimated, even though not all suspension
mechanisms have been considered explicitly.

Our model of particle suspension from terrestrial sources assumes that all sizes
of soil particles are equally contaminated. In fact, finer particles
could be more highly contaminated. Such particles are frequently
composed of clay, and nuclides tend to sorb to clay. It is the
fine particles that become truly suspended in the atmosphere, and
so our nuclide concentrations in air could be underestimates
(Equation (7.12)). However, any underpredictions are likely
offset by the inclusion in ADL of particles from distant sources
that would be uncontaminated.

Air concentrations are not reduced when contaminants are lost from the plume
through deposition. The critical group and other biota live very
close to the suspension sources at the discharge zones so that
there is little time for deposition to occur, and little reduc-
tion in air concentration. This assumption is therefore conser-
vative, but not overly so. It allows us to choose high values
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for the deposition velocity, Vd (Section 7.5.4.1), and so predict
conservative deposition rates without underestimating air
concentrations.

The model does not account for the effects of variations in parameter values
throughout the year. In reality, meteorological parameters show
strong daily and seasonal variations, and suspension rates for
many natural processes decrease in winter when the ground and
lakes are frozen and snow-covered. In addition, suspension
mechanisms such as wind erosion and fires occur episodically.
However, we assume that all the processes operate continuously
and drive the model with parameter values that are annual aver-
ages, at least nominally. 1In fact, data for many transfer para-
meters, including AADL, AIML, ATC®® and gqR®, represent summer
conditions only. Since winter values are generally lower, use of
the data as annual averages results in an overprediction of air
concentrations and deposition rates. Only ADL, INDRN and the
parameters incorporating meteorological data have values that
represent true annual averages.

Seasonal effects can be safely ignored when calculating air con-
centrations for predicting inhalation and immersion doses for
humans. Since the atmosphere model is linear, the concentration
calculated using annual average parameter values equals the aver-
age concentration of the concentration values made at various
times throughout the year. The situation is somewhat different
for deposition to vegetation, which occurs mainly under summer
conditions. Annual average values may be inappropriate in this
case if they differ significantly from summer values. For exam-
ple, the summer ADL value is slightly higher than its annual
average. Summer air concentrations and deposition fluxes to
crops are therefore slightly underestimated for nuclides origina-
ting from terrestrial sources. On the other hand, deposition
rates will be accurately predicted where air concentrations
depend on parameters whose annual average values are based on
summer conditions only. This is the case for gaseous nuclides
such as 1291 because the data were derived for summer conditions
only.

The use of annual average parameter values in the fire pathways
raises similar points. In the models, nuclides released via
fires enter the atmosphere at a uniform rate throughout the year.
However, they are deposited to crops over a two- to three-month
growing season only (Section 8.5.3.2). The total amount deposi-
ted is therefore less than it would have been had we assumed that
the fire event occurred entirely within the growing season.
Although this treatment appears to be non-conservative, it allows
for fires that occur in the spring before the crops come up, or
in the fall after harvest. Similarly, wood or peat burning for
energy occurs primarily in winter, and in reality could not con-
tribute to crop contamination because contaminants would have
dispersed before the crop emerges.
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To summarize, the use of annual average parameter values can
result in either conservative or non-conservative predictions,
depending on the pathway and the available data. Close examina-
tion of our models, parameter values and arguments can only lead
to the conclusion that this practice will not underestimate the
total air concentration or the total deposition fluxes predicted
by BIOTRAC.

7. Long-term changes to the climate, or to the parameters that control suspension,
dispersion and deposition, are modelled implicitly. Ve assume that our
parameter distributions are wide enough to describe the relevant
biosphere as long as current interglacial conditions persist.
This is likely to be the case for some time (Chapter 12). Our
PDFs reflect primarily spatial variability across the Canadian
Shield, which will probably exceed the temporal changes experi-
enced at any one site over the next 10 000 a. As far as the
atmosphere model is concerned, we assume that processes such as
acid rain and global warming are included in our parameter dis-
tributions. It is impossible to predict future cultural prac-
tices, and we assume that they will not involve significant new
suspension or deposition pathways. With these restrictions, the
model is suitable for predicting air concentrations and deposi-
tion fluxes over at least the next 10 000 a.

7.7.2 Evaluation

The atmosphere submodel involves a large number of processes and pathways,
many of which are related to cultural activities. The complexity of the
model chosen to simulate each process reflects our level of understanding
and the amount and quality of the available data. Occasionally, a
detailed, mechanistic treatment is warranted, but more commonly a lack of
information dictates a simpler approach using transfer coefficients. The
latter approach is appropriate for assessment models (USNRC 1977, Healy
1980, Napier et al. 1980), and is used internationally in waste management
assessments (Bergstrém et al. 1982, Korhonen and Savolainen 1982). To
offset the uncertainty that exists in most of the processes, we have incor-
porated many conservative assumptions into the models and selected conser-
vative parameter values. Where possible, we use models that have been
validated experimentally. The atmosphere submodel was improved through
comments and criticisms of an interdisciplinary team of scientists from the
International Institute of Applied Systems Analysis (IIASA) in Vienna,
Austria (Amiro 1992b).

The submodel was specifically designed for the postclosure assessment. In
particular, it accounts for the underground location of the vault by treat-
ing contaminated water, soil and vegetation as the source of airborne
nuclides. It was formulated to provide annual average air concentrations
at a generic Canadian Shield site. Its simplified, efficient structure,
together with its distributed parameter values make it suitable for a pro-
babilistic postclosure assessment. It was designed to interface smoothly
with the geosphere model and the other three submodels of BIOTRAC.
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The parameter values and distributions used in the atmosphere submodel were
derived from the best available data measured under Canadian Shield condi-
tions. Most of the information was extracted from the literature, but some
was supplied by our own studies (Davis and Reimer 1980). The data avail-
able for defining some parameters were quite limited. In these cases, we
have chosen what we believe are conservative values.

Ve conclude that the atmosphere submodel and its associated database pro-
vide a reasonable description of the atmospheric pathways relevant to the
postclosure assessment of the concept for disposal of Canada’s nuclear fuel
waste. They will not underestimate air concentrations or deposition
rates, and, therefore, consequences to humans and other biota.

8. THE FOOD-CHAIN AND DOSE SUBMODEL

8.1 THE FOOD-CHAIN COMPARTMENT

Nuclides in the physical compartments of the biosphere (surface wvater,
sediment, soil and the atmosphere) may be taken up by living organisms,
both plant and animal. These nuclides may affect the organisms and may
move along the food chain and eventually be ingested by humans. All biota,
including humans, that live in the contaminated environment may be exposed
internally and externally to radiation fields. This chapter describes the
model developed to trace nuclides through the food chain to humans and
other organisms, and to calculate doses from both internal and external
exposure pathways. The information was extracted from the food-chain and
dose submodel report (Zach and Sheppard 1992), which contains further
details. The model has also been published in the open literature (Zach
and Sheppard 1991). For convenience, the food-chain and dose submodel has
been given the acronym CALDOS (CALculation of DOSe).

The human individual of concern in CALDOS is a member of the critical group
(Section 1.5.4), and is represented by ICRP reference man (ICRP 1975).

This individual lives his entire life at the discharge zone. He experi-
ences a generic Canadian Shield environment, and has a lifestyle similar to
that of present-day residents of the Canadian Shield in Ontario. However,
he is entirely self-sufficient, drawing all of his resources, including
food, water, building materials and heating fuel, from the local poten-
tially contaminated environment. He grows the types of crops and raises
the types of livestock that are found on family farms on the Shield today.
He may also eat foods native to the Shield, including wild plants (berries,
wild rice and mushrooms), wild game (moose, deer, beaver, game birds and
vaterfowl), fish and other natural foodstuffs such as honey and maple syrup
(Section 2.1). He stores his summer produce for winter consumption, and so
eats potentially contaminated food throughout the year.

For modelling purposes, the diet of the critical group is made up of five
very general food types: terrestrial plant foods (TE PLANT), milk and dairy
products (TE MILK), mammalian meats (TE MEAT), poultry and eggs (TE BIRD)
and freshwater fish (FW FISH). Food-chain transfer coefficients of
nuclides are not known well enough to consider other food types explicitly
in the model. However, the distributions of transfer coefficients for our
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five food types are wide enough to encompass all the likely food sources,
both domestic and wild, of a Canadian Shield resident. TE PLANT consists
primarily of grains, vegetables and fruit, but also covers berries, mush-
rooms and wild rice. TE MILK refers mainly to milk and dairy products
derived from cows, but also includes goats. The parameter values for

TE MEAT apply mainly to beef, but are distributed widely enough to include
pork, mutton and venison as well. Transfer coefficients for TE BIRD are
based primarily on data from chickens, but our distributions include
turkeys, ducks, geese and various wild fowl. FV FISH refers mainly to
Canadian Shield species such as lake trout, lake whitefish, northern pike
and walleye.

Human diet is treated probabilistically in CALDOS, so that members of the
critical group draw different proportions of their food needs from the five
food types in each simulation. In this way, we include diets ranging from
almost purely vegetarian or purely meat-eating to diets consisting of 50%
fish. The assumption that the critical group is represented by ICRP refer-
ence man (Section 1.5.4) places some restrictions on diet, particularly
with regard to total caloric intake (Section 8.5.6.1).

All of the domestic plant foods that humans consume are assumed to be grown
in the garden. Wild plant species eaten by humans are assumed to be grown
on soils contaminated to the same extent as the garden. Similarly, all
plants eaten by animals that are in turn consumed by humans are assumed to
be grown on the forage field, or on soils with a nuclide concentration
equal to that of the forage field. Water for both man and animals comes
from either a lake or a well, depending on which is chosen as the source of
the domestic water supply (Section 9.1.2).

CALDOS can also be used to calculate radiation doses to non-human organisms
because it provides radionuclide concentrations in several kinds of organ-
isms through the food types TE PLANT, TE MEAT, TE BIRD and FV FISH. These
concentrations are based on several broadly distributed parameters

(Section 8.5), making the food types very general. It also makes the food
types representative of a wide variety of organisms on the Canadian Shield.
Thus, the food types are suitable for defining generic target organisms for
calculating radiation doses to non-human biota, as explained in

Section 13.3. To enhance clarity, Chapter 8 focuses on human dose predic-
tion and Chapter 13 on dose prediction for other biota.

The objective of the food-chain and dose submodel is to trace nuclide move-
ment through the food chain, and to estimate concentrations in Canadian
Shield biota and doses to members of the critical group from all the impor-
tant exposure pathways, given the nuclide concentrations in surface water,
well water, soil and the atmosphere. Doses to humans are one of the pri-
mary end points of the assessment for determining the acceptability of the
disposal concept (AECB 1987, Federal Environmental Assessment Review Panel

1992).
8.2 QUALITATIVE DESCRIPTION OF CALDOS

Concern for human safety has prompted many studies of nuclide transport
through the food chain. Work in this area began in the late 1940s in
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response to the development of nuclear weapons programs. It received fur-
ther impetus from the growth of the nuclear power industry in the 1970s and
the establishment of national nuclear fuel waste management programs in the
1980s.

The knowledge accumulated in these studies has given rise to a multitude of
food-chain and dose models, most of which were developed to assess conven-
tional nuclear power installations (Hoffman et al. 1977, Kaye et al. 1982,
Till and Meyer 1983). Most of these models are very similar in concept,
structure and formulation (Fletcher and Dotson 1971, Baker 1977, Moore

et al. 1979, Shaeffer and Etnier 1979, Napier et al. 1980). They have been
broadly used and accepted by scientists and in regulations (USNRC 1977,
1983b, IAEA 1982, NCRP 1984). They form the basis for the guidelines put
forwvard by the Canadian Standards Association for calculating dose to
humans from routine releases from nuclear reactors for electricity genera-
tion (CSA 1987). They also provide the basis for the food-chain models
developed by a number of countries for assessing the geological disposal of
nuclear fuel waste (Bergstrém et al. 1982, Smith J.M. et al. 1985, USEPA
1985).

In most of these food-chain models, the dose, Dp (Sv.a-l), resulting from a
particular exposure pathway is calculated using a simple multiplicative
chain of the form

Dp = C.TC.U.DCF . (8.1)

Here, C is the nuclide concentration in the environmental compartment that
acts as the source of contamination for the food chain, TC is a transfer
coefficient that predicts the nuclide concentration in the components of
the food chain between the source compartment and man, U is a use factor
that describes man's utilization rate of the food-chain components, and DCF
is a dose conversion factor. For example, for man’s plant ingestion path-
way, C would be the nuclide concentration in soil (Bq.kg-! dry soil), TC
would be the plant/soil concentration ratio ((Bq-kg-! wet biomass)/
(Bq-kg-! dry soil)), U would be man'’s ingestion rate of TE PLANT (kg vet
biomass.a-1), and DCF would be the ingestion dose conversion factor
(Sv-Bq-1).

Most food-chain models assume steady-state conditions. Concentrations in
plants, animals and humans adjust very rapidly to changes in concentration
in the physical environmental compartments. The transient aspects of food-
chain transfer are therefore not important when annual average doses are
being calculated. Dynamic food-chain models do exist (McDowell-Boyer

et al. 1980, Simmonds and Linsley 1981, Whicker and Kirchner 1987), but
they are complex and suffer from a limited database.

Ve have based CALDOS largely on the food-chain models developed to assess
nuclear power stations to take advantage of the accumulated body of know-
ledge that these models represent. The concepts that apply to nuclide
releases from power installations carry over to waste disposal because
transport through the food chain is largely independent of the mechanisms
through which the environment becomes contaminated. Accordingly, CALDOS is
essentially a steady-state, multiplicative chain model. However, it does
differ from the traditional models (and in particular from the guidelines
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promulgated by the Canadian Standards Association (CSA 1987)) in a number
of ways (Section 9.5.2, Zach and Sheppard 1992). It treats more exposure
pathways than is traditional to allow for the uncertainties associated with
the long time frame of the postclosure assessment. It is dynamic to the
extent that it allows for the ingrowth of daughter radionuclides in plants
and animals. It treats a number of nuclides with unique properties in
special ways. Finally, it reflects the knowledge gained from recent
studies on food-chain transfer conducted under the auspices of various
nuclear fuel waste management programs around the world, including the
Canadian program.

CALDOS includes all the internal and external pathways that could contri-
bute significantly to human exposure. It includes all the pathways that
appear in the most commonly used food-chain models, as well as several
additional pathways of potential importance in the waste management context
(Zach and Sheppard 1991).

The internal pathways considered in CALDOS are the ingestion of contami-
nated plants, water and soil by humans; the ingestion of animals and fish
that have consumed contaminated plants, water and soil; and the inhalation
of contaminated air by humans (Figure 8-1). We consider a number of dif-
ferent processes in modelling these pathways. Nuclides are transferred to
plants, animals and fish from the physical environment. The plants eaten
by humans and animals are allowed to become contaminated in three different
wvays: by root uptake from contaminated soil, by deposition to leaves from
contaminated air, and by application of contaminated water to leaves during
aerial irrigation. Nuclides deposited onto leaf surfaces are subject to
removal by environmental processes such as wind and water action, and by
plant growth. By considering holdup times, activity is lost through radio-
active decay between the time that a plant or animal is removed from the
contaminated source through harvest or slaughter and the time it is
ingested by humans. The decay of precursor radionuclides throughout the
life of a plant or animal is allowed to contribute to the buildup of
daughters. Doses arising from inhalation are calculated from both indoor
and outdoor air concentrations (Section 7.3), taking into account the
amount of time that members of the critical group spend in the two
locations.

The external pathways considered in CALDOS are immersion in contaminated
air, immersion in contaminated water, exposure to contaminated soil and
exposure to contaminated building materials (Figure 8-2). Doses from the
first three of these pathways and from inorganic building materials are
calculated very simply from predicted nuclide concentrations in water, soil
and air (Chapters 5, 6 and 7), and from assumptions about exposure times.
Vhere building materials are made from wood, the processes discussed above
relating to crop contamination apply.

Many of the nuclides reaching the food chain would be returned to the
physical environment with waste products or through the death and decay of
the organisms involved. Recycling is a complex process and has not been
modelled explicitly in CALDOS. Instead, it has been accounted for impli-
citly by assuming that uptake and transfer in most pathways do not deplete
the concentrations or inventories of the source compartments. Where source
concentrations are reduced (e.g., vhen gaseous nuclides evade the soil),
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FIGURE 8-1: Internal Human Exposure Pathways Considered in CALDOS

the transfer parameters generally describe the net effect of the process.
In this way, the consequences of recycling can be accounted for simply and
conservatively. However, this implies that nuclides are not redistributed
among source compartments by the action of recycling.

CALDOS calculates concentrations in plants and animals before they have
been processed for human consumption. These concentrations could be
altered during food preparation. Cooking may drive off volatile nuclides
(Danfors 1986, Lofti et al. 1989), but can also concentrate others (Buma
and Meerstra 1964). In CALDOS, we assumed that preparation neither dilutes
nor concentrates nuclides. We further assumed that most soil particles
attached to plant surfaces are removed by washing or peeling prior to
ingestion. Particles that may remain are accounted for in man's soil
ingestion pathway, which considers a soil ingestion component related to
plant ingestion.
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FIGURE 8-2: External Human Exposure Pathways Considered in CALDOS

Doses from the internal exposure pathways depend on the amount of contami-
nated food, water and air taken into the body. Food and water ingestion
rates and the inhalation rate are highly correlated for a given individual,
and in CALDOS are calculated in a consistent manner using a simplified
version of the Energy Water Air Model (EWAM) developed by Zach and Barnard
(1985, 1987). This model translates the total energy needs of the individ-
ual into ingestion rates of each food type in the diet, given the propor-
tion of the diet made up by each food type and the nutritional contents of
the foods. These rates are then used to predict the associated water
ingestion and inhalation rates. In general, the total energy need is vari-
able, and for an individual can be calculated from a consideration of body
mass, activity level, age, sex, and ambient temperature. However, for the
postclosure assessment we specify a fixed energy need consistent with ICRP
reference man, for whom doses are calculated.
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Internal doses for a number of nuclides with special properties are calcu-
lated without tracing them through the food chain. We assume that the
specific activity of tritium is constant throughout the biosphere, so that
tritium concentrations in humans and the total internal dose can be calcu-
lated using a single DCF and the predicted tritium concentrations in lake
or wvell water (Section 2.5.1). A limited specific-activity model is also
used for 1291, based on man's expected intake of stable iodine, and
restricted by the predicted ratio of 129 to stable iodine in groundwater
at the WRA (Section 2.5.3). The maximum !4C dose is also limited by the
predicted specific activity of 14C in groundwater at the WRA. For radon,
the only internal exposure pathway of significance is inhalation

(Section 2.5.5); internal doses can therefore be calculated from the
predicted radon air concentrations (Section 7.3) without considering food-
chain transfer. Similarly, the noble gases argon and krypton cause no
significant internal doses because they are not taken up and deposited in
the body and so do not have to be traced through the food chain.

Radioactive daughters with half-lives less than 1 d are accounted for
indirectly in the internal DCFs of their precursors. Similarly, these
nuclides are not considered explicitly in the external exposure pathways;
rather they are accounted for indirectly by adding their DCFs to those of
their precursors.

CALDOS assumes that food-chain transfer and accumulation are independent of
the contaminant concentration in plants and animals. In reality, very high
concentrations might cause radiological or chemical toxicity effects to
plants that would interrupt the normal transfer process (Chapter 13). By
neglecting such effects, we would overestimate doses to humans and other
biota whenever concentrations in the food chain become high. However, the
very low dose criteria for humans by the AECB (1987) preclude such
food-chain disruptions.

8.3 MATHEMATICAL FORMULATION OF CALDOS

Doses from each exposure pathway considered in CALDOS are calculated using
separate equations, each of which has the general form of Equation (8.1).
The various pathways and equations are discussed in turn below.

CALDOS is set up to work with radioactive decay constants, Ai, expressed in
units of d-! rather than a-!. Values of X! in d-! were obtained by divid-
ing the values in Table 1-1 by 365. Similarly, when working with radio-
nuclides, CALDOS is formulated to operate in becquerels (Bq) per unit
volume, mass or time, rather than in moles (mol). Accordingly, before
CALDOS is implemented, the deposition rates and the predicted water, sedi-
ment, soil and air concentrations from the other biosphere submodels and
the geosphere model are converted from moles to becquerels. This is
achieved by multiplying the molar concentrations for radionuclide i by a
factor N, -Ai (Bq-mol-!), where N, = 6.02 x 1023 atoms-.-mol-l, Avogadro'’s
number, and X is the decay constant in units of s-1.

In the equations of CALDOS, soil concentrations of nuclides are designated
by Ci, which relates to the soil submodel (Table 6-6). However, soil
concentrations may also be based on sediment concentrations, Ci_,, as
calculated in Equation (5.15). The probability of sediment use as soil is
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presented in Section 6.5.5.4, Several equations in CALDOS involve domestic
vater and the nuclide concentration of it is designated by Ci. Domestic
vater may be derived from the bedrock well, Ci, (Equation (4.18)), or the
lake, C{ (Equation (5.6)). The choice of the water source is explained in
Section 9.1.2.

Values for the various parameters appearing in the mathematical expressions
of CALDOS are discussed in Section 8.5 and in much greater detail by Zach
and Sheppard (1992).

8.3.1 Internal Ingestion and Inhalation Exposure Pathways

8.3.1.1 Soil/Plant/Man

Plants grown on contaminated soil may themselves become contaminated by
drawing up through their roots nuclides dissolved in soil pore water.
Man’s intake rate of nuclide i through ingestion of terrestrial plant food
contaminated by root uptake is given by

(Bi)np = [Ci-Bvi .exp(-Ab .th)] U (8.2)
wvhere (Eg)RP is man’s intake of nuclide i via food type j = TE PLANT
(Bq-a-1),
Ci is the annual average soil concentration of nuclide i

(Bq-kg-! dry soil),

Bvi is the plant/soil concentration ratio for nuclide i
((Bq-kg-! wet biomass)/(Bq-kg-! dry soil)),

A is the radioactive decay constant of nuclide i (d-1),
th is the holdup time for TE PLANT (d), and

is man’s ingestion rate of food type j
(kg wet biomass.a-1).

The term Ci.Bvi in Bquation (8.2) describes the concentration in the grow-
ing plant before it is harvested; the exponential term accounts for
activity lost through radioactive decay during the time, th, defined by the
times of harvest and consumption. For daughter radionuclides with half-
lives between 1 d and 20 a, decay of the precursor also contributes to the
activity in the plant through ingrowth. As noted in Section 2.5.4, this
contribution is estimated assuming secular equilibrium between the daughter
and the precursor. Accordingly, man’s intake of nuclide i through inges-
tion of terrestrial plant foods contaminated by root uptake of nuclide
i-11is

(Eg)xnp = (Eg'l)nr = [Ci-l‘BVi-l‘exP('Ai'l‘th)]‘Uj (8.3)

where (Eg)IRP is man's intake of nuclide i due to ingrowth following
root uptake of nuclide i - 1 (Bq.a-!).
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In practice, nuclide i - 1 is taken to be the immediate precursor to
nuclide i with a half-life greater than 1 d.

Food ingestion rates, U;, are calculated in an integrated way from the
total energy requirements of man as shown in Section 8.3.4.1.

The dose to man from ingestion of terrestrial plant foods contaminated by
root uptake is then given by

(Dg)np = [(E§)np + (Eg)rkp]'DFei (8.4)

where Di is man’'s ingestion dose from nuclide i in food type
( J )RP g
j = TE PLANT (Sv.a"!), and

DFei is man's ingestion dose conversion factor for nuclide i
(Sv-Bq-1).

The term (Ei);,, is included in Equation (8.4) only when nuclide i is a
daughter with a half-life between 1 d and 20 a. The concentrations, Ci,
appearing in Equations (8.2) and (8.3) are set equal to the soil concentra-
tions of the garden (Section 6.3.7). The ingestion rates, U.,, are calcu-
lated from the diet and total energy requirements of members of the criti-
cal group (Section 8.3.4.1).

In using the concentration ratio concept, we assume that nuclide concentra-
tions in the growing plant are directly proportional to soil nuclide con-
centrations. No account is taken of the nuclide inventory, as opposed to
concentration, in the soil that is actually available for uptake. For
nuclides with a high Bvi value, the amount transferred in the model could
thus exceed the amount present in the soil. To prevent this from happen-
ing, we define a maximum nuclide plant concentration, CM; (Bq-kg-1 wet
biomass), equal to the concentration that would occur if the entire inven-
tory of a nuclide were taken up by the plants (Zach and Sheppard 1992):

CMi = Ci.Z,.p, /Y, (8.5)

vhere Z, (m) is the depth of the soil root zone (Section 6.1), p, (kg dry
soil.-m-? soil) is the soil bulk density (Section 6.5.1.3), and Y, (kg wet
biomass-m-? soil) is the appropriate plant yield (Section 8.5.8.1). WVhen-
ever the plant concentration calculated using the concentration ratio
approach exceeds CMl, the term Ci.Bvi in Equations (8.2) is replaced by
CM%. The same is true for Equation (8.3), but with nuclide i - 1.

8.3.1.2 Soil/Plant/Animal/Man
Animals may become contaminated by eating plants that have taken up

nuclides from the soil. Man’s intake of nuclide i through ingestion of
terrestrial animal products contaminated through root uptake is given by

(B )npn = [cg-Bvi.Fg-ofj.exp(-xi.thfj)].uj (8.6)
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vhere (E§)npA is man's intake of nuclide i via food types j = TE MEAT,
TE MILK or TE BIRD contaminated by root uptake (Bq.a-1l),

F§ is the terrestrial animal transfer coefficient for
nuclide i and food type j (d-L-! or d.kg-! wet biomass),

ij is the rate of feed or forage ingestion for food type j
(kg vet biomass.d-1), and
thi; is the terrestrial animal feed holdup time (d).

The product Ci.Bvi appearing in Equation (8.6) is the concentration of
nuclide i in the feed or forage consumed by the animals, and is evaluated
using the soil concentration predicted for the forage field (Section 6.3.7).
This quantity is not allowed to exceed the maximum plant concentration, CM,
(Section 8.3.1.1). The transfer factor,Fg is the portion of a nuclide
ingested daily that is secreted per litre of milk (TE MILK), or incorpor-
ated into one kilogram of meat or eggs (TE MEAT and TE BIRD). The quantity
C;-Bvi.Fi.Qf; represents the nuclide concentration in the animal product
before tﬂe animal is slaughtered (TE MEAT and TE BIRD), or before the dairy
cow is milked (TE MILK). The holdup time, thf;, allows for losses in the
forage crop between the time the crop is harvested and the time it is
consumed by the animals, and for losses in the animal products between the
time the animal is slaughtered or milked and the time the product is
consumed by man.

The dose to man, (Di)gpa (Sv.a-!), from ingestion of animal products
contaminated througﬁ the root-uptake pathway is given by

(Dﬁ)npA = [(Eg)npA + (Eg—l)npA]’DFei * (8'7)

The term (Bi-!);p, accounts for ingrowth, and is included only when nuclide
i is a daughter with a half-1ife between 1 d and 20 a, as discussed in
Section 8.3.1.1.

8.3.1.3 Air/Plant/Man

Plants may also become contaminated through their leaves and other exposed
surfaces following deposition of nuclides from contaminated air or inter-
ception of contaminated irrigation water. Deposited radionuclides may be
absorbed or remain attached externally. Man'’s intake rate of nuclide i
through ingestion of terrestrial plant foods contaminated by deposition to
leaves is given by

(E)pp = {Dg-(rj/Yj)-[exp(—ki-th)]-[l - exp(-ké-tej)]/xﬁ}.uj (8.8)

where (Ei).p is man's intake of nuclide i via food type j = TE PLANT
(Bq-a-1),
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Di is the rate of deposition of nuclide i to vegetation
(Bq-m-2 soil.d-1),

r. is the plant interception fraction for food type
j = TE PLANT (unitless),

xg is the effective removal constant of nuclide i from
vegetation (d-1),

te, is the time of above-ground exposure for terrestrial food
type j = TE PLANT during the growing season (d), and

Y. is the yield of food type j = TE PLANT
(kg vet biomass.m 2 soil).

The term Di- -(r;/Y;) in Equation (8.8) provides the amount of nuclide i
1ntercepted by the leaves per unit time and unit mass of standing vegeta-
tion. The deposition rate, Di{, may be based on deposition from the atmo-
sphere (Section 7.3.8), in which case it is given by Equations (7.40) to
(7.43). If the field is irrigated (Section 6.3.7.2), nuclides may be
deposited with the irrigation water, in which case an additional contribu-
tion to D is represented by (D§)1 and calculated from the amount of
irrigation vater applied, I, (m* water.d-!) (Equation (6.1)), and the
nuclide concentration in the vater, Ci (mol.m-3 wvater),

(Dé): = Ci‘Iw . (8.9)

Because the atmospheric deposition of '4C is accounted for in the para-
meters of its root-uptake pathway (Section 8.5.1.1), Equation (8.8) is
applied to 14C only when it deals with the interception of irrigation
wvater.

The term exp(-Ai.th) in Equation (8.8) accounts for activity lost from the
plant through radioactive decay in the interval between the time the plant
is harvested and the time it is consumed. The term [1 - exp(-)i-te; )1/A8
describes the loss of activity from radiological decay and environmental
factors such as wind and water action while the plant is in the field. The
effective removal constant, Ai, is given by

A o= b+ (In 2)/tp (8.10)

vhere tp is the plant environmental halftime (d). Nuclides deposited to
vegetation are assumed not to be removed by food processing and preparation.

The dose to man, (Di),, (Sv.a-l), from ingestion of TE PLANT contaminated by
atmospheric and irrigation wvater depositions is given by

(D§)p = [(Eg)nr + (Eg'l)nr]‘DFei . (8.11)

The term (Ei-1), , accounts for ingrowth, and is included only when nuclide
i1s a daugﬂter with a half-life between 1 d and 20 a (Section 8.3.1.1).
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8.3.1.4 Air/Plant/Animal/Man

Animals may become contaminated by eating plants that have taken up
nuclides through their leaves. Man's intake of nuclide i through ingestion
of terrestrial animal products contaminated through leaf deposition,
(E%)LPA (Bgq-a-1), is given by

(E% )l,‘PA = {Dé-(rj/Yj)-F!}-ij-exp[—ki-thfj]
(8.12)

-[l - exp(-Aé-tej)]/Aﬁ}on .

The parameters in this equation and the physical interpretation of the
equation itself have been discussed above. The equation is used to calcu-
late intakes of nuclide i in food types j = TE MEAT, TE MILK and TE BIRD
for vegetation contaminated both by atmospheric deposition and irrigation
wvater.

The dose to man, (Di).p,, (Sv-a-l), from ingestion of animal products
contaminated througﬂ leaf deposition is given by

(D rn = [(Bdura + (-1, ] DRt . (8.13)

The term (Ej-!),,, accounts for ingrowth, and is included only when
nuclide i is a daughter with a half-life between 1 d and 20 a (Section
8.3.1.1). As explained in Section 8.3.1.3, Equation (8.12) is applied to
14C only when it deals with the interception of irrigation water.

8.3.1.5 Vater/Animal/Man
Animals may become contaminated by drinking water that contains nuclides.

Man'’s intake of nuclide i through ingestion of terrestrial animal products
contaminated through water, (E%)WA (Bq-a-1), is given by

(B )y = [cg.pg-dej-exp(-xi.thwj)].Uj (8.14)

is the annual average concentration of nuclide i in animal’s
drinking vater (Bq-.m-3 water),

w

vhere ci

Qdw.

j 1s the drinking vater ingestion rate for food types

j = TE MEAT, TE MILK and TE BIRD (m®> vater.d-!), and
thvy is the terrestrial animal drinking water holdup time (d).

In applying Equation (8.14), Ci is set equal to the nuclide concentration
in well water or lake water, whichever has been chosen as the domestic
water source in a given simulation (Section 9.1.2). The same transfer
factor, Fg, is assumed to govern the transfer of nuclides from water to
animals as from feed or forage to animals (Equation (8.6)).
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The dose to man, (Dj),, (Sv-a '), from ingestion of animal products con-
taminated through drinking wvater is given by

(Dg)wa = [(Eg)wA + (Eg-l)wa]‘DFei . (8.15)

The term (Ei-!),, accounts for ingrowth, and is included only when
nuclide i is a daughter with a half-life between 1 d and 20 a
(Section 8.3.1.1).

8.3.1.6 Soil/Animal/Man

Grazing animals may ingest considerable amounts of soil, either inadver-
tently with feed or forage, during inhalation, or deliberately in response
to dietary mineral deficiencies. If the soil is contaminated, this pathway
may contribute to the nuclide load in the animals. Man’s intake of nuclide
i through ingestion of terrestrial animal products contaminated through
soil ingestion is given by

(Bd)g, = [Ci-F%-Osj-exp(-)\i-thsj)]-uj (8.16)

where (Ei)sa is man’s intake of nuclide i via food types j = TE MEAT,
TE MILK and TE BIRD (Bq-a-1!),

Qs is the rate of soil ingestion by food type ]
(kg dry soil.d-1), and
thsy is the terrestrial animal soil holdup time (d).

In applying Equation (8.16), Ci is set equal to the soil concentration in
the forage field (Section 6.3.7). Transfer from soil ingestion is assumed
to be governed by the same factor, F%, as transfer from forage or water
(Equations (8.6) and (8.14)).

The dose to man, (D Jsa (Sv:a!), from ingestion of animal products con-
taminated through soil ingestion is given by

(D5)sn = [(BDsa + (Bj-1)5n] DRt (8.17)

The term (Ei-1),, accounts for ingrowth, and is included only when nuclide i
is a daughter with a half-life between 1 d and 20 a (Section 8.3.1.1).

8.3.1.7 Vater/Fish/Man
Fish inhabiting the discharge lake may become contaminated through inges-

tion of food and sediment, and through the osmotic exchange of fluids.
Man’s intake of nuclide i through fish ingestion is given by

(B )yr = [c{.Bg -exp( -\l .thp)] U, (8.18)
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where (E;'.)WF is man’s intake of nuclide i via food type j = FVW FISH
(Bq‘a-l)y
ci is the concentration of nuclide i in lake water (Bq-m-3
wvater),
Bg is the aquatic concentration ratio for nuclide i and food

type j = FV FISH (m® water-kg-! wet biomass), and
thp is the holdup time for FW FISH (d).

The dose to man, (D), (Sv-a-!), from ingestion of contaminated fish is
given by

(Our = [(Eur + (B521)yp ] DRt (8.19)

The term (Ei-1),. accounts for ingrowth, and is included only when
nuclide i is a daughter with a half-1ife between 1 d and 20 a
(Section 8.3.1.1).

8.3.1.8 VWater/Man

Man’s intake of nuclide i from the ingestion of contaminated drinking water
is given by

(Ei), = Ci.exp(-xi.thdw).Udw (8.20)
where (E!), is man’s intake of nuclide i via drinking water (Bq-a-!),

Udv  is man’s ingestion rate of drinking water (m3 water-.a-l),
and

thdw 1is the holdup time for man’s drinking water (d).

In applying Equation (8.20), Ci is set equal to the nuclide concentration
in well water or lake water, whichever has been chosen as the water source
in BIOTRAC (Section 9.1.2). Ve assume conservatively that nuclides are not
removed from the water by sedimentation, community treatment plants or home
filtration systems prior to ingestion. The water ingestion rate, Udw, is
calculated from the diet and total energy requirements of man

(Section 8.3.4.2).

Man's dose from water ingestion, (Di), (Sv.a-!), is given by

(D), = (Ei),.DPet . (8.21)

There is no need to consider ingrowth in this pathway. Ingrowth is
accounted for explicitly in calculating Ci, and holdup times are too short
to allow daughters to build up significantly because water may be taken
directly out of the lake and ingested immediately.
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8.3.1.9 Soil/Man

Humans may ingest soil that has become attached to their hands or to crops.
Man's intake of nuclide i from the ingestion of contaminated soil, (Ei),
(Bq.a-1), is given by

(Ei); = Ci.Us . (8.22)

Here, Us is man’s soil ingestion rate (kg dry soil.a-!), which includes a
component for hand-to-mouth transfer, and another for food ingestion. The
latter is linked to the ingestion rate, Uj, of TE PLANT (Section 8.3.4.1),
the main food type involved in soil ingestion. The soil ingestion rate is
given by

Us = Hs + Ps.Uy (8.23)
wvhere Hs is the soil ingestion rate from hands (kg dry soil.a-!), and

Ps 1s the mass of soil adhering to a unit mass of TE PLANT
(kg dry soil.kg-! wet biomass).

In applying Equation (8.22), Ci is set equal to the soil concentration in
the garden (Section 6.3.7). We assume that nuclides associated with soil
are absorbed via the gastrointestinal tract in the same way as from food
and water, and use the DCF for man'’s food and drinking water ingestion. Ve
have not included a holdup time in Equation (8.22), although a delay in
soil ingestion might occur in the case of soil contamination of plants.

The dose to man from soil ingestion, (D*)g (Sv.a-!), is given by

(Di), = (Bi)-DPei . (8.24)

There is no need to consider ingrowth for this pathway for reasons similar
to those discussed for the drinking-water pathway (Section 8.3.1.8).

8.3.1.10 Ajir/Man

Man’s intake of nuclide i from inhaling contaminated air, (Bi), (Bq.a"!l),
is given by

(B, = [(Ci)o-08 + (Ci);-0b] 1, (8.25)

where (Ci), and (Ci); are the annual average outdoor and indoor air
concentrations of nuclide 1 (Bq:m 3? air),

Og and Ob are man's ground and building occupancy factors
respectively (unitless), and

I, is man’s inhalation rate (m® air.a-1).
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Man's inhalation dose, (D), (Sv-a-!), is then given by

(Di)A = (Ei)A-DFii (8.26)
where DFii is man's inhalation dose conversion factor for nuclide i
(Sv.Bq-1).

Inhalation doses are calculated for all nuclides except 39%9Ar, 81Kr and 85Kr
for which inhalation is an insignificant pathway (Section 2.5.5). The
specific-activity model for tritium considers inhalation implicitly
(Section 8.3.1.13). The sum Og + Ob, which is the air occupancy factor,
must have a value of 1.0. The inhalation rate, I,, 1s calculated from the
diet and total energy requirements of man (Section 8.3.4.3).

8.3.1.11 Model for 1291

A special model, discussed in detail by Zach and Sheppard (1992), has been
developed to calculate internal 1291 doses to man to reflect the unique
behaviour of iodine in the body and in the biosphere. Internal 129I doses
are dominated by the thyroid dose, and the iodine content of the thyroid
gland is regulated metabolically (Section 2.5.3). Because stable iodine
(*27I) is ubiquitous in the environment, members of the critical group will
alvays ingest stable iodine along with any 1291 that might reach the bio-
sphere from the vault.

Let the ratio I; of 1291 to total (!2°I plus 127I) iodine ingested be

(EI )'r 'gb

I, =
(ET)y-gb + EIS

(8.27)

vhere (E!); is man's total annual intake of 12%I (Bq.a-!),
RIS is man's total intake of stable iodine (kg 127I.a-!), and

gb is the mass/activity conversion factor for 12°I
(kg iodine.Bq-1).

Ve adopt a limited specific-activity model and assume that I; also des-
cribes the ratio of 129I to total iodine in the thyroid. The total acti-
vity of 1291 per unit mass of the thyroid, A; (Bq-kg-! thyroid), is then

_ 1 .Thi/gb
A = I The (8.28)
vhere Thi is the iodine content of man's thyroid (kg iodine), and

Thm is the mass of man's thyroid (kg thyroid).
Man's total internal dose from 1291, DI (Sv.a"!), is then given by

D* = A, -DF? (8.29)
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wvhere DFT is man’s internal dose conversion factor for 1291
((Sv-a-1)/(Bq-kg-1 thyroid)).

The total intake of 12°9I, (E!), (Bq-a-!), is calculated by summing the
intakes over all pathways using Equations (8.2), (8.6), (8.8), (8.12),
(8.14), (8.16), (8.18), (8.20), (8.22) and (8.25):

(BX)y = (Efg prantdar * (Bfp prant)ir + (BRw prsudur + (ED)y
+ (BY)g + (B), + 10 3 (Bl (8.30)
j k

vhere the summation in the last term extends over the food types

j = TE MEAT, TE MILK and TE BIRD, and the pathways k = RPA, LPA, WA and SA
(Appendix B). D' (Equation (8.29)) therefore represents the total internal
dose, including inhalation and all the ingestion pathways.

The stable iodine present in the biosphere arises from a number of sources,
including groundwater transport, deposition from the atmosphere, and the
veathering of surficial material. We do not have a good understanding of
the exact contribution that each of these sources makes to local stable
iodine concentrations, or to the intake of stable iodine by humans,
although the latter is well known (Zach and Sheppard 1992). In applying -
Equation (8.27), we set EIS equal to a conservatively low value (Section
8.5.9.1) and do not specify its source. If stable iodine concentrations in
the biosphere are high, our value for EIS would underestimate the 1271
intake rate, and doses from 12°] would be overpredicted. It is difficult
to correct for this in general, given our present understanding of the
sources of environmental stable iodine.

Ve can, however, say that the critical group’'s intake of stable iodine
should be at least as great as that implied by the stable iodine concentra-
tion in groundwater discharging to their locality. Put another way, the
ratio, Iy, cannot exceed the ratio of 12°I to total iodine in groundwater
carrying nuclides from the vault. This imposes a second, or groundwater,
limit on the internal !29I dose, which is implemented in the following way.
The ratio I§ of !29T to total iodine in groundwater is calculated from

ng-gb
I$ = —m (8.31)
Cl,-gb + C51

vhere CI_ is the !291 concentration in groundvater (Bq-m-3 water), and C5I
is the stable iodine concentration in groundwater (kg 127I.m-3 water). if
the source of domestic water is the lake, Céw is set equal to the concen-
tration in groundwater discharging to the lake (Equation (4.3)) at the most
contaminated discharge zone. If the water source is the wvell, C, is set
equal to the higher of the concentrations in the well water (Equation
(4.18)) or water discharging to the lake using the most contaminated dis-
charge. C3J is treated as a distributed parameter, with values based on
observed stable iodine concentrations in near-surface groundwater at the

WVRA (Section 8.5.9.5).
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The value of I is then used in Equations (8.28) and Equation (8.29) to
calculate an upper groundwater limit to the internal dose from 129I, (DI),
(Sv.a-1l). If D' as calculated from Equation (8.29) with I, exceeds (D),
the internal dose from 12°I is set equal to (D¥),.

In writing Equation (8.31), we have assumed that man's entire stable iodine
intake is from groundwater. In principle, it would be possible to reduce
the maximum 1291 dose further by including other sources of stable iodine
uncontaminated with 1291 from the vault. These large sources are not known
well enough to formulate such a model at this time (Zach and Sheppard 1992).
An upper limit based on stable iodine derived from the geosphere alone
provides a conservative estimate of the internal 1291 dose.

8.3.1.12 Limit to Man's !4C Internal Dose

Groundwater discharging into the biosphere contains appreciable amounts of
stable carbon. The ratio of radioactive 14C to stable carbon will be
higher in the groundwater than elsewhere in the biosphere, which contains
additional large pools of stable carbon. The presence of stable carbon in
the groundwater therefore imposes an upper limit on the internal dose to
humans in the same way that the existence of stable iodine limits the 1291
dose (Section 2.5.2 and 8.3.1.11) even though carbon does not accumulate in
a specific organ such as the thyroid gland. Doses calculated using our
transport model for !4C can exceed this groundwater limit for some combina-
tions of extreme parameter values because the model does not allow for the
large amounts of stable carbon in groundwater that would accompany and
dilute '4C from the vault. In each simulation of BIOTRAC, we compare the
14C dose predicted by the transport model with the dose based on the
groundvater limit and use the smaller in subsequent calculations.

Ve establish the groundwater limit for the 14C dose similarly to how we did
for 1297, assuming that the 14C specific activity in the human body equals
the specific activity in the groundvater. The ratio C§ of 4C to total
carbon in groundwater is calculated from

ng~gc
g = —— (8.32)
ng-gc + C;g

vhere C, is the 14C concentration in groundwater (Bq.m-3 water),

ge 1is the mass/activity conversion factor for 14C
(kg carbon.Bq-1), and

C55 is the concentration of stable carbon in groundwater
(kg *2C.m" 3 water).

If the lake is the source of domestic water, C5, is set equal to the con-
centration in groundwater discharging to the lake (Equation (4.3)) at the
most contaminated discharge zone. If the water source is the well
(Equation (4.18)), CS, is set equal to the higher of the concentrations in
wvell water or water 3ischarging to the lake using the most contaminated
discharge. C:¢ is treated as a distributed parameter, with values based on
observed stable carbon concentrations in near-surface groundwater at the
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WRA (Section 8.5.10.4). The upper groundwater limit to the dose is then
calculated from

(D¢)y = DFc’.C§.Bc/(ge-Bs) (8.33)
vhere (D¢), is man’s maximum total internal dose from !4C (Sv.a-!),

DPFc’ 1is man's internal dose conversion factor for 14C based on
the specific-activity model ((Sv-a-!)/(Bq-kg-! soft
tissue)),

Be is the carbon content of soft tissue in man’s body
(kg carbon), and

Bs is the mass of soft tissue in man'’s body (kg soft tissue).

In writing Equation (8.33), we assume that the internal !4C dose results
from the irradiation of soft tissue. This is conservative because bone has
a lower carbon content than soft tissue (ICRP 1975) and so inclusion of
bone would reduce dose estimates. Carbon-14 decays through the emission of
B radiation, which is assumed to be completely absorbed by the soft tissue.
The dose conversion factor, DF¢’, differs from that used in the transport
model (Section 8.5.2.1) because it is calculated from the amount of !4C in
soft tissue rather than from the intake rate of !4C.

If the total internal 14C dose in a given BIOTRAC simulation exceeds (D¢)y,
the internal dose from !4C is set equal to (D¢),. This overall approach is
conservative because members of the critical group would derive almost all
of their stable carbon from sources other than groundwater, i.e., photosyn-
thetically fixed atmospheric carbon (C0,). Inclusion of these sources of
stable carbon would further reduce internal dose predictions.

8.3.1.13 Model for Tritium

Internal doses from tritium are calculated on the assumption that the
specific activity of tritium in humans is the same as the specific activity
in lake or well water. This assumption is appropriate as explained in
Section 2.5.1. Accordingly, man’s total internal dose from tritium, D¥3
(Sv.a-t), is given by

DH3 = (CH3/CH).MCH.DFH3 (8.34)

where CH3  is the annual average tritium concentration in domestic
vater (Bq.m-3 water),

cH is the hydrogen concentration in water (g hydrogen.m-3
vater),

MCH is the average hydrogen concentration in man’s body
(g hydrogen.kg-! soft tissue), and

DFE3 is man'’'s internal dose conversion factor for tritium
((Sv-a-1)/(Bq-kg-! soft tissue)).
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If the lake is the source of domestic water, CE3 is set equal to the
tritium concentration in the lake water; if the well is the water source,
CE3 §s set equal to the well-water concentration (Section 9.1.2). Our
specific-activity model accounts for all mechanisms of internal tritium
contamination, including absorption through the skin (Section 2.5.1).

8.3.2 External Exposure Pathways
8.3.2.1 Immersion in Air

The external dose to man from immersion in air contaminated by nuclide i,
(Di)‘\x (Sv'a'l), is given by

(D)a; = [(Ci)o-08 + (CE), -0b]-DFat (8.35)

wvhere DFal is man's air immersion dose conversion factor for nuclide i
((Sv.a-1)/(Bq-m-3 air)).

Although in principle this equation applies to all nuclides, DCFs for 3H,
63Ni, 107pd, 187Re and 93Zr are very small because of the type and energy
level of radiation emitted during decay, and so air immersion doses are not
included (Holford 1989, Zach and Sheppard 1992).

8.3.2.2 Immersion in Water

The external dose to man from swimming and bathing in contaminated water is
given by

(Di)y; = Ci.Oe.DFhi (8.36)
where (D*)y; is man's water immersion dose from nuclide i (Sv.a !),
Oe is man’'s water occupancy factor (unitless), and

DFhi is man’s water immersion dose conversion factor for
nuclide i1 ((Sv-a-1)/(Bq-m-3 water)).

Since most people spend far more time bathing than swimming, C. is set
equal to the nuclide concentration in the lake or well, whichever is chosen
as the domestic water source (Section 9.1.2). Although Equation (8.36)
applies to all the nuclides, water immersion doses for 3%Ar, 3H, 81Kr,
85Kr, 63Ni, 197Pd, 187Re, 222Rn and %32r are all very small (Holford 1989)
and are not included.

8.3.2.3 Ground Exposure

The external dose to man from ground contaminated by nuclide i, (Di),
(Sv.a-1), is given by

(D) = Ci.dws.Og.DFg! (8.37)
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where dws is a dry/wet soil conversion factor (kg dry soil.kg-! wet
soil), and

DFgl is man's ground exposure dose conversion factor for
nuclide 1 ((Sv.a-1)/(Bq-kg-! wet soil)).

In applying Equation (8.37), Ci is set equal to the nuclide concentration
in the garden soil. The conversion factor dws is required because the soil
model predicts concentrations in dry soil, whereas the DCFs are tradition-
ally given in terms of wet soil weight. Ve have conservatively excluded
the shielding effects of snow cover, which would be less contaminated than
the soil itself. Ground exposure doses for 3%Ar, 41Ca, 3H, 81Kr, 85Kr,
63Nj, 107pd, 187Re, 222Rn and %32r are very small (Holford 1989) and are
not included. Because garden soils may consist of sediment (Section
6.3.7.3), we account indirectly for external doses from contaminated shore-
lines or beaches.

8.3.2.4 Exposure to Building Materials

Members of the critical group may use local resources to build their homes.
The external dose to man from building materials is given by

(Di)py = Ci.Ob.DFbi (8.38)

vhere (Di)gy is man’s dose from exposure to building material j
contaminated by nuclide i (Sv.a-1),

C§ is the annual average concentration of nuclide i in build-
ing material j (Bq:-kg-! dry weight), and

DFbi is man’s building material exposure dose conversion factor
for nuclide i ((Sv-a-1)/(Bq-kg-! dry material)).

The building materials may be either organic (wood) or inorganic (sand,
gravel, etc.), derived from contaminated soils. Both types would be used
in most homes, but the proportion and distribution throughout the home is
unknown at our generic site. Accordingly, we calculate doses for both
materials in each simulation, and use the larger value in computing the
total dose to man.

Nuclide concentrations in inorganic building materials, Ci,_  (Bq-kg-! dry
wveight), are cglculated from the soil concentrations

Cioa = Ci-sbc.exp(-2i.thb,,.) (8.39)
vhere ci is the concentration of nuclide i in soil
(Bq-kg-! dry soil),
sbe is an inorganic building material/soil conversion factor

(unitless), and

thb;, . is the holdup time for inorganic building materials (d).
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In applying Equation (8.39), Ci is set equal to the soil concentration in
the most contaminated layer of the forage field (Section 6.3.7). Since the
soil is contaminated from above or below, the most contaminated layer in
practice is either the root zone or layer 4 at the bottom of the soil pro-
file. The critical group is not likely to derive their building materials
from the garden, a more valuable resource for growing food. The forage
field is usually the next most highly contaminated field, and is used con-
servatively. The conversion factor, sbc, allows for the loss or concentra-
tion of nuclides during the processing of the raw resources into finished
building materials.

Nuclide concentrations in wooden building materials are calculated taking
into account root uptake, atmospheric deposition to leaves and, where

appropriate, ingrowth. The concentration of nuclide i resulting from root
uptake and atmospheric deposition, Ci, ., (Bq-kg-! dry biomass), is given by

Cipn = wdw.exp(~2i.thby,.)

(8.40)
-{Ci-Bvi + Dg-rb/Yb-[l - exp(-ké-teb)]/kg}
where wdw is a wet/dry wood conversion factor (kg wet biomass.kg-!

dry wood),

thb,,, is the holdup time for wooden building materials (d),

rb is the plant interception fraction for wooden building
materials (unitless),

Yb is the plant yield for wooden building materials
(kg vet biomass.m-2 land), and

teb is the time of above-ground exposure for wooden building

materials (d).

For daughters with half-lives between 1 d and 20 a, the concentration in
the wood is given by

Civn *+ Ciia (8.41)
where the second term accounts for ingrowth. This is analogous to the
situation for man’'s intake of nuclides discussed in Section 8.3.1.1.

The conversion factor wdw in Equation (8.40) is required to provide concen-
trations in dry wood to match the units of the dose conversion factor DFbi
(Equation (8.38)). The soil concentration Ci is set equal to the concen-
tration in the woodlot (Section 6.3.7). For each nuclide, we assume that
the same processes and the same Bvi values govern the transfer from soil to
wood as from soil to plant and forage crops. In Equation (8.40), the leaf
pathway, characterized by the deposition flux Df (Bq-m-2 soil.d-1), applies
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only to deposition from the atmosphere because we assume that the woodlot
is not irrigated. Building material exposure doses for 39Ar, 10Be, 14(C,
41ca, 113mcd, 135Cs, 3H, 81Kr, 85Kr, 63Ni, 1°7pd, 87Rb, 187Re, 222Rn, 79Se,
32g1, 9089y, 99T¢ and %3Zr are very small (Holford 1989) and are not
included.

8.3.3 Total Dose to Man

The total dose to members of the critical group is found by summing the
doses over all pathways, nuclides, and, where appropriate, food types (Zach
and Sheppard 1992). The total dose for each pathway is given by the sum of
the contributions from each nuclide. The total dose for each nuclide is
found by summing the doses over all pathways. The total internal dose is
found by considering the pathways discussed in Section 8.3.1, and the total
external dose is found by considering the pathways in Section 8.3.2. Note
that the internal doses for 1231 and tritium (Equations (8.29) and (8.34)
respectively) are already expressed as total doses summed over all internal
pathways. The total internal dose from 12%I, calculated by Equation (8.29),
can be broken down into its contributions via the different pathways summed
in Equation (8.30). However, this is not possible when the total internal
dose is calculated by Equation (8.31). Similarly, the total internal dose
from 14C calculated by Equation (8.33) cannot be broken down into individ-
ual pathway constituents.

8.3.4 Man’s Ingestion and Inhalation Rates

Man’s food ingestion rates, U,, drinking water ingestion rate, Udw, and
inhalation rate, I,, are calculated in an integrated way in CALDOS. A
simplified version of the EWAM model (Zach and Barnard 1987) is used to
infer the rates given man's total energy need, his diet and the nutritional
content of the foods in his diet.

8.3.4.1 Man's Food Ingestion Rates, Uy
(kg wet biomass-.a-!)

Man’s food ingestion rates of TE PLANT, TE MEAT, TE MILK, TE BIRD and
FV FISH are given by

En-chsj

U] = Cme .Ceg + Fylnj .Fec + Pym] .Pec (8.102)

where En is man’s total energy need (kJ-a-1),
Yefs, is the energy fraction for food type j (unitless),
Cym;, Fym, and Pym; are the carbohydrate, fat and protein con-
tents of fooé type j respectively (g carbohydrate, fat or

protein.kg-! wet biomass), and

Cec, Fec and Pec are the carbohydrate, fat and protein fuel
values respectively (kJ.g-! carbohydrate, fat or protein).

The numerator in Equation (8.42) defines the annual amount of energy
derived by man from food type j. The denominator converts this value to an
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ingestion rate, taking into account the energy derived from carbohydrate,
fat and protein in the food types. The Cym, FPym and Pym values for TE MILK
are derived assuming the density of milk is 1.0 kg.L-1.

The Ycfs; values in Equation (8.42) are given by

n
Yefs; = Yef,/ ), Yef, (8.43)
j=1

vhere Yef, is a weighting factor (unitless) describing the contribution of
food type j to man's total energy need, En, and n is the number of food
types. Because the Ycf., distributions are sampled independently for each
food type (Section 8.5.%.4), the sum of the Ycf, values may not equal one
in a given model simulation. Use of the normalized fractions Ycfs; ensures
that the sum of the energies contributed by the various food types adds up
to man’s total energy need.

8.3.4.2 Man’s Drinking Water Ingestion Rate, Udw
(m? water.a-l)

Man's drinking water ingestion rate is given by

n

Udw = En.eve - ), (U;-Ywey)

j=1
n (8.44)
+ z: Uj-[Cymj-me + Fym; -Fmv + Pymj-me) .
j=1
where ewve 1is man's water/energy conversion ratio (m® water.kJ-1),

is the water content of food type j (m® water.-kg-! wet
biomass), and

Ywe

Cmw, Fmw and Pmw are the carbohydrate, fat and protein metabolic
water ylelds respectively (m® water.g-! carbohydrate, fat or
protein).

The first term on the right in Equation (8.44) defines man’s annual water
requirements, given his total energy need. The two remaining terms define
man’s indirect intake of water made up by water ingested as part of his
food and metabolic water from the oxidation of ingested carbohydrate, fat
and protein. The difference between the water need and the indirect water
input defines the amount of drinking water, Udw, that man must ingest.

8.3.4.3 Man’s Inhalation Rate, I,
(m® air.a-1)

Man's inhalation rate is given by

I, = oac-ov.). Uj-[Cymj-Co + Fym;.Fo + Pymj-Po} (8.45)
j=1
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vhere oac is man’s air/oxygen conversion factor (unitless),
ov 1is man's oxygen utilization factor (unitless), and

Co, Fo and Po are the carbohydrate, fat and protein STP (standard
temperature and pressure) oxygen combustion values respec-
tively (m3 0,.g-! carbohydrate, fat or protein).

Equation (8.45) conservatively predicts an inhalation rate sufficient to
allow complete oxidation of all the ingested carbohydrate, fat and protein.

8.3.4.4 Magnitudes of Man's Ingestion and Inhalation Rates

Table 8-1 shows man'’s ingestion and inhalation rates calculated from
Equations (8.42), (8.44) and (8.45) using GM values of the parameters
(Section 8.5). These rates are in broad agreement with published values,
but tend to be on the high side (Zach and Sheppard 1992). This is partly
because our value for man’s total energy need is set conservatively high
(Section 8.5.6.1), and partly because literature values tend to be too low
(Zach and Barnard 1987). Since high rates lead to greater nuclide intake
by man, they are appropriate for the postclosure assessment.

TABLE 8-1

MAN'’S INGESTION AND INHALATION RATES CALCULATED
USING GEOMETRIC MEAN PARAMETER VALUES

Rate Units Value

Food Ingestion, U

TE PLANT kg wet.a-1 375.7

TE MILK L.a-1 or kg.a-1 199.4

TE MEAT kg wet.a-! 130.9

TE BIRD kg wet.a-1 53.2

FV FISH kg wet-a-? 10.0
Vater Ingestion, Udw L water.a-! 641
Inhalation, I, m? air.a-? 8617

8.4 INTERFACES

CALDOS is driven by nuclide concentrations in lake water, well water, soil
(including, where appropriate, contributions from sediment) and air

(Figure 8-3). Deposition rates from the atmosphere and from irrigation
wvater to plant surfaces are also required. All these inputs are needed for
each nuclide, with the exception of tritium, 3%Ar, ®Kr, ®5Kr and radon.
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Food Chain & Dose Submodel

TE Plant
TE Milk

[Geosphere Wogel)

Soil
(Sediments)

Submodel

Surface
[ __Submodel TE Bird Water
Atmosphere
FW Fish |
] T EiIS983

m Root uptake Inhalation
E Atmospheric deposition to leaves E Soil ingestion Air immersion
E Irrigation E Uptake from water Water immersion
[3] Drinking water Exposure to building materials [l Ground exposure

FIGURE 8-3: Interfaces (Related to Human Dose Prediction) Between the
Food-Chain and Dose Submodel (Shaded) and the Other BIOTRAC
Submodels

For tritium, only water concentrations are required; for the noble gases,
only air concentrations are required. All inputs are readily available
from the other three submodels of BIOTRAC (Chapters 5 to 7) or from the
geosphere model (Chapter 4). The primary outputs of CALDOS are doses to
man from all the important exposure pathways and from many minor pathways.
These doses constitute one of the main end points of the postclosure
assessment, and are compared with regulatory criteria to judge the accept-
ability of the disposal concept in terms of human safety (AECB 1987,
Federal Environmental Assessment Review Panel 1992, Goodwin et al. 1994).

Vith its food types that can be used as generic organisms, output from
CALDOS also plays a pivotal role in evaluating radiation doses to non-human
biota, as explained in Chapter 13.
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8.5 CALDOS PARAMETERS

CALDOS contains a large number of parameters. The data available for
deriving appropriate values and distributions for these parameters are
generally fairly good because of the work that has gone into assessing
nuclear power installations and waste disposal concepts around the world.
For the postclosure assessment, some parameters have been distributed, and
some have been fixed. Distributions were assigned to parameters that show
significant variability in space or time, or that describe processes that
are not fully understood. Fixed values were specified for parameters that
exhibit little variability and are reasonably well known. Where possible,
values and distributions were based on data characteristic of the Canadian
Shield, although data from other sources have also been used. The values
generally represent annual averages, and were chosen to be conservative.

For convenience, we discuss the parameters in groups arranged according to
the processes they describe. For each parameter, we show how appropriate
values and distributions were derived from the available data. Many of the
finer points relating to the interpretation of the data and to the deriva-
tion of parameter values from them are discussed only briefly here; further
details are available in Zach and Sheppard (1991, 1992).

8.5.1 Transfer Coefficients

Transfer coefficients allow the nuclide concentration in a receptor com-
partment to be calculated from the given concentration in a source compart-
ment (Equation (8.1)). Transfer coefficients are highly aggregated empiri-
cal parameters that quantify nuclide transfer through the food chain in a
holistic way, accounting for diverse physical, chemical and biological
processes. Values for given transfer coefficients are usually highly vari-
able (Zach 1980a), reflecting differences in biological systems and uncer-
tainty in measurement technique.

Transfer coefficient values vary widely among elements (Zach and Sheppard
1992), although certain groups of elements tend to behave similarly because
of comparable physical and chemical properties. Such similarities can be
used to assist in determining transfer coefficient values when data are
inadequate. Although there is some evidence that isotopes of the same
element exhibit different environmental behaviour, such effects are very
small and we follow the accepted practice of using element-specific values
for all the transfer coefficients. The use of transfer coefficients also
implies that food-chain transfer of nuclides occurs linearly, regardless of
concentration, the presence of other elements, or the ability of an orga-
nism to regulate uptake.

There are few specific data from the Canadian Shield from which transfer
coefficient values can be derived. The distributions we have chosen are
representative of current agricultural practices and conditions, including
those of the Shield. The measurement of transfer coefficients is an ongo-
ing area of research, but the more recently determined values tend to con-
firm older ones.
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8.5.1.1 Plant/Soil Concentration Ratio, Bvi
((Bq-kg-! wet biomass)/(Bq-kg-! dry soil))

Plant/soil concentration ratios are defined as the ratio of nuclide concen-
tration in plant material to that in soil. They quantify the transfer of
nuclides from soil to plants under steady-state conditions or at the time
of harvest when plants are removed from contamination sources. Bvi values
are used in Equations (8.2), (8.3) and (8.6) to predict nuclide concentra-
tions in plants eaten by humans or animals, and in EBquation (8.40) to cal-
culate concentrations in trees used as building materials. They are also
used in Equation (7.25) in connection with agricultural fires. The uptake
of elements by plants from soil is a complex phenomenon, highly dependent
on a variety of plant, soil and environmental factors (Zach and Sheppard
1992). The observed plant/soil concentration ratios are highly variable
for this reason and because of different measurement techniques. The most
relevant data for waste disposal assessment come from field studies or from
long-term experiments in outdoor settings where soil concentrations have
reached steady state. Because the distribution of nuclides within plants
can vary considerably, concentrations used for determining Bvi values must
be based on the plant parts actually used by humans or animals.

Several major compendia of average generic Bvi values for use in environ-
mental and safety assessments have been published (Ng et al. 1982a, Baes

et al. 1984, IUR 1984, Coughtrey et al. 1985). The compendium by Baes

et al. (1984) is outstanding for several reasons. It contains Bvi values
for most elements of interest in nuclear fuel waste management for both
vegetative and reproductive plant parts. The values are of high quality
because the data from which they were calculated were put through strict
quality control procedures. Physical, chemical and biological similarities
vere used to support questionable values and to predict missing ones. We
have adopted the Bvi values by Baes et al. (1984) for vegetative plant
parts. These values were originally expressed on a dry plant weight basis;
to convert to a wet biomass basis, as required in CALDOS, we divided the
published values by a factor of four, assuming a plant water content of 75%
(Ng et al. 1968, Garten 1978). The resulting values are listed in

Table 8-2. The values for vegetative plant parts are conservative because
they are slightly higher than those for reproductive parts.

Although the values by Baes et al. (1984) are mainly based on agricultural
crops, they are probably also appropriate for wild plant species on the
Canadian Shield (Zach et al. 1989).

Plant/soil concentration ratios tend to be lognormally distributed
(Sheppard M.I. and Thibault 1983, Zach et al. 1989, Sheppard S.C. and
Evenden 1990). The values listed in Table 8-2 were therefore taken as the
GMs of our distributions. The variation in Bvi values has not been
reported extensively. The studies that have been done (e.g., Ng et al.
1982a, Baes et al. 1984, IUR 1984, Sheppard S.C. and Evenden 1990) have
produced varied results. Variation appears to be mainly a function of the
number of samples and the range of conditions under which Bvi was measured
rather than of the physical or chemical properties of the system studied.
Zach and Sheppard (1992) reviewed the available information and concluded
that there was no justification for defining element-specific GSDs. They
recommended a GSD of 10 for all elements, which is adopted here.
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TABLE 8-2

ELEMENT-SPECIFIC GEQMETRIC MEANS OF THE LOGNORMAL DISTRIBUTIONS

FOR THE PLANT/SOIL CONCENTRATION RATIO, Bvi, TERRESTRIAL ANIMAL

TRANSFER COEFFICIENT, F§L,AND AQUATIC CONCENTRATION RATIQ, B§
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TABLE 8-2 (concluded)

Bvi F% B%
Element Plant/Soil TE MILK TE MEAT TE BIRD FW FISH

((Bq-kg-1 wet)/ (d-L-1) (d-kg-! wet) (d-kg-! wet) (L-kg-! wet)
(Bq-kg-1 dry)) v

Sm 2.5 x 10-3 2.0 x 1005 5.0 x 10-3 5.0 x 10-1* 3.0 x 10!
Sn 7.5 x 10-3 1.2 x 103 8.0x 10-2 8.0 x 10°°* 3.0 x 103
Sr 6.3 x 10-? 1.4 x 10-3 8.1 x 10-¢ 3.0 x 10-! 1.0 x 102
Ta 2.5 x 10-3 2.8 x 10-¢ 6.0 x 10-¢ 6.0 x 10-2* 3.0 x 104
Te 2.4 x 100 9.9 x 10-¢ 8.5 x 10-3 1.9 x 109 1.5 x 101
Te 6.3 x 10-3 2.0 x 10-4 1.5 x 10-2 1.5 x 10°* 4.0 x 102
Th 2.1 x 10-¢ 5.0 x 10-6¢ 6.0 x 10-6 6.0 x 10-4* 1.0 x 103
U 2.1 x 10-3 3.7 x 10-4 2.0 x 10-¢ 1.2 x 100 5.0 x 10!
Y 3.8 x 10-3 2.0 x 1005 3.0 x 10-¢ 3.0 x 10-2* 1.0 x 102
Zr 5.0 x 10-¢ 3.0x 10-5 2.0 x 10-2 2.0 x 10°* 2.0 x 102

* Value set at 100 times the corresponding F§ value for TE MEAT.
** Includes atmospheric deposition of 14C from all sources except
irrigation water.
+ Includes atmospheric deposition of '2°I suspended from the soil as a
gas.
++ No transfer coefficients required because of specific-activity model.

Bvi values depend on the mobility of the nuclide in soil, as described by
the soil solid/liquid partition coefficient, Kdi (Section 6.5.3). A
nuclide with a high Kd* value will be tightly bound to soil solids; little
will be available in the aqueous phase for root uptake, and its Bvi value
will be low. Bvi is therefore negatively correlated with Kdi. Correlation
coefficients, r, ranging from -0.47 to -0.88 have been reported in the
literature (Baes 1982, Sheppard S.C. 1985, 1986). The data are not numer-
ous enough to allow element-specific coefficients to be derived. There-
fore, we chose a value of -0.7 for all elements for the postclosure

assessment.

Since Kd* values in the soil model are classified according to soil type,
the negative correlation effectively categorizes the Bv! values according

to soil type.

For most nuclides, plant/soil concentration ratios account for root uptake
only. However, for 14C and 12°I, Bvi also accounts for some nuclide
deposition to leaves originating from contaminated soil (Zach and Sheppard
1992). As gases, both carbon and iodine may evade the soil and immerse the
vegetation above. The plant concentrations used to calculate Bvi will
therefore reflect both root uptake and leaf deposition from such emissions.

For 1291, we do not separately model deposition of the airborne gaseous
nuclide from soil to leaves (Section 7.3.8). However, we do model leaf
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deposition of 1291 from other sources, including irrigation water, lake-
derived nuclide, and particulates from the soil.

Baes et al. (1984) do not list a Bvi value for !4C. Since plants absorb
most of the carbon required for photosynthesis from the atmosphere, we
derived a Bvi value for carbon by assuming that the specific activity of
14C in air and vegetation is the same as in the soil (USNRC 1977, Zach and
Sheppard 1992). Root uptake and leaf deposition are considered together,
and the Bvi value accounts for both. It is therefore not necessary to
model the leaf-deposition pathway separately (Section 7.3.8) for any 14C
source except irrigation water.

Using the specific-activity model, we calculated 500 values of Bvi for
carbon, taking into account variations in the dry organic matter content of
soil and the frequency of occurrence of the four soil types considered in
our assessment (Section 6.5.1.1). The resulting distribution was bimodal,
with a GM of 5.5 ((Bq-kg-! wet biomass)/(Bq-kg-! dry soil)) and extreme
values of 0.07 and 219; the GSD was 9.7 (Sheppard S.C. 1989). The GM is
identical to the value recommended by the Nuclear Regulatory Commission
(USNRC 1977), and the GSD close to the value of 10 specified for the other
elements. On the basis of these results, we have established a lognormal
distribution for the Bvi values for carbon with a GM value of 5.5 ((Bq-kg-1!
vet biomass)/(Bq.-kg ! dry soil)) and a GSD of 10.0. The distribution has
lower and upper truncation values of 0.07 and 220 ((Bq-kg-! wet biomass)/
(Bq-kg-dry soil)) respectively, which correspond to extremes in the organic
matter content of soils.

In summary, our Bvi PDFs are element-specific and lognormal, with GM values
corresponding to those calculated by Baes et al. (1984) for vegetative
plant parts (Table 8-2). The exception is the value for carbon, which is
based on the USNRC (USNRC 1977) and our own calculations. All the distri-
butions have a GSD of 10.0, and the correlation coefficient between log-
transformed soil Kdi and Bvi values is -0.7 in all cases. None of the
distributions is truncated, except that for carbon. Although our distribu-
tions are mainly based on data from agricultural crops, we have used them
for calculating nuclide concentrations in wooden building material as well.

8.5.1.2 Terrestrial Animal Transfer Coefficients, F%
(d-L-1 or d-kg-! wet biomass)

This transfer coefficient quantifies the transfer of nuclides to the ter-
restrial animal food types TE MILK, TE MEAT and TE BIRD from feed or forage
(Equations (8.6) and (8.12)), drinking water (Equation (8.14)), or soil
(Equation (8.16)) under steady-state conditions or at the time of slaugh-
ter. For milk, F% is defined as the portion of an element ingested daily
that is secreted per litre of milk. For the other two coefficients, F!
refers to the portion of an element ingested daily that is incorporateé
into 1 kg of meat (TE MEAT and TE BIRD) or 1 kg of the edible parts of eggs
(TE BIRD).

The uptake and metabolism of elements in mammals and birds are complex and
element-specific (Zach and Sheppard 1992). F% values vary considerably,
depending on factors such as the metabolic function of the element, the
chemical and physical forms of the nuclide, the level of stable elements in
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an animal’s diet, and the type and ingestion rate of food and forage.
Variation can also arise from the experimental techniques used to measure
F{, vhich generally involve the use of tracers (Ng 1982).

Physical, chemical and biological similarities of elements have been used
extensively to supplement missing data for Fi. This has also involved
extrapolation between animal species (Ng and Hoffman 1983), so that the
database includes a variety of terrestrial animals, making transfer coeffi-
cient values broadly representative.

FPi values have typically been determined for biologically assimilated
nuclides taken up from feed or forage. Such nuclides tend to be more
readily adsorbed than those in water or soil. Our assumption that the same
Fi values can be used for uptake from feed or forage, soil or water is
therefore conservative.

Many compendia of generic Pi values are in existence (Ng et al. 1977,
1982b, USNRC 1977, 1983b, Baes et al. 1984, NCRP 1984, CSA 1987). Most of
the values are similar from compendium to compendium because they are based
largely on the same research data.

TE MILK

More data are available for deriving Fi values for milk than for any of the
other terrestrial animal transfer coefficients. Most of the data pertain
to cow’s milk; transfer coefficients for goat’s milk tend to be somewhat
higher. With the exception of technetium, we have taken our Fi values for
TE MILK from the compilation of Ng et al. (1977), taking into account
subsequent revisions made to accommodate new information (Ng 1982). These
values, which are listed in Table 8-2, are of high quality because they are
based on a thorough literature review and rigorous screening of the avail-
able data. The compendia of Baes et al. (1984) and of the CSA (CSA 1987)
borrow heavily from Ng's work.

Ng's F§ value for technetium is equal to that for iodine, assuming that the
two elements have identical metabolic behaviour. However, recent studies
have shown that this analogy may be inappropriate and that technetium is
much less readily transferred to milk (Wiechen et al. 1983, Bondietti and
Garten 1986). Experimentally determined Fi values for technetium are two
to three orders of magnitude below those for iodine (Wiechen et al. 1983,
Voigt et al. 1987, Johnson J.E. et al. 1988). Because of the uncertainty
that still exists, we have adopted a conservative intermediate value that
is one order of magnitude lower than the commonly accepted iodine value.

F} values for milk are distributed lognormally (Hoffman 1979, Ng and
Hoffman 1983). The values listed in Table 8-2 were therefore taken to be
the GMs of the distributions. The variation in F§ values has not been
reported extensively. The available information supports a GSD of 3.2 for
all nuclides, a value that we have adopted for BIOTRAC.



- 237 -

TE MEAT

The database for F% values for meat is limited and not fully documented.
Most of the values pertain to domestic mammals, particularly cattle,
although information is also available for pork, lamb and venison from
white-tailed deer, caribou and moose. The values for cattle tend to be
slightly lower than those for other animals. For most elements, we have
drawn our Fi values for TE MEAT from the compendium of Baes et al. (1984).
For the remaining elements, we adopted the revised values published by Ng
et al. (1982b). The value for carbon was taken from the CSA (CSA 1987).
Baes et al. (1984) based their values for all the elements with an atomic
number exceeding 82 on systematic trends in the periodic table for the
plant/soil concentration ratio and the milk transfer coefficient. This was
thought to be preferable to relying on incomplete observational data. Many
of the values are very conservative when considered in terms of feed or
forage consumption and efficiency of transfer. Many of the CSA (1987)
values are similar to ours because of common sources and selection proce-
dures. Our Fg values for TE MEAT are listed in Table 8-2.

Pew data are available on the distribution of Fi values for meat. We have
assumed that F% is lognormally distributed, taking into account the
observed data (e.g., Ward and Johnson 1965, Zach et al. 1989) and the dis-
tribution of F% values for milk. For each nuclide, the GM of the distri-
bution was set equal to the value given in Table 8-2. Ve chose a conserva-
tive GSD of 3.2, which is higher than almost all of the observed values.

It is also large enough to cover most of the relatively large F§ values
reported for wild game.

TE BIRD

The database for Fi values for poultry and eggs is not extensive. Several
compendia do exist (Fletcher and Dotson 1971, Baker 1977, USNRC 1977, CSA
1987), but their values are largely undocumented. Most of the available
data pertain to chickens, and indicate that transfer coefficients for eggs
tend to be one to two orders of magnitude higher than those for poultry.
The few values available for game birds (ducks and grouse) are somewhat
lower than those for chickens.

The type of PDF for the F% values of poultry and eggs has not been statis-
tically documented for any element. However, it is reasonable to assume
that all the terrestrial transfer coefficients have similar distributions
because of common underlying physical, chemical and biological processes
(Zach and Sheppard 1992). Thus, given lognormal distributions for milk and
meat, we have assumed lognormal distributions for TE BIRD for our
assessment.

The best supported F% values for TE BIRD are found in the compendium of Ng
et al. (1982b). However, this compendium covers only about one third of
the relevant elements. We adopted these values for the postclosure assess-
ment, picking the larger if there was a choice between poultry and eggs.
These values were assigned to the GMs of the distributions for each element
listed in Ng's report. For the remaining elements, we believe the pub-
lished data are too unreliable to be used to establish Fg values. Instead,
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wve derived F§ values for TE BIRD from the corresponding value for TE MEAT.
The data for those elements with measured transfer coefficient values for
both beef and poultry and eggs suggest that values for TE BIRD are about
twvo orders of magnitude larger than the values for meat. Therefore, for
the elements missing from Ng's compendium, we have set the GMs for Fi for
TE BIRD equal to those for TE MEAT increased by a factor of 100. The final
values are listed in Table 8-2.

Data for poultry and eggs are too limited to establish GSDs of the F§
values for TE BIRD. Ve adopted a GSD of 3.2 for all elements. This value
is consistent with the available data and with the values chosen for F§ for
TE MILK and TE MEAT.

8.5.1.3 Aquatic Concentration Ratio, B§
(m3 wvater.kg-1 wet biomass)

The aquatic concentration ratio quantifies the transfer of nuclides from
the lake environment to fish (Equation (8.18)). It is the ratio of the
nuclide concentration in the edible portion of fish to the concentration in
the water.

Nuclide uptake by freshwater fish is a complex phenomenon. Elements can be
directly absorbed from the water or via the gastrointestinal tract follow-
ing ingestion of contaminated sediment or aquatic organisms (Zach and
Sheppard 1992). The parameter B does not directly account for food-chain
transfer of nuclides from water or sediments. However, concentration
ratios measured in natural situations include food-chain transfer impli-
citly, and this is being investigated furhter.

Because of the number and complexity of uptake mechanisms involved, the
variability in Bi values is quite large. The variability is further
increased by variations in water chemistry, the chemical form of the
nuclide, the fish species and the nuclide distribution throughout the fish,
as well as by experimental methods, and analytical and sampling errors.

The total variability in B§ values is therefore closer to that of Bvi than
of F%. The most reliable estimates of B} come from tracer experiments in
natural aquatic systems.

The average generic B% values listed by Thompson et al. (1972) are the most
commonly used assessment values (Blaylock 1982, NCRP 1984). The limited
CSA (1987) compendium is largely undocumented, but it does represent a
useful source of values for Canadian conditions. Recently, Poston and
Klopfer (1986) have thoroughly reviewed the uptake of 26 elements by fish,
and established generic concentration ratio values for environmental
assessments. For the postclosure assessment, we preferentially used the Bg
values from Posten and Klopfer (1986). Missing values were then taken from
the CSA (1987) and finally from Thompson et al. (1972). Given a choice
between values for fish with different feeding habits, or for water with
different mineral contents, we used the higher, more conservative values in
all cases. The final values are listed in Table 8-2. The values for
cesium and strontium reflect the average concentrations of potassium and
calcium respectively in Canadian Shield lakes (Zach and Sheppard 1992).
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The available data suggest that B§ values are lognormally distributed
(Hoffman and Baes 1979, Swanson and Richert 1987). Ve therefore interpret
the values in Table 8-2 as GMs of lognormal PDFs. As noted above, the
variability in Bg values tends to be large. We have conservatively adopted
a GSD of 12.0 for all aquatic concentration ratios to cover the entire
range of reported values.

The Bi values in Table 8-2 have units of L water.kg-! wet biomass, the
units in wvhich aquatiec concentration rates are usually reported. However,
units of m® water-kg-! wet biomass are required for Equation (8.18).
Values in m3.kg-! can be obtained by dividing the tabulated values by a
factor of 10° L.m-3. The distribution type and GSD are unaffected by this
unit conversion.

8.5.2 Dose Conversion Factors for Man

Here a DCF is the dose received by a human per unit radiation from internal
or external exposure. Unlike transfer coefficients, which are element-
specific (Section 8.5.1), DCFs are radionuclide-specific. Dose conversion
factors are used to predict annual effective dose equivalents, or simply
doses, to man following the intake of radionuclides into the body or expo-
sure to external radiation fields (Section 1.2.3). Internal DCFs are dif-
ficult to measure experimentally, and are generally calculated using physi-
cal and biological models of radionuclide behaviour in the body and of the
interaction of radiation with biological tissue. The requirements of these
models for metabolic and dosimetric data are large. Dose conversion fac-
tors are usually calculated using the methodologies and databases recom-
mended by the ICRP. These recommendations are based largely on scientific
wvork compiled by the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) and by the Committee on the Biological Effects
of Ionizing Radiation (BEIR) of the U.S. National Academy of Sciences
(NAS). The DCFs used in our assessment were calculated following the
recommendations in ICRP 26 (ICRP 1977) and ICRP 30 (ICRP 1979), which have
been formally accepted by many countries. As discussed in Section 1.2.3,
there have been several recent changes in DCFs, but these changes have not
been fully accepted or implemented, and would likely have relatively minor
effects on our dose predictions (Goodwin et al. 1994).

The calculation of DCFs is a complex procedure (Myers 1989, Zach and
Sheppard 1992). The models must take into account a number of factors,
including the differential sensitivity of various human tissues and organs
to radiation (organ factor, V;); the distribution and turnover of radio-
nuclides in the body (for internal exposure); the spatial distribution of
radionuclides in the environment (for external exposure); and the type,
energy and biological effectiveness of the radiation emitted by the radio-
nuclide in question (radiation quality factor, Q).

Data for determining DCFs come from a variety of sources (ICRP 1975, 1979).
These include studies on the uptake, distribution and excretion of radio-
nuclides by laboratory animals and by humans deliberately or accidentally
contaminated. Data on human and animal anatomy and physiological pro-
cesses, and on the response of organs, tissues and cells to ionizing radia-
tion are also required. Little is known about the exact variability of
DCFs. Anatomical and physiological differences between individuals likely
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cause less than an order of magnitude variation in dose. Internationally
accepted DCFs are available mainly for ICRP reference man (Section 1.5.4).
The DCFs used for our assessment are therefore represented by single values
rather than by probability density functions.

8.5.2.1 Internal Dose Conversion Factors

Nuclides that enter the human body through ingestion or inhalation may be
absorbed and distributed to various tissues and organs from which they are
eventually excreted (Camner et al. 1979). Standard, commonly accepted
gastrointestinal tract and lung models exist to predict the absorption of
ingested and inhaled radionuclides (ICRP 1979). These can be coupled with
standard organ models to calculate radionuclide concentration in tissues
and organs. If the decay rate of the radionuclide and the type of radia-
tion emitted are known, absorbed doses can be calculated for each target
organ, taking into account radiation from the target organ itself, and from
other source organs nearby. The absorbed doses can be translated into DCFs
by applying appropriate Q and W, factors and by summing over all tissues
and organs.

Most of our internal DCFs were calculated by Johnson J.R. and Dunford
(1983). Missing values were supplied by Linauskas (1989a,b,c), who used
the same or similar models and data as Johnson J.R. and Dunford. The DCFs
include the effects from the decay of in vivo-produced daughters, which are
assumed to stay with their precursors and behave metabolically in the same
way. Accordingly, radionuclides with half-lives less than one day need not
be modelled separately (Section 2.5.4). Special models have been used to
calculate internal DCFs for tritium and 12°I in recognition of their unique
biological properties (Section 2.5). This is also true for the geosphere
limit to the internal 14C dose (Section 8.3.1.12). Our DCFs agree well
with ICRP 30 values and values published thereafter (Zach and Sheppard
1991, 1992).

Ingestion Dose Conversion Pactor, DFei
(Sv-Bq-1)

Ingestion DCFs convert radionuclides ingested by man with food, drinking
water and soil into radiological doses (Equations (8.4), (8.7), (8.11),
(8.13), (8.15), (8.17), (8.19), (8.21) and (8.24)). Most of the values
used in BIOTRAC are from Johnson J.R. and Dunford (1983). However, values
for americium, neptunium, plutonium and thorium radionuclides were taken
from Johnson J.R. (1986), who incorporated new metabolic information on
absorption from the gastrointestinal tract. Values for '°Be, 2°8Bi, 210mpj,
182ff 40K, 93mNh, 32P, 87Rb, 187Re and 32Si, which vere not considered by
Johnson J.R. and Dunford, were calculated by Linauskas (1989a,c), using the
same methodology. The radionuclide-specific ingestion DCFs used for the
postclosure assessment are listed in Table 8-3.

Johnson J.R. and Dunford (1983) used standard gastrointestinal tract and
organ models to calculate DFei values for most radionuclides. Special
models were used for the alkali earth elements and for technetium. The
organ model for the alkali earth elements (calcium, strontium and radium)
wvas revised to handle nuclide recycling and bone retention more realistic-
ally and to incorporate age dependence. The organ model for technetium
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uses a special retention function for the thyroid gland based on recent
experimental data. Otherwise, dosimetric data from ICRP 30 (ICRP 1979) and
methodologies from ICRP 26 (ICRP 1977) were used to compute our DFei values.

For some radionuclides, Johnson J.R. and Dunford (1983) calculated more than
one value using different absorption fractions from the gastrointestinal
tract. This can account for different chemical forms of the ingested radio-
nuclides. In such instances, we have adopted the highest and most conserva-
tive DFe; value for use in BIOTRAC.

Inhalation Dose Conversion Factor, DFii
(Sv-Bq-1)

Inhalation DCFs convert radionuclides inhaled by man into radiological doses
(Equation (8.26)). For most radionuclides, we adopted the DFii values of
Johnson J.R. and Dunford (1983); the remainder were calculated by Linauskas
(1989a,b,c). The values are listed in Table 8-3.

Johnson J.R. and Dunford (1983) calculated values for DFii using the lung
model documented by the ICRP (1966). Inhaled radionuclides may be deposited
and trapped in the lungs. Alternatively, they may be cleared from the

lungs and transferred to the gastrointestinal tract through swallowing.
Other inhaled material may be cleared into the blood or the lymphatic system
deep within the lungs, and then passed into various tissues and organs. The
lung, gastrointestinal tract and organ models are therefore closely linked.

The DFii values for the alkali earth elements and for technetium were cal-
culated using the revised organ models discussed in the previous section.
The DFii value for radon was also calculated in a special way. Although
radon is inert, does not bind to body tissues and so gives only a small
dose, its daughters are highly reactive and can give rise to a significant
inhalation dose. Our DFii for radon was calculated by Linauskas (1989b)
using ICRP (1986) methodology.

The dosimetric data required to implement the models for calculating DFii
values were taken from ICRP 30 (ICRP 1979); Q and W, factors were drawn from
ICRP 26 (ICRP 1977). For some radionuclides, Johnson J.R. and Dunford
(1983) calculated DFii values for more than one pulmonary clearance class.
In all such cases, we adopted the highest value for our assessment to be
conservative.

Internal Dose Conversion Factor for 1291, DFI
((Sv-a~-1)/(Bq-kg-! thyroid))

This conversion factor is used to predict man’s total internal dose arising
from ingestion and inhalation of 1291 (Equation (8.29)). Because our 1291
model is based on a specific activity approach (Section 2.5.3), DF! is cal-
culated from the amount of 12%I in man's thyroid rather than from the rate
of intake (Zach and Sheppard 1992). There is thus no need to use the gas-
trointestinal tract, lung and organ models to calculate a concentration per
unit intake. Our value of 9.7 x 10-? ((Sv.a-!)/(Bq-kg-! thyroid))

(Table 8-3) vas obtained assuming the thyroid is the only surce and target
organ.
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TABLE 8-3 (concluded)

Radionuclide Ingestion Inhalation
DFel (Sv.Bq-1) DFii (Sv.Bq-1)
223Ra 1.5 x 10-7 2.5 x 10-6
224Ra 9.3 x 10-8 9.9 x 10-7
225Ra 5.0 x 10-8 2.5 x 10-6
226Rg 3.2 x 10-7 2.6 x 10-6
228Ra 2.6 x 10-7 1.3 x 10-6
87RDb 1.1 x 10-° 7.0 x 10-1°0
187Re 2.6 x 10-12 1.5 x 10-11
222Rnp 0.0 1.4 x 10-8
1258p 8.2 x 10-10° 4.9 x 10-°
12638y 2.3 x 10-9 3.2 x 10-9
79 Se 2.3 x 10-° 2.5 x 10-°
3264 7.5 x 10-10 3.6 x 10-9
126gpn 9.1 x 10-10 5.3 x 10-9
90gr 3.4 x 10-8 4.2 x 10-7
182Ty 4.5 x 10-9 1.4 x 10-8
99Tc 6.5 x 10-1¢ 2.7 x 109
125mTe 2.6 x 10-°9 2.1 x 10-°
227Th 7.9 x 10-8 5.1 x 10-¢
228Th 2.5 x 10-6 1.1 x 10-4
229Th 2.4 x 10-5 5.6 x 10-4
230Th 3.5 x 10-¢ 8.1 x 10-5
231Th 3.6 x 10-10 2.2 x 10-10
232Th 1.9 x 10-5 4.1 x 10-4
234Th 2.8 x 10-9 8.4 x 10-°
232y 4.1 x 10-7 2.1 x 10-4
233y 8.7 x 10-8 4.4 x 10-5
234y 8.5 x 10-8 4.3 x 10-5
235y 7.9 x 10-8 4.0 x 10-5
236y 8.1 x 10-8 4.1 x 10-5
238y 7.5 x 10-8 3.8 x 10-5
90y 2.9 x 10-9 2.1 x 10-9
93Zr 4.5 x 10-10 7.7 x 10-8

* Values of 0.0 indicate doses are very low and need not be con-
sidered because radionuclides are not absorbed and deposited in
the body.

** Internal dose conversion factors, DF®® and DF*, account for
both ingestion and inhalation using a specific activity
approach, and are expressed in units of ((Sv.a-1)/(Bq.-kg-! soft
tissue or thyroid)).
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Internal Dose Conversion Factor for 14C, DF<’
((Sv.a-1)/(Bqg-kg-1 soft tissue))

This conversion factor used to calculate an upper limit to man’s total
internal 14C dose is based on the specific activity of 14C in groundvater
(Equation (8.33)). DFc¢’ differs from the dose conversion factor used in
the transport equations and listed in Table 8-3 because it is calculated
from the amount of 14C in soft tissue rather than from the intake rate.

The value for DF<’ was determined using the methodology applied to the dose
conversion factor for 29I, and was found to be 2.5 x 10-7 ((Sv.a-1)/
(Bq-kg-! soft tissue)) (Zach and Sheppard 1992). Carbon-14 is assumed to
be uniformly distributed in the body's soft tissues, which absorb all the
emitted radiation.

Internal Dose Conversion Factor for Tritium, DFH3
((Sv-a-1)/(Bq-kg-! soft tissue))

DF#3 is used to predict man’s total internal dose from the ingestion and
inhalation of tritium (Equation (8.34)). Our value of 2.9 x 10-8
((Sv-a-1)/(Bq-kg-! soft tissue)) (Table 8-3) was calculated by Johnson J.R.
(1988) and Zach and Sheppard (1992) using the same methodology that was
applied to DFY and DF<’. Hydrogen (and the tritium associated with it
through the specific activity approach) is assumed to be uniformly distri-
buted in the body'’s soft tissues, which absorb all the emitted radiation.

8.5.2.2 External Dose Conversion Factors

Radionuclides in the environment set up radiation fields that can lead to
exposure of humans and all the other biota. External DCFs are determined
by first calculating the absorbed dose in the environmental medium (e.g.,
air), taking account of the geometric relationship between the exposed
individual and the medium, and of the attenuation of radiation in the
medium. The absorbed dose in the medium is then used to calculate the dose
for various target organs, taking into consideration the energy of the
radiation and factors that account for shielding by overlying tissues.
Absorbed doses by the target organs are then translated into DCFs by apply-
ing appropriate Q and W, factors (ICRP 1977, 1978). Because of its very
limited ability to penetrate, a radiation contributes very little to exter-
nal doses and is not considered in calculating external DCFs. Similarly, B
radiation can only affect tissues or organs at or very near the body sur-
face, and the skin is normally the only target organ considered. Shielding
by clothing is ignored when calculating external DCFs.

The external DCPs used in our assessment were calculated by Holford (1989),
with the exception of the value for 2°%Bi, which comes from Holford (1988).
The 1989 values are based on up-to-date information consistent with ICRP 38
(ICRP 1983), and with the data used to calculate our internal DCFs (Section
8.5.2.1). Our shielding factors were taken from Barnard and D'Arcy (1986),
as demonstrated by Zach and Sheppard (1992). The resulting external DCFs
are similar to those derived by Kocher (1983) and Barnard and D’Arcy (1986).
The DCFs for radionuclides with half-lives less than one day, which are not
explicitly considered in BIOTRAC, are added to those of their precursors.
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Ve made a number of conservative assumptions in deriving our external DCFs.
Accordingly, it is likely that they account for exposure to minor sources,
such as household goods, clothing, cosmetics and so on, which are not
explicitly included in BIOTRAC. Given the critical group concept

(Section 1.5.4), such items cannot be assumed to remain uncontaminated.

Air Immersion Dose Conversion Factor, DFai
((Sv-a~1)/(Bq-m-3 air))

Dose conversion factors are used to predict radiological doses to man from
immersion in contaminated air (Equation (8.35)). Our DFai values, as cal-
culated by Holford (1988, 1989), are listed in Table 8-4. They assume that
reference man stands in a semi-infinite volume of uniformly contaminated
air, with his major body organs located 1.0 m above the ground. This geo-
metry is used to predict the absorbed dose in air, followed by the absorbed
dose by the various target organs and the air immersion DCF, as described
above (Section 8.5.2.2).

The atmosphere model (Chapter 7) predicts air concentrations at a height of
1.5 m above ground level, which is consistent with the height at which
human inhalation occurs. PFor ground-level sources, the concentration would
be slightly larger at 1.0 m, the height for which the immersion dose is
calculated. However, the difference in concentration over the 0.5-m height
is insignificant, and the 1.5-m concentration can be used reliably to pre-
dict the immersion dose. In general, inhalation is a much more important
dose contributor than air immersion because it involves exposure from
internal radionuclides.

Vater Immersion Dose Conversion Factor, DFhi
((Sv-a~1)/(Bq-m-3 water))

To predict radiological doses to man arising from swimming or bathing in
contaminated water DFh* values are used (Equation (8.36)). These values,
calculated by Holford (1988, 1989), are listed in Table 8-4. The values
are based on the assumption that reference man is totally submerged in a
semi-infinite volume of uniformly contaminated water. His body centroid is
0.1 m below the water surface. Contaminated sediments are assumed to be
far enough beneath the surface that they contribute nothing to the dose.
The DFhi values are then calculated using the methods described above.
Because water is much denser than air, it is more efficient at absorbing
radiation, and, consequently, DFhi values are about three orders of magni-
tude lower than the DFa! value for the same radionuclide.

Ground Exposure Dose Conversion Factor, DFgi
((Sv.a~1)/(Bq-kg-1 wet soil))

The DFgi values we use to calculate radiological doses to man from standing
on contaminated ground (Equation (8.37)) were also calculated by Holford
(1988, 1989), and are listed in Table 8-4. They assume that reference man
stands on semi-infinite uniformly contaminated soil. His body centroid is
assumed to be 0.8 m above the ground surface when calculating doses from 7y
radiation. For B radiation, doses are integrated over the body height.

The soil concentrations used in applying Equation (8.37) are the predicted
root-zone concentrations, which are uniform to a depth of 30 cm (Sections
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TABLE 8-4

HUMAN ATR IMMERSION, WATER IMMERSION, GROUND EXPOSURE AND BUILDING

EXPOSURE DOSE CONVERSION FACTOR VALUES
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TABLE 8-4 (concluded)

Air Vater Ground Building
Radionuclide Immersion Immersion Exposure Exposure
DFai DFhi DFgi- DFbi
223Ra* 4.3 x 10-7 7.3 x 10-10 4.7 x 10-7 9.4 x 10-7
224Ra* 2.5 x 10-6 4.1 x 10-? 3.1 x 10-6 6.2 x 10-6
225Ra 1.0 x 10-8 2.1 x 10-11 1.8 x 10-9 2.1 x 10-8
226Ra* 9.7 x 10-° 4.4 x 10-° 3.3 x 10-6 6.8 x 10-6
228Ra* 1.4 x 10-6 2.4 x 10-° 1.8 x 10-6 3.6 x 10-6
87Rb 9.1 x 10-10 9.9 x 10-13 2.8 x 10-11 0.0
187Re 0.0 0.0 0.0 0.0
222pp* 2.7 x 10-¢ 0.0 0.0 0.0
125gp 6.0 x 10-7 1.0 x 10-° 7.5 x 10-7 1.5 x 10-6
1265p 4.1 x 10-6 6.9 x 10-° 5.2 x 10-6 1.0 x 10-3
79Se 9.3 x 10-11 1.0 x 10-13 4.4 x 10-13 0.0
3253 2.3 x 10-1° 2.4 x 10-13 3.4 x 10-12 0.0
126g9n* 2.3 x 10-6 3.4 x 10-9 2.4 x 10-6 5.0 x 10-¢
so0gr 2.8 x 10-° 3.1 x 10-12 2.4 x 10-19 0.0
18273 1.9 x 10-¢ 3.2 x 10-9 2.4 x 10-6 4.7 x 10-¢
99Tc 8.0 x 10-10 8.6 x 10-13 2.6 x 10-11 0.0
125aTe 1.6 x 10-8 3.4 x 10-11 2.9 x 10-° 7.5 x 10-8
227Th 1.5 x 10-7 2.6 x 10-1° 1.7 x 10-7 3.4 x 107
228Th 3.0 x 10-? 5.4 x 10-12 2.4 x 10-° 5.6 x 10-?
229Th 1.2 x 10-7 2.2 x 10-10 9.5 x 10-8 2.4 x 10°7
230Th 6.4 x 10-10 1.2 x 10-12 3.3 x 10-10 1.2 x 10-°
231Th 1.8 x 10-8 3.4 x 10-11 9.5 x 10-° 3.5 x 10-8
232Th 3.6 x 10-10 6.6 x 10-13 1.4 x 10-10 6.4 x 10-190
234Th* 7.4 x 10-8 1.2 x 10-1° 6.9 x 10-8 1.5 x 10-7
232y 5.9 x 10-10 1.1 x 10-12 2.7 x 10-10 1.0 x 10-9
233y 5.8 x 10-1¢ 1.0 x 10-12 4.4 x 10-10 1.0 x 10-9
234y 3.6 x 10-10 6.5 x 10-13 1.2 x 10-1¢ 5.8 x 10-10
235y 2.2 x 1077 3.9 x 10-1¢ 2.5 x 10°7 5.0 x 10-7
236y 2.7 x 10-1° 4.8 x 10-13 6.4 x 10-11 4.1 x 10-10
238y 2.0 x 10-10 3.6 x 10-13 3.0 x 10-12 3.0 x 10-10
soy 2.0 x 10-8 2.2 x 10-112 7.3 x 10-9 1.5 x 10-8
932r 0.0 0.0 0.0 0.0

Note: Units for DFai and DFhi are ((Sv-a-1)/(Bq.m-3 air or water)); for
DFgi ((Sv-a-1)/(Bq-kg-! wet soil)); and for DFbi ((Sv.a-1)/(Bq-kg!
dry material)).

* Precursor radionuclides include one or more short-lived daughters
(Zach and Sheppard 1992)

** Values of 0.0 indicate DCFs less than 10-15 in the relevant units.
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6.3.1.2 and 6.3.5). Concentrations at greater depths will in general be
different, but will contribute little to the dose because of the rapid
attenuation of the radiation field in soil.

The spatial configurations of man for air immersion and ground exposure are
basically similar, as are the methods for calculating the DCFs. Because
the body centroid and the source of radiation are not in contact for ground
exposure, DFgl tends to be smaller than DFa! for a given radionuclide.

Building Material Dose Conversion Factor, DFbi
((Sv.a-1)/(Bq-kg-! dry material))

In Bquation (8.38) we use DFb! values to determine radiological doses to
man from living in buildings constructed of contaminated materials.
Holford (1988, 1989) calculated three sets of DFbi values using the same
approach in each case, but assuming different materials (concrete, log and
frame construction). For the postclosure assessment, we conservatively
chose the highest of the three values for each radionuclide (Table 8-4).

In calculating DFbi values, reference man is assumed to be at the centre of
a spherical shell with a radius of 2.0 m and composed of uniformly contam-
inated building material. The spherical geometry greatly facilitates the
calculations. The shell has the volume of an average room, and accounts
for the walls, ceiling and floor. DFbi values are calculated in much the
same vay as the DCFs for the other three external pathways. Our values do
not allow for radiation exposure from adjoining rooms.

8.5.3 Holdup Times and Other Time Parameters

8.5.3.1 Holdup Times

Holdup times define the period between the removal of a product, such as
food, from its contamination source and its use by humans; they allow for
radioactive decay in this interval. Short holdup times lead to conserva-
tive dose estimates because there is less time for decay. Since doses are
not strongly influenced by holdup times, except for the very short-lived
nuclides, holdup times can be assigned fixed values rather than distribu-
tions for the postclosure assessment. We have implemented product-specific
holdup time values to allow some variation.

Holdup Time for TE PLANT, th
(d)

The parameter th, denoting the holdup time for TE PLANT, defines the aver-
age length of time between the harvesting of terrestrial plants and their
consumption by man (Equations (8.2), (8.3) and (8.8)). The value of th can
be very short when local produce is eaten fresh (USNRC 1977, Rupp 1979), or
can extend to months for canned and frozen foods. We assume conservatively
that the critical group eats only local fresh produce, and set th for

TE PLANT equal to 1.0 d.
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Terrestrial Animal Feed Holdup Time, thfj
(d)

This holdup time defines the average interval between removal of feed or
forage from a field and the consumption of animal food types TE MILK,

TE MEAT and TE BIRD by man (Equations (8.6) and (8.12)). It is made up of
two components, which are additive: a feed or forage holdup time, which is
the interval between harvesting of the feed and forage and consumption by
the animal; and an animal holdup time, which is the interval between milk-
ing or slaughter and ingestion of the animal products by man. The first
component is small when animals graze, but can amount to more than a year
when they are fed stored foods such as hay (USNRC 1977). The second compo-
nent is typically a few days when the animals are processed commercially,
and one day for local milk and eggs (Rupp 1979). For our assessment, we
adopted thfj values of 1, 5 and 1 d for TE MILK, TE MEAT and TE BIRD
respectively, assuming that the critical group consumes fresh milk, eggs
and poultry, but that they age their meat slightly. These values are based
on a holdup time of 1 d for feed and forage. This is conservative because
it does not account for the long storage periods required on the Canadian
Shield for much of the year.

Terrestrial Animal Drinking Water Holdup Time, thv,
(d)

The parameter thw; specifies the average period between water ingestion by
animals and consumption of the respective food types TE MILK, TE MBAT and
TE BIRD by man (Equation (8.14)). As in the case of thf,, thw, consists of
two components, one for the water and one for the animal. Values for the
latter are identical for thf., and thw.. We assume that farm and other
animals drink directly from the lake, or have immediate access to well
wvater, so that the first component is zero. Therefore, in our assessment,
thv; has values of 0, 4 and 0 d for TE MILK, TE MEAT and TE BIRD
respectively.

Terrestrial Animal Soil Holdup Time, thsj
(d)

This holdup time parameter defines the average interval between soil inges-
tion by animals and consumption of the animal food types by man (Equation
(8.16)). It also consists of two components, one for the soil and the
other for the animal. Values of the latter are identical to those for thfj
and thw;. We set the first component to zero, assuming that the animals
ingest soil while grazing, or deliberately to meet nutritional needs.
Accordingly, we use ths; values of 0, 4 and 0 d for TE MILK, TE MEAT and
TE BIRD respectively.

Holdup Time for FW FISH, thp
(d)

The parameter thp defines the average period between the time a fish is
caught and the time it is eaten by man (Equation (8.18)). Locally caught
fish are generally consumed within one day (Rupp 1979), whereas commer-
cially processed fish are stored for an average of about 10 d. For
BIOTRAC, we have adopted a conservative thp value of 0.5 d.
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Holdup Time for Man'’'s Drinking Water, thdw
(d)

This holdup time parameter represents the average delay between the isola-
tion of drinking water from its source (Section 9.1.2) and its consumption
by man (Equation (8.20)). For the United States, Rupp (1979) determined
average values of 0.5 and 1.0 d for local and commercial drinking water
respectively. For our assessment, we conservatively assumed that drinking
wvater has no holdup time, and set thdw = O d.

Holdup Time for Building Materials, thb
(d)

The average interval between removal of raw building materials from their
contamination sources and human occupation of dwellings made from finished
materials is defined by thb (Equations (8.39) and (8.40)). In normal com-
mercial practice, wooden building materials are subject to holdup times of
about half a year as a result of delays caused by harvesting the trees,
processing, transporting, storing and building. Inorganic materials, such
as clay, sand and gravel are generally handled more rapidly. We have
adopted a thb,,, value of 180 d for wooden and thb;,. value of 30 d for
inorganic building materials. These values are conservative because they
do not allow for loss of radioactivity following completion of the
dvellings.

8.5.3.2 Exposure Times

The time of exposure is the period during which various plant crops, trees
and other wild plants are exposed to deposition from the atmosphere or from
aerial irrigation water. Long exposure times are conservative because they
increase the possibility of nuclide accumulation in plants. Exposure times
show little variability and so can be represented by single values. Ve
introduce some variability by specifying separate values for crops and
trees.

Time of Exposure for Terrestrial Food Types, te;
(d)

For most plant crops, the exposure time te; is the period from emergence

to harvesting, and so is related to the length of the growing season
(Equations (8.8) and (8.12)). Most common food crops, such as radishes,
tomatoes and cereals, have te, values ranging from 20 to 100 d. In the
case of forage crops, te; is efined as the return time, the period between
successive grazings of a given pasture area. The return time for cattle is
largely determined by management practices, but is generally less than

30 d. Most conventional food-chain models use values of 30 and 60 d for
grasses and all other crops respectively (USNRC 1977, Hoffman et al. 1984a,
CSA 1987). For BIOTRAC, we adopted conservative values of 100, 50, 50 and
100 d for TE PLANT, TE MILK, TE MEAT and TE BIRD respectively. These
values assume that cattle have a mixed diet of forage and stored full-
season feed crops, whereas poultry feeds mainly on full-season grain crops.
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Time of Exposure for Wood, teb
(d)

The time of exposure for wood, teb, is the interval between emergence of
the seedling tree and its harvest many years later. It is used in

Equation (8.40) to calculate nuclide concentrations in wood building mate-
rials. Many factors influence the time at which trees are harvested,
including species, site productivity, method of harvesting and the occur-
rence of forest fires. Most of the trees harvested on the Canadian Shield
are between 40 and 100 a old (McKee and Rowsell 1984). For the postclosure
assessment, we chose a conservative teb value of 100 a, or 36 525 d. This
value is somewhat at odds with our assumption that forest and land-clearing
fires occur every 50 a (Section 7.3.5.3). Furthermore, the size of the
voodlot is calculated on the assumption that the trees are harvested for
fuel when they are 50 a old (Section 9.