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RESUME

EACL prépare 1'Etude d'impact sur 1l’environnement (EIE) d'un concept de
stockage permanent des déchets de combustible nucléaire du Canada. Le
concept porte sur une installation souterraine scellée de fagon étanche,
construite & une profondeur de 500 & 1000 m dans la roche plutonique du
Bouclier canadien. Ce rapport est 1’un des neuf documents de référence
principaux de 1'EIE. Un programme d’analyse probabiliste de variabilité
des systémes sert & évaluer les impacts & long terme, sur la slreté et
1'environnement, du concept de stockage permanent des déchets nucléaires.
Dans ce rapport, on décrit la méthode de conception du modéle de géosphére
SYVAC3-CC3 (GEONET) qui simule le transport des contaminants de l'instal-
lation souterraine & la biosphére par 1l'intermédiaire de la géosphére. En
outre, on y décrit les résultats ayant servi & construire le modéle ainsi
que les hypothéses émises et les justifications présentées quant aux résul-
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tats et 4 ce modéle.

La géosphére comprend le massif rocheux entourant 1l'installation souter-
raine, les eaux souterraines renfermées dans les pores et les fissures de
la roche, les matériaux de scellement d’étanchéité des puits et des trous
de forage d'exploration du site ainsi qu’un puits d’alimentation en eau
domestique qui est censé couper la voie de transport la plus rapide de
1'installation souterraine 4 la biosphére. GEONET simule 1'écoulement des
eaux souterraines & partir de l'installation souterraine, a travers la
géosphére et vers des points de déversement de la biosphére; 1l'advection
des contaminants dans les eaux souterraines, dispersion hydrodynamique et
diffusion moléculaire; la sorption chimique des contaminants sur les
minéraux de la roche au cours du transport; la désintégration radioactive;
et la vitesse de décharge des contaminants de 1l’installation souterraine
dans la biosphére.

La conception du modéle de géosphére comporte plusieurs opérations. On
commence par la construction d'un modéle conceptuel de la structure géolo-
gique souterraine et du régime d’'écoulement d’'eaux souterraines a4 1l'aide de
résultats d’études sur le terrain et en laboratoire. Aprés la construction:
du modéle conceptuel, on résout les équations couplées décrivant 1'écoule-
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ment d'eaux souterraines et le transport de chaleur tridimensionnels a




l'aide du programme a méthode des éléments finis pour calculer la distribu-
tion de pression hydraulique (hauteur piézométrique) et de vitesse des eaux
souterraines. Ensuite, on détermine les trajectoires d'écoulement, des
eaux souterraines de l'installation souterraine aux points de déversement
de la biosphére, au moyen du programme de calcul du suivi du déplacement
des particules, TRACK3D. On se sert des trajectoires d'écoulement et de
diffusion pour construire un réseau tridimensionnel simplifié de voies
d'écoulement composé de segments de transport unidimensionnels. On exécute
les analyses de sensibilité & 1'aide de MOTIF pour déterminer la forme
appropriée des voies d'écoulement incorporées dans 1l'approximation par
GEONET. GEONET modifie la distribution de pression hydraulique prédite par
MOTIF pour tenir compte des effets du pompage a partir d'un puits d’alimen-
tation en eau domestique et calcule la vitesse moyenne des eaux souter-
raines du réseau par la loi de Darcy. Ensuite, il résout les équations
d'advection - de dispersion - de ralentissement unidimensionnelles, pour
une chaine de désintégration radioactive de radionucléides, en se servant
des fonctions de réaction analytiques pour déterminer la vitesse de dépla-
cement des contaminants de 1l'installation souterraine a travers le réseau
de voies d’écoulement de la géosphére.

EACL a procédé a une évaluation de post-fermeture d'étude de cas dans
laquelle on a appliqué la méthode d’évaluation a un systéme de stockage
permanent hypothétique de référence. On a supposé les caractéristiques
géosphériques de ce systéme semblables aux conditions existant dans 1'Aire
de recherches de Whiteshell dans le sud-est du Manitoba, une des aires de
recherches géologiques d’'EACL. L'installation souterraine hypothétique de
stockage permanent aurait une superficie d'a peu prés 2 km x 2 km, serait
située a une profondeur de 500 m, prés d’une grande zone de fractures de
faible inclinaison. La zone de fractures servirait de voie d'écoulement
d'eaux souterraines relativement rapide vers la surface. Bien que la
méthode de modélisation de la géosphére soit générique et puisse s'appli-
quer & tout site de stockage permanent de la région du Bouclier canadien,
nous avons employé un modéle de géosphére propre & un site pour 1l'évalua-
tion. On 1'a fait pour montrer comment les conditions hydrogéologiques et
géochimiques particuliéres d'un site influent sur le transport des contami-
nants d'une installation souterraine a travers la géosphére et pour expli-
quer comment la conception et la disposition de 1l'installation souterraine

interagissent avec ces conditions.

Le Programme canadien de gestion des déchets de combustible nucléaire est
financé en commun par EACL et Ontario Hydro sous les auspices du Groupe des
propriétaires de réacteurs CANDU.
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ABSTRACT

AECL is preparing an Environmental Impact Statement (EIS) of a concept for
disposing of Canada'’'s nuclear fuel waste. The disposal concept is that of
a sealed vault constructed at a depth of 500 to 1 000 m in plutonic rock of
the Canadian Shield. This report is one of nine primary references for the
EIS. A probabilistic system variability analysis code (SYVAC3) has been
used to perform a case study assessment of the long-term safety and
environmental impacts for the EIS. This report describes the methodology
for developing the SYVAC3-CC3 Geosphere Model (GEONET) which simulates the
transport of contaminants from the vault through the geosphere to the
biosphere. It also discusses the data used to construct the model, as well
as assumptions and justifications for the data and model. -

The geosphere consists of the rock mass surrounding the vault, including
the groundwater in the pores and cracks in the rock, the materials used to
seal the shafts and exploratory boreholes at the site, and a domestic water
wvell that is assumed to intersect the pathway of most rapid transport from
the vault to the biosphere. GEONET simulates the movement of groundvater
from the vault through the geosphere to discharge locations at the
biosphere; the movement of contaminants in the groundwater by advection,
hydrodynamic dispersion, and molecular diffusion; chemical sorption of
contaminants onto minerals in the rock during transport; radioactive decay;
and the rate of discharge of vault contaminants to the biosphere.

Development of the Geosphere Model involves several steps. The initial
step is to construct a conceptual model of the subsurface geological
structure and ground water flow conditions using data from site
investigations and laboratory tests. Once a conceptual model has been
constructed, the coupled equations describing 3-D groundwater flow and heat
transport are solved using.the MOTIF finite-element code to calculate
hydraulic head and groundwater velocity distributions. Next, the
groundwater flow paths from the vault to discharge areas in the biosphere
are determined by means of a particle-tracking code, TRACK3D. The flow
paths and diffusion paths are used to construct a simplified 3-D pathways
netvork composed of 1-D transport segments for GEONET. Sensitivity
analyses are performed with MOTIF to determine the appropriate form of the
pathways used in the GEONET approximation. GEONET modifies the head




distribution predicted by MOTIF to account for the effects of pumping from
a domestic well and calculates the mean groundwater velocities in the
netwvork by Darcy's law. It then solves the 1-D advection-dispersion-
retardation equations for a radionuclide decay chain by using analytical
response functions and numerical convolutions to determine the rate of
movement of vault contaminants through the network of geosphere pathways.

AECL has done a postclosure assessment case study, in which the assessment
methodology was applied to a hypothetical reference disposal system. The
geosphere characteristics of this system were assumed to be similar to
conditions at the Whiteshell Research Area in southeastern Manitoba, one of
AECL’s geologic research areas. The hypothetical disposal vault,
approximately 2 km x 2 km in area, was located at 500-m depth, near an
assumed large low-dipping fracture zone. The fracture zone provides a
relatively rapid groundwater pathway to the surface. Although the
geosphere modelling approach is generic and can be applied to any disposal
site in the Canadian Shield, we have used a site specific geosphere model
for the assessment. This was done to show how the particular hydrogeologic
and geochemical conditions of a site affect the transport of vault
contaminants through the geosphere, to illustrate how the de51gn and layout
of the vault interact Wlth these conditions.

The Canadian Nuclear Fuel Waste Management Program is funded jointly by
AECL and Ontario Hydro under the auspices of the CANDU Owners Group.
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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
structural components. Used fuel is highly radicactive. 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
protected by isolating the used fuel from the natural environment and by
surrounding 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
radioactive 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 radioactive 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
wvhich, ideally, uses techniques and designs that do not rely for their
success on long-term institutional control beyond a reasonable period of
time" (AECB 1987a).

In 1978, the governments of Canada and Ontario established the Nuclear Fuel
Vaste 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
contributed 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
excavated at a nominal depth of 500 to 1 000 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 waste 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 adaptable 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
disposal 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 reviewved by a
federal Environmental Assessment Panel, which is also responsible for
examining 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
Environmental 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
Statement. 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
disposal 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.
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GUIDE TQ 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
disposal 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. 1994)

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




- describes the methodology for characterization, that is, for obtaining
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 et al. 1994b)

- 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 production
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 éenvironment that could be
associated with siting, constructing, operating (includes transporting
used fuel), decommissioning, and closing a disposal facility

- describes an application of this assessment methodology to a reference
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 considered
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 reference
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 et al. 1994a)

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

- discusses the reliability of the data and model

The Disposal of Canada’s Nuclear Fuel Waste: The Geosphere Model for
Postclosure Assessment (this volume)

- 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 Waste: The Biosphere Model, BIOTRAC,
for Postclosure Assessment (Davis et al. 1993)

- 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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The histogram of residence times as determined from the
groundvater velocities obtained from MOTIF for water-
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The groundwvater residence time at the URL site as
inferred from isotope abundance. The residence time at
500 m depth in the lowest fracture zone LDl is in excess
of 10¢ years. ‘

Particle tracks describing flow from vault in system with
200m-deep well pumping at 60 000 m3/a. Note that most of
the particles are captured by the well W; i.e., flow
pattern is significantly altered by pumping; a) plan
view, b) vertical section view.

Surface discharge areas due to pumping: a, b, c: well
depth = 30 m, 100 m, 200 m; 1, 2, 3, 4: pumping rate =
120, 1 500, 4 000, 10 000 m3/a; 4* pumping rate = 8 750
m3/a (Maximum well pumping capacity)

Schematic vertical section of near-field model. The
details of a typical waste disposal room are shown. A 3
m region surrounding the room, which represents an area
of possible rock bolting and the possible extent of an
excavation damage zone, is highlighted.

Schematic horizontal section of near-field model. The
extent of the room has been truncated for illustrative
purposes. The circles are emplacement boreholes.

A schematic example of a conceptual model geosphere
(surface relief exaggerated) for use with GEONET. 1In
this example a detailed two-dimensional model is
approximated by a network of 13 nodes (N1 to N13)
connected by 10 one-dimensional transport segments (S1 to
S10). A set of 5 nodes (N1, N2, N4, N9, and N11) are
source nodes connected to the vault which is divided into
5 sectors (M1 to M5). A set of 4 nodes (N3, N6, N8, and
N13) are discharges to the biosphere. The node N7 is the
location where a well intersects the low-dipping fracture
zone and the well discharges through node N8.
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Schematic example of a transport network. Each line
connecting two nodes and ending with an arrowhead is a
transport segment. The segments connect together in
series to form transport pathways leading from the
contaminant sources to the discharges, for example, N1 to
N4 to N6 to N9. In this example, three sources (N1,N2
and N3)and two discharges (N8 and N9) are shown. The
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segment may have a unique set of properties, different

from those of the other segments. The geosphere is
depicted to have three layers of different material
properties to illustrate how the segments conform to the
layers and do not cross the layer boundaries.

Illustration of the principal properties of a transport
segment. Hydraulic heads are defined at the inlet and
outlet nodes of the segment. The path length or segment
length is the distance between the inlet and outlet node
positions. The principal physical properties of the
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permeability. The hydraulic heads, the path length, the
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average linear groundwater velocity. The dispersivity,
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determine the hydrodynamic dispersion coefficient.
Chemical properties of the segment are the groundwater
salinity, the E,, and the mineralogy. These chemical
properties are used to determine a retardation factor for
each chemical element.

Illustration of the insertion of sediment and overburden
layers. Figure A shows a transport segment passing
through a layer of bedrock leading to a discharge as
modelled by MOTIF. Figure B shows the introduction of
sediment and overburden nodes to define sediment and
overburden layers in the contaminant transport network
for use in GEONET. The thickness of these two layers are
defined by sampled parameters in the model.
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Schematic illustration of a vertical cross-section
through the well reference nodes. These two reference
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nodes. Three of these nodes, the well node in the
fracture zone and the two drawdown nodes, are constrained
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the reference nodes. The well node in the fracture zone
is vertically below the well node at the ground surface.
The distance between these two nodes is the well depth.
The positions of these four nodes are adjusted to give
the required well depth to the dipping fracture zone.
Transport up the well segment is assumed to be
instantaneous. ' 200
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gives the mass flow rate of a contaminant at position ¢=L
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diagram. The response function for the fourth case

"Source within medium" can be shown to be mathematically
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Schematic illustration in cross-section of piezometric
surfaces in the well aquifer with no well present and
with a well supplying groundwater present. The indicated
drawdown in hydraulic head Ah; is applied to the
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before groundwater velocities in transport segments in
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surface. d, is the depth of the well. 212
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Plan view of groundwater streamlines in the fracture zone
supplying groundwater to the well with moderate well
demand (upper figure) and higher well demand (lower
figure). Only the upper half plane is shown in each
case, since there is a line of symmetry along the well
centre line. Hence, the well itself is shown by "O" on
the lower axis at n=0. The ¢-coordinate depicted is
measured along the aquifer from the constant head
boundary (at the ground surface). The n-coordinate is
measured orthogonal to the central flow line of the well.
The vertical dotted line shows the width of the
contaminant plume at this location and is the line at
vhich plume capture fraction is determined. The
stagnation points are shown by the square. The upper
figure shows one stagnation point on the well centre line
with about 757 plume capture. The lower figure shows two
stagnation points (one depicted and a matching one by
symmetry). In this case, the well captures 1007 of the
contaminant plume, together with diluting water from
outside the plume and surface water infiltrated from the
constant head boundary.

Schematic plan view showing capture line, capture nodes,
and dividing streamline in the fracture zone. This
figure illustrates the capture fraction calculation. As
in Figure 6.5.2, there is a line of symmetry at the
bottom of the figure. The plume width associated with
the central capture node lies completely inside the
dividing streamline and this portion of the plume is 100Z
captured by the well. The plume width associated with

the other capture node shown in the figure lies partially'

within the dividing streamline. Hence, 307 of this
portion of the plume is captured by the well and the
other 707 of this portion of the plume bypasses the well
and discharges elsewhere at the ground surface.

Schematic illustration of the geometry on which the
calculation Darcy velocity in the backfilled drifts, qg,
is determined from the Darcy velocity in the surrounding
rock, gy, based on groundwater mass balance. Total
groundvater flow through the pillars and backfilled
drifts across the plane M is equal to the total ground
wvater flow through the rock across the plane R.
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Illustration of the locations of interpolated hydraulic
heads associated with the insertion of sediment and
overburden layers. Compare with Figure 6.2.3. Figure A
shows a transport segment passing through a layer of
bedrock leading to a discharge as modelled by MOTIF. The
head at the discharge, hy,, and the head in the bedrock
at the inlet of this segment, h,,, are fixed at the
values determined by MOTIF. Figure B shows the locations

of the interpolated heads at the introduced nodes: h_ ., at

the sediment node and h,, at the overburden node.

Schematic diagram of simple networks used in testing of
GEONET. Each of the networks has a total length of 20 m
and has a groundwater velocity of 0.02 m/a. Other
properties of the networks are given in Table 6.8.1.
Network 1 is a single segment, which is given various
values for retardation and dispersion in different tests.
Network 2 has 8 successive segments, each of length 2.5
m. Network 3 has a branch point after 10 m. This
netwvork starts with twice the size source as the other
networks, which divides into two equal parts at the
branch point. Network 4 has a point of convergence. The
two segments leading to the convergence point are
assigned different properties so that the individual
contributions can be distinguished in the resulting
summation of contaminant flows.

Contaminant flow rates from test cases 2, 3 and 4.
Retardation factor varied from 2 to 11 to 101.

Contaminant flow rates from test cases 1, 5 and 6.
Dispersivity varied from 0.07 to 0.35 to 2.0 m.
Increasing dispersivity lowers and broadens the peak and
shifts it to slightly earlier times.

Contaminant flow rates from test cases 1, 7, and 8.
Examination of segmentation of the transport path and of
branching the network. The branched network test began
with a source twice as large as the other tests which was
then fractionated into two equal parts after 10 m. The
curve plotted shows the final contaminant flow rate for
one of these two branches.

Contaminant flow rates from test cases 1, 2 and 9.
Examination of convergence of the transport network.
Summation of the contaminant flow rates from the two
converging paths in test case 9 produces a result that
reproduces the two individual results obtained in test
cases 1 and 2.
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Activities at the outflow of the third zone in INTRACOIN
case I2R2T2L1P2 calculated with GEONET. The results
agree with the corresponding results from the INTRACOIN
report, which are shown in the next figure for
comparison.

Activities at the outflow of the third zone in INTRACOIN
case I2R2T2L1P2. Nuclide 1 is Cm-245; nuclide 2 is Np-
237; nuclide 3 is U-233. The figures are from INTRACOIN,
1984.

Activities of the three nuclides in the U-234, Th-230,
Ra-226 radionuclide decay chain, calculated with GEONET,
for a case defined by Gureghian and Jansen 1985. The
upper figure plots activities at 250 m, at the boundary
between the second and third layers. The lower figure
plots activities at 600 m, at the outlet from the third
layer. A very small dispersion coefficient was used for
these calculations. The results agree with those
published in Gureghian and Jansen 1985. The
corresponding figures from their paper are shown in
Figure 6.8.10 for comparison.

Activities of the three nuclides in the U-234, Th-230,
Ra-226 radionuclide decay chain, calculated with GEONET,
for a case defined by Gureghian and Jansen 1985. The
upper figure plots activities at 250 m, at the boundary
between the second and third layers. The lower figure
plots activities at 600 m, at the outlet from the third
layer. A dispersion was applied for these calculations.
The results agree with those published in Gureghian and
Jansen 1985, although they seem to have had difficulties
in obtaining smooth curves for this case and report a
result at only 250 m. The corresponding figure from
their paper is shown in Figure 6.8.10 for comparison.

Activities of the three nuclides in the U-234, Th-230,
Ra-226 radionuclide decay chain from Gureghian and Jansen
1985. The upper figures plot activities at 250 m, at the
boundary between the second and third layers and at 600
m, at the outlet from the third layer calculated without
dispersion. The lower figure plots activities at 250 m
with dispersion applied. The figures are from Gureghian
and Jansen 1985.
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Peak mean dose rates from probabilistic runs in the PSAC
Level 1b case reported by 11 different submissions. The
SYVAC3-GEONET results are the ones on the far right hand
side and agree well with the results of the other
participants. The figure is from PSAC (1990).

Cross-section, with hypothetical vault adjacent to a
fracture zone, used in the two-dimensional MOTIF-GEONET
transport comparisons. The MOTIF code used a very fine
mesh, with more than 10 000 nodes and elements. The
GEONET code used the coarse network shown in this figure.
The "vault" shown is treated as a line source of solute.

- The comparison and the case used is fully described in

Chan et al. (1991a).

Contaminant mass fluxes at 100 000 years into a fracture
zone, as a function of distance along the fracture zone,
calculated by the MOTIF code and the GEONET code for a 2-
dimensional case. The agreement between the two
calculations is best for the curves labelled R.H.S.,
vhere the GEONET discretization is finer, than for the
curves labelled L.H.S., where the network is coarser.

The figure is from Chan et al. (1991a).

Total contaminant mass flov rate into a fracture zone, as
a function of time, from the section labelled R.H.S. on
the previous figure, calculated by the MOTIF code and by
the GEONET code for a 2-dimensional case. Three choices
of positions for the GEONET network segments were made
giving shortest GEONET transport distances to the
fracture zone of 10 m, 12 m, and 15 m, respectively. The
minimum transport distance in the MOTIF calculations is
10 m. The figure is from Chan et al. (1991a).

Total contaminant mass flow rate into a. fracture zone, as
a function of time, calculated by the MOTIF code and by
the GEONET code for a 2-dimensional case with a 46 m
exclusion distance. The GEONET network has shortest
GEONET transport.

The development of the SYVAC3-CC3 geosphere model (Chan
1989) involves the following steps: a) selecting the most
likely scenario, b) constructing a conceptual model, c)
performing detailed MOTIF finite-element modelling of
groundvater flow, d) determining the major groundwater
flow paths, e) developing a 3-D network for use in
GEONET, and f) compiling the input parameter
distributions for the GEONET model.
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This diagram shows only the external connections of this
couple. The top four connections are to field data like
chemical and hydrological and stratigraphic data. The
external supply of an analytical well model, based on the
field setting, is also explicitly shown. The bottom two
connections are within the SYVAC3-CC3 assessment code to
the vault and biosphere models. The ultimate aim of the
MOTIF/GEONET set of two models is to use all this
external information in order to accept TRANSPORT-FROM-
VAULT and to pass on the appropriate TRANSPORT-TO-
BIOSPHERE. The next diagram will show the expansion of
the central process bubble, that is what is involved
within the "MOTIF GEONET CONNECTION". 246

This diagram shows what is involved in using the MOTIF
GEONET CONNECTION to determine contaminant flows. The
MOTIF/GEONET calculations consist of three distinct
parts: the MOTIF groundvater flow modelling, process 1;
an interface between the two models, process 2; and the
GEONET contaminant transport modelling. It requires all
three of these process to achieve the ultimate end of
accepting TRANSPORT-FROM-VAULT and passing on the
appropriate TRANSPORT-TO-BIOSPHERE. The MOTIF only
process is not further expanded here since we are
focussing on the connections between the two models. 247

This diagram shows what processes make up the "MANUAL
INTERFACE". While this interface is labelled "MANUAL",
it uses a variety of computer codes. These codes are not
seamlessly integrated however and significant manual
intervention, judgement and interpretation are required,
especially in the first process: deriving the one-
dimensional transport network from the geochemical data,
the stratigraphic data on geological structures, and the
groundwater velocity field, mapped using particle tracks,
from the MOTIF modelling. Once the network is derived,
the other processes of determining discharge areas, heads
at the network nodes and permeabilities for the network
segments are more straightforwvard and mechanical. 248

This diagram illustrates the fact that the GEONET
transport calculation consists of two distinct parts:
determining the groundwater velocities, as affected by
the well model, and transporting the contaminants. The
next figure shows what is involved in the water velocity

calculations. 249
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In order to calculate groundwater velocities, first a

series of calculations using the analytical well model

are made to determine drawdowns. Plume capture fractions

and modifications to the discharge areas are also

determined from these calculations. The drawdowns are

then used to modify the hydraulic heads that were

obtained directly from MOTIF before the groundwater

velocities in each segment of the network are determined

by Darcy's law. 250

Location and tracks of a representative set of particles

from entire vault surface. The thick lines are tracks of

121 particles that were evenly distributed across the

surface of the vault and tracked to the surface; a) plan

view, b) vertical section view. 253

Selected representative particle tracks and equivalent
GEONET network and nodes (for SYVAC3-CC3 simulation).
Dotted lines are particle tracks and solid lines are
GEONET network. The GEONET network is selected by
aligning segments to particle tracks where convective
transport dominates. In areas with dominant diffusion
transport, segment are in direction of maximum ;
concentration gradient. 256

A 3-dimensional view of the GEONET network. Each source
node originates from a distinct vault sector. 257

Regions where the 3 EVHE equations apply are shown. The
first equation applies to region 1, where the vault is
above the fracture zone. The second equation applies to

- region 2, where the vault is near to, but below the

fracture zone. The third equation applies to region 3,

vhich is further from the fracture zone. Parameter e,

determines the boundary between regions 2 and 3. x, is

the x coordinate of the well. x, is the x coordinate of

the EVHE reference node in the fracture zone. 259

Surface discharge areas of vault particles under natural
steady-state flov conditions. Discharge areas outline

emergence zones on the surface for particles released

from the vault horizon. Short-term and long-term

discharge mean areas where particles arrive in less or

greater than 105 years respectively.: 262

The changes in surface discharge areas due to pumping: a,

b, ¢: well depth = 30 m, 100 m, 200 m; 1, 2, 3, 4:

pumping rate = 120, 1 500, 4 000, 10 000 m3/a ; 4*

pumping rate = 8 750 m3/a (capacity) 263 (
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The change in the main discharge area as a function of
well demand for wells greater than 100m in depth

Portion of the geosphere transport network for the WRA
model used in SYVAC3-CC3 in cross-sectional view. This
figure shows branching pathways leading contaminant from
outside the fracture zone, originating in vault sectors
1, 2, and 3, either to the well along segments 64, 63,
and 62 or to discharge areas at the surface along
segments 49, 50, and 51. The amounts of contaminants that
reach the well from outside the fracture zone by these
pathways are determined by empirical equations (7.10) to
(7.13). '

Plan viev of the streamlines originating from particles
placed along the intersection of fracture zone LD1 with
the vault horizon for the natural flow (i.e., Zero well
demand) case. The line used by GEONET to calculate
capture fraction in LD]1 is indicated.

Generalized evolution of groundwater chemistry with flow
through crystalline rock showing typical ranges of
salinity (TDS) encountered at depth

Schematic cross-section through the URL area showing
locations of inclined fracture zones (numbered) and
groundwater compositions and salinities (TDS) in the
fracture zones (bases on pumping and sampling from
numerous boreholes in the area). Flow directions are
determined from pre- and post-excavation head
distributions.

Variation of TDS (salinity) with depth for groundwater
from permeable fractures in the Whiteshell Research Area
(Gascoyne and Kamineni 1992). The rock layers, upper,
intermediate and lower, are numbered 1, 2, and 3
respectively. The location of the WRA -500m reference
groundwater (WN1-M) is shown (Gascoyne et al. 1988). The
solid circles indicate samples known to be contaminated
by surface water. The solid lines are drawn in by eye
and represent likely boundaries of composition.

265

268

270

321

322

323

continued...




Al.4

B3.1

D2.1.1

D2.1.2

D2.2.1

D4.2.1

D4.3.2.1

LIST OF FIGURES (continued)

Variation of redox potential (measured as Eh using
electrochemical sensors) of groundwaters in the WRA with

depth. The rock layers, upper, intermediate and lower,

are numbered 1, 2, and 3 respectively. The location of

the WRA -500m reference groundwater (WN1-M) is shown

(Gascoyne et al. 1988). The solid inclined line is an

envelope curve indicating the general trend of Eh with

depth. 324

The effect of colloid concentration and distribution

coefficient (ky) on the retardation factor. The

conservative assumption vas made that the ky; values for
radionuclide sorption on colloids is 100 times higher

than sorption on rock surfaces (F=100). The different

curves in the figure correspond to different colloid
concentrations. 338

Selected representative particle tracks and equivalent
GEONET network and nodes for the SYVAC3-CC3 simulations 349

The convergent flow field within fracture zone LDl1. The
location and size of the segment transfer length in
calculation of the mass transfer coefficient is shown.
The well collection nodes are represent by blacked-out
circles. ' 350
Variation of TDS (salinity) with depth for groundwater

from permeable fractures in the Whiteshell Research Area
(Gascoyne and Kamineni 1992). The rock layers, upper,
intermediate and lower, are numbered 1, 2, and 3

respectively. The location of the WRA -500m reference
groundwvater (WN1-M) is shown (Gascoyne 1988). The solid

circles indicate samples known to be contaminated by

surface wvater. The solid lines are drawn in by eye and

represent likely boundaries of composition. 355

Particle exit locations for starting locations in the
vault. Dotted lines represents the closed curves used to
calculate discharge areas. 373

Plot of hydraulic head versus distance along dip of
fracture zone LD1 and passing through the 200-m-deep well
having a well demand of 30 000 m3/a. Analytical
calculations are shown with the position of the well
node, the well collection node and the two drawdown

nodes. 377
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Regions where the 3 EVHE equations apply are shown. The
first equation applies to region 1, where the vault is
above the fracture zone. The second equation applies to
region 2, where the vault is near to, but below the
fracture zone. The third equation applies to region 3,
which is further from the fracture zone. Parameter e,
determines the boundary between regions 2 and 3. x, is
the x coordinate of the well. x, is the x coordinate of
the EVHE reference node in the fracture zone.

"DRAWDOWN" or reduction in water pressure heads due to
pumping on the well, with a demand of 10 000 m®*/a. This
is plotted along a line that is 1 000 m from the well in
the Y direction.

Head differences are shown for several GEONET 1-D
segments that run from the vault to the well aquifer
fracture zone. These plots show the difference in the
vater pressure head between the aquifer end and the vault
end, of these segments. Data for one curve comes from
the MOTIF model, and the other uses the AWME in the
aquifer, and the EVHE in the vault. Plots 'a' and 'b’
are for a well demand of 10 000 cubic meters per year.
Plot 'a' is for a line that is 1 000 meters from the well
in the Y direction. Plot ’'b’' is a line that is 300
meters from the well in the Y direction. Plot 'c' shows
the head differences for nodes that are 300 m from the
well centreline in the y direction with a well demand of
60 000 m3 per year. All plots show good agreement
between the MOTIF model and the GEONET model base on the
Empirical Vault Head Equation (EVHE) and the Analytical
Well Model Equation (AWME).

The capture-fraction ratio for well depths ranging from
30 to 200m and well demands ranging from 120 m3/a to

10 000 m3/a. The dashed line represents a ratio of
unity.

Four PDF's fitted to the histogram of 14 tortuosity
values on granite samples summarized in Katsube et al.

(1986)

Four PDF's fitted to the histogram of 14 tortuosity
values on granite samples summarized in Katsube et al.
(1986)
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The convergent flow field within fracture zone LDl. The
location and size of the segment transfer length in
calculation of the mass transfer coefficient is shown.
The well collection nodes are represented by blacked-out
circles.

Variation of TDS (salinity) with depth for groundwater
from permeable fractures in the Whiteshell Research Area
(Gascoyne and Kamineni 1992). The rock layers, upper,
intermediate and lower, are numbered 1, 2, and 3
respectively. The location of the WRA -500 m reference
groundvater (WN1-M) is shown (Gascoyne 1988). The solid
circles indicate samples known to be contaminated by
surface water. The solid lines are drawn in by eye and
represent likely boundaries of composition.

Variation of redox potential (measured as Eh using
electrochemical sensors) of groundwaters in the WRA with
depth. The rock layers, upper, intermediate and lowver,
are numbered 1, 2, and 3 respectively. The location of
the WRA -500 m reference groundwater (WN1-M) is shown
(Gascoyne 1988). The solid inclined line is an envelope
curve indicating the general trend of Eh with depth.

The model geometry used to study a topographically
driven, steady-state flov in a two-dimensional cut of a
fractured rock. The cut intersects two inclined fracture
zones with a relatively high permeability, 2 orders of
magnitude, than the surrounding rock. The fracture zones
intersect each other at a depth of 577 m. This is the
HYDROCOIN Level 1 Case 2 problem.

The geometry of the problem with a production well within
a confined aquifer intersected by a vertical fracture
(X /X, = 1.0)

Plot of dimensionless drawdown in a pumping well a
confined aquifer intersected by a vertical fracture plane
(X, /X, = 1.0), versus dimensionless time

Schematic diagram of the test problem used to verify the
transient flow from a borehole in a fractured permeable
medium. The HYDROCOIN Level 1 Case 1 problem as defined
by Hodgkinson and Barker.

This plot compares the MOTIF computed relative hydraulic
head values to analytical values obtained from Hodgkinson
and Barker (1985) for transient flow from a borehole in a
fractured permeable medium case
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Concentration profiles for the one-dimensional solute
transport case with dispersion and without absorption and
radioactive decay. The analytical solution is that of
Marino (1974).

Concentration profiles for the one-dimensional solute
transport case with dispersion and linear absorption and
without radioactive decay. The analytical solution is
that of Marino (1974).

Concentration profiles for the one-dimensional solute
transport case with dispersion and radioactive decay but
without absorption. The analytical solution is that of
Marino (1974).

A graphical comparison of the MOTIF computed relative
concentration as compared to the analytical values of
Bastian and Lapidus (1956) for the solute transport in a
uniform finite one-dimensional column case

The geometry of the model used to verify radionuclide
transport along a discrete, water-filled fracture in a
saturated rock matrix

A comparison of relative concentration versus distance
along the fracture for the analytical solution of Tang et
al (1981) with the MOTIF finite element solution for
contaminant transport in fractured porous media case for
times of 100, 1 000 and 10 000 days

The physical system and flow and concentration boundary
conditions for the contaminant transport in an unconfined
aquifer comprised of silty fine-grained sand in which a
discontinuous medium-grain sand layer is located.
(Sudicky 1989)

The contaminant plume contours for a conservative solute
in a 250-m long unconfined aquifer comprised of a fine
silty sand, within which a discontinuous 2-m thick
medium-grained sand layer is located. The MOTIF
solutions with and without diffusion are compared to that
of Sudicky for times t = 8, 12 and 20 years. (a) MOTIF
without diffusion. (b) MOTIF with diffusion. (c) A
Sudicky's results.

The geometry used to model heat transport and thermally
driven groundwater flow caused by an exponentially
decaying, spherical heat source in an infinite saturated
porous medium. Hodgkinson (1980)
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A plot of the temperature rise above the centre of a

spherical heat source comparing the MOTIF results with

those obtained by Hodgkinson for times = 50, 100, 500 and

1 000 years for groundwater flow in an infinite saturated

porous medium which is thermally driven by an

exponentially decaying, spherical heat source. 445

A plot of the dynamic pressure rise above the centre of a
spherical heat source comparing the MOTIF results with

those obtained by Hodgkinson for times = 50, 100, 500 and

1 000 years for groundwater flow in an infinite saturated

porous medium which is thermally driven by an

exponentially decaying, spherical heat source. 446

The model consists of a square vertically oriented

saturated flow domain, consisting of several rectangular

porous layers with negligible mechanical dispersion.

There is a solute source at the top left half of the

domain. Tests runs were made using this model to

simulate steady and transient free cellular thermal

convective motions. 448

Isochlors due to concentration-driven flow in a square
domain. Plots of the MOTIF results and those obtained
from Diersch's solution are compared for dimensionless
times = .00625 and 0.01. It should be noted that the
plots are mirror imaged. 449

Comparison of Pathlines 1-4 Calculated by TRACK3D,

PARTICLE and the METROPOL Tracking System (Coarse Mesh
Discretizations) - HYDROCOIN Level 1, Case 2. The

TRACK3D pathlines agree very well with PARTICLE and

METROPOL pathlines, even though different discretization
strategies and different flow solvers were used by each

team. This is Test Case 1 in the verification of the

numerical particle-tracking program, TRACK3D, by

comparison with other numerical codes. 454

Comparison of TRACK3D results with those from 11 other

project teams - the International HYDROCOIN Project

(1988). a. Pathline 2 calculated with the fine meshes.

b. Accumulated travel distance as a function of travel

time for pathline 2 with fine meshes. 457
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Two-dimensional flow field near a pumped well with
uniform background velocity v, = -q,, illustrating the
flov streamlines and equipotential lines (modified from
Bear (1972)). The resulting groundwater divide defines
two flow regions: one that converges on the well and one
that bypasses the well - HYDROCOIN Level 3, Case 7. This
is Test Case 2 in the verification of the numerical
particle-tracking program TRACK3D, by comparison with (a)
analytical streamlines derived from an expression for the
stream function, and (b) numerical pathlines obtained by
Runge-Kutta integration of expressions defining the
particle's linear velocity.

Finite-Element Mesh (Coarse Discretization) Showing the
Locations of the Well and Stagnation Point, Initial
Locations of the Nine Particles and the Groundwater
Divide - HYDROCOIN Level 3, Case 7. Particle 9 is
located directly on the groundwater divide. '

Comparison Between TRACK3D Pathlines (Solid Lines) and
Analytical Streamlines (Dashed Lines) Superimposed onto
Contours of the Analytical Hydraulic Head at 1 m H,0
Spacing (Fine Mesh Discretization) - HYDROCOIN Level 3,
Case 7

Plan, Front- and Side-Elevation Views of the Mesh Showing
the Simulated Horizontal and Vertical Fracture Zones.
The fracture zones form a "T" intersection about halfway
vertically upwards from the base of the mesh. Arrows in
the fracture zones indicate the direction of the
velocities. This AECL-formulated test case is concerned
with particle tracking in the transient flow field of a
3-D region of rock containing two intersecting highly-
permeable fracture zones. This is Test Case 3 in the
verification of the numerical particle-tracking program,
TRACK3D, by comparison with an analytical solution.

Plan, Front- and Side-Elevation Views of a Comparison
Between TRACK3D Pathlines (Solid Lines) and Analytical
Pathlines (Dotted Lines) for a Typical One of 36
Particles Tested. Boundaries of the mesh (dash-dotted
lines) and of the intersecting horizontal and vertical
fracture zones (dashed lines) are shown.
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Schematic illustration of an impulse source of
contaminant shown as a large concentration with zero
extent at t = 0 and ¢ = ¢', commonly referred to as a 6-
function and denoted in this Appendix by & . ...

Schematic illustration of the three domains over which
solutions to the partial differential equations governing
mass transport are obtained in this Appendix. The
locations of impulse sources of contaminants are shown by
the 6-function notation. The response functions for flux
of contaminant at ¢ = L are shown to be equivalent for
the latter two domains.

Normalized concentration of contaminant plotted against
normalized transport distance for three different
normalized times, as obtained from Equation (G.3)

Normalized flux of contaminant plotted against normalized
transport distance for three different normalized times,
as obtained from Equation (G.6)

Normalized concentration of contaminant plotted against
normalized transport distance for three different
normalized times, as obtained from Equation (G.13)
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EXECUTIVE SUMMARY

AECL (Atomic Energy of Canada Limited) is preparing an Environmental Impact
Statement (EIS) to provide information required by the Federal
Environmental Assessment Review Panel which has been formed to review
AECL's case for the acceptability of the proposed concept for disposal of
Canada’s nuclear fuel waste. The proposed disposal concept is to place
nuclear fuel waste in long-lived containers and emplace the containers with
sealing materials in a vault at a depth of 500 to 1 000 m in plutonic rock
of the Canadian Shield. The EIS (AECL, 1994a) will be accompanied by a
summary report (AECL, 1994b) and nine primary references. This report is
one of the nine primary references that supplement the information in the
EIS. The other primary references are identified in the preface.

A probabilistic system variability analysis code (SYVAC3) has been used to
perform the postclosure assessment done to evaluate the long-term safety
and environmental impacts of a nuclear fuel waste disposal system (Goodwin
et al., 1994). In the assessment the disposal system is divided into three
subsystems: the vault, the geosphere and biosphere. Each subsystem is
represented by a computationally simplified model within SYVAC3. This
report describes the approach for developing the Geosphere Model used in
the postclosure assessment to analyze important processes within the
geosphere (the rock in which a disposal vault is excavated). The report
discusses the model itself, including the assumptions and data, that were
used to construct the model. ~The report also discusses verification steps
and validation cases for the model.

This report is organized into eight chapters and several appendices. In
Chapter 1 we present the background and scope for this work and outline our
methodology for developing a geosphere model. It is important to note that
ve did not undertake to develop a generic geosphere model. - Although many
aspects of our approach are expected to be similar from site to site, we
believe that a meaningful and realistic geosphere model can only be
developed using a consistent set of data from a particular site. Ve
illustrate our approach by applying it to a hypothetical reference disposal
system, using information derived from our investigations of the Whiteshell
Research Area (WRA), located on a granitic batholith in southeastern
Manitoba.

The SYVAC3 geosphere model, GEONET, simulates the flow of groundwater and
the advective, dispersive and diffusive transport of radioactive and
chemically toxic nuclide from the vault through the rock to the biosphere.
It also determines the discharge areas to the biosphere. GEONET is also
used to provide to the SYVAC vault model, the properties of the rock
surrounding the vault, and to provide the SYVAC3 biosphere model, the
capacity of the well included in the geosphere. The development of the
SYVAC3 geosphere model involves the following steps:

1. determining the scenario(s) - the combination(s) of features,
events and processes - that must be treated by the geosphere,

S




2. constructing a conceptual model of the subsurface geological
structure and hydrogeology consistent with airborne, surface and
subsurface geological, geophysical, geochemical and
hydrogeological data from field investigations in a research
area, as vwell as material properties determined in laboratory
testing,

3. performing detailed two- and three-dimensional MOTIF (Model of
Transport in Fractured/Porous Media) finite-element modelling of
groundwater flow through the geosphere under the driving forces
of gravity and thermal buoyancy, based on the conceptual model
constructed in step (2), '

4. determining the major groundwater flow paths by means of a
particle-tracking technique applied to the velocity field
calculated in step (3),

5. developing a 3-D network composed of 1-D transport segménts for
use in GEONET, the SYVAC3 geosphere model, compatible with the
results of the detailed model in steps (3) and (4) above and,

6. compiling the input parameter distributions for the GEONET model,
including coordinates and hydraulic heads for the nodes of the
transport network, and permeabilities and dispersivities for the
transport segments, together with other properties of each
distinctive zone of the conceptual model.

Prior to proceeding to the final step, (6) above, the transport predictions
of a 2-D section of the GEONET model are compared with those from a
corresponding 2-D MOTIF finite-element transport model to ensure that the
GEONET transport model is a good approximation in spite of a number of
simplifying assumptions.

In Chapter 2 we examine the potential changes in the geosphere that might
occur due to vault siting, construction, waste emplacement, operation and
closure, as well as possible natural and human induced events and
processes in the future. The main conclusions are as follows.

1. Transient hydraulic responses to perturbations associated with
siting and construction can be monitored and utilized for model
validation. Likewise, changes in hydrogeochemistry can be
monitored and included in the model if necessary.

2. It is unlikely that micro-organisms would accelerate the rate of
contaminant transport in the geosphere.

3. Good engineering design and control would be sufficient to
prevent detrimental effects on the long-term integrity of the
vault and the surrounding rock from the excavation itself and the
presence of the waste as a heat source.

4. Over the 10 000-year period of quantitative assessment, climate
and meteorological changes in the Canadian Shield are not
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expected to cause large changes in the hydraulic gradient. In
general, it would be conservative to assume the water table to
correspond to the present topography.

5. Tilting due to postglacial uplift and erosion in the next 10 000
years would be very small, compared the local topographic
gradient.

6. Glaciation is not expected before at least 20 000 years from
present. No sudden and dramatic changes in contaminant transport
rate is expected from glaciation. However, confidence in this
conclusion can be enhanced by developing mathematical models for
quantitative analysis of effects of glaciation on hydrogeology.

7. Seismic damage to underground openings in competent rock are
usually far less severe than to surface facilities. Site
specific seismic hazard assessments and techniques used for
siting nuclear power plants can be adopted for siting the
disposal vault to mitigate seismic hazards.

8. The probability of meteorite impact or volcanism disrupting the
vault in the Canadian Shield is judged to be less than 8 x
10-11/a, too small to deserve further quantitative analysis.

9. Human intrusions that breach the containment of the vault cannot
be analyzed with a geosphere transport model and are treated in a
separate report. Inadvertent use of groundwater from a well
drilled into a major fracture zone, thermal convection and the
effects of an excavation damaged zone have to be analyzed in
detail.

In Chapter 3 we present the mathematical and numerical methodology in the
MOTIF finite-element code developed by AECL for detailed 3-D modelling of
groundwater flow, heat transport and solute transport in subsurface
environment with complex geological structure, along with its post-
processor, TRACK3D, for calculating groundwater flow paths and travel times
using the velocity field predicted by a MOTIF flow model. The methodology
used in the modelling is discussed in Chapter 3.

MOTIF solves the steady-state and transient problems of groundwater flow,
contaminant (including one-species radionuclide) transport, and heat
transport in saturated or partially saturated fractured or porous media.
The MOTIF code solves the three partial differential equations governing
these physical phenomena, i.e., the fluid mass balance equation, the
contaminant mass balance equation and the heat energy balance equation.
The fluid flow is assumed to be laminar and sufficiently slow that momentum
conservation can be approximated by Darcy's law. In the generalized fluid
mass balance equation, the fluid density and viscosity can vary with
temperature, pressure and solute or contaminant concentration. In the
energy balance equation, conductive, dispersive and convective heat
transfer mechanisms are included. Similarly, the solute mass balance
equation accounts for diffusive, dispersive and convective transport




mechanisms as well as linear equilibrium sorption. Therefore, the flow and
transport processes are generally coupled.

Three types of isoparametric elements are available in MOTIF: a hexahedron,
a 2-D quadrilateral and a 1-D line element. These elements are all defined
in a 3-D space, thus the hexahedron element can be used to represent porous
media in a 3-D model while the quadrilateral element can be used either to
represent porous media in a 2-D model or planar fractures or fracture zones
in a 3-D model. Similarly the line element can be used to represent porous
media in a 1-D model, or planar fractures or fracture zones in a 2-D model,
or narrow channels and pipes in a 3-D model. A combination of these can be
employed in a single model. The finite-element approach in MOTIF is
inherently quite general so that a hydrogeological system composed of
fracture zones, discrete fractures and unfractured, low-permeability rock
with arbitrary geometry and boundary conditions can be simulated.

Major limitations are heavy demand on computational resources, and
difficulty in characterizing the detailed geometry and hydraulic properties
of all relevant fractures. Consequently, in applying MOTIF to a
hydrogeological model of a site, an equivalent porous medium (EPM) model is
often necessary. With currently available computer hardware, even a 3-D
MOTIF EPM transport model would not be computationally feasible for
probabilistic assessment. Therefore, further geometric approximation is
made to arrive at GEONET, the geometrically simplified SYVAC3 geosphere
model for postclosure assessment.

In Chapter 4 we report on the numerous verification tests and comparison of
model predictions with field test data, that enabled us to build confidence
in the reliability of the numerical modelling methodology described in
Chapter 3. MOTIF model results for a number of test cases, including
several cases from the international HYDROCOIN (Hydrology Code
Intercomparison) project, have been compared with known analytical or
numerical solutions. These cases test a wide variety of modelling
capabilities, including steady-state and transient flow in porous media and
fractures, advective, convective, dispersive and diffusive transport,
linear equilibrium sorption, simple exponential decay, matrix diffusion,
conductive and convective heat transport, and thermally driven and salinity
driven flow. This thorough verification study has established the ability
of MOTIF to accurately model the groundwater flow and solute transport
phenomena for which it is intended. A similar set of verification tests
established our confidence in the accuracy and correctness of the TRACK3D
particle tracking code which is used to numerically calculate groundwater
flow paths and travel times from the velocity distribution predicted by a
MOTIF flow model.

As a major validation exercise, the MOTIF code was employed to predict in
advance the hydraulic perturbations caused by the excavation for a large
underground experimental facility for Canada's Underground Research
Laboratory (URL) located within the WRA. The predicted drawdown histories
agree very well with observations. The MOTIF code was also used to model
solute transport in the groundwater tracer tests in a major fracture zone
at the Whiteshell Laboratories Borehole Site in the WRA. With calibration




the MOTIF transport models predicted tracer breakthrough curves that agreed
well with field test data.

In Chapter 5 we describe the construction of the conceptual hydrogeological
model based on information from the WRA. We also describe the two-
dimensional and three-dimensional MOTIF thermohydrogeological sensitivity
analyses that were performed to determine the extent, boundary conditions,
features and processes that should be included in the final MOTIF flow
model. The final flow model was then used to calculate the flow field and
estimate the discharge areas and to develop empirical factors and equations
for the Geosphere Model for the reference postclosure assessment.

The WRA covers an area of about 750 km? including a large portion of the
Lac du Bonnet Batholith, a large granitic pluton. There is a moderate
topographic slope from an elevation of 300 m in the southeast to 250 m in
the northwest. The general features of the groundwater flow system in the
WRA are similar to those found in AECL's investigation of other plutonic
rock masses in the Canadian Shield. There is a background rock mass in
wvhich the degree of systematic fracturing decreases with depth. Embedded
in the background rock are several low-dip or vertical fracture zones of
relatively intense fracturing.

The conceptual hydrogeological model of the WRA for the reference
postclosure assessment covers a 27 km x 40 km area, almost bounded by the
Vinnipeg River system, and extends to a depth of 4 km. The background rock
vas divided into five layers with permeability and porosity decreasing with
depth. The top two layers (from ground surface to 300-m depth) were
assigned anisotropic permeabilities, with vertical permeability equal to
five times the horizontal permeability to represent the average effect of
systematic subvertical fractures. The major fracture zones were assumed to
have a uniform thickness of 20 m and were modelled as porous media with 107
porosity and 10-13 m2? longitudinal permeability. Table ES-1 lists the
permeability and porosity distributions.

For the reference postclosure assessment we assumed a hypothetical disposal
vault, with an approximate area of 2 km x 2 km, to be located at a depth of
500 m beneath the location of the URL. To assess the effect of proximity
to a fracture zone, we locate the vault close to a major low dipping
fracture zone LD1. We assumed LDl was extensive and was interconnected to
other vertical and low dip fracture zones. This causes LDl to act as a
relatively rapid groundwater flowpath from the depth of the vault to ground
surface. ~

We have performed sensitivity analyses using three types of MOTIF flow
models: (1) 2-D vertical section models, covering a 27-km x 4- km section
in the direction of the general gradient, (2) a 3-D regional model covering
the entire volume of the conceptual model described above and (3) 3-D local
models covering the central 10-km x 9-km x 1.5-km portion of the regional
model with refined finite-element meshes. In the 2-D model the top
boundary of the model has prescribed head values equal to estimated vater
table elevations. These closely follow the topography but in a subdued
manner. In the 3-D models the watertable was assumed to correspond to the
surface topography. Bottom and side boundaries of the 2-D model and 3-D




regional model were assumed to have no-flow conditions.

vi

Saturated flow was

assumed in all the simulations.

TABLE ES.1

PERMEABILITY AND POROSITY VALUE

Rock

Effective
Porosity

Vertical
Permeability

(m?)

Horizontal
Permeability

(m?)

Approximate
Depth
(m)

Mass

Layer

x 10-3
x 10-3
x 10-3
x 10-3
x 10-3

x 10-15
x 10-17
x 10-19
x 10-20
x 10-21

x 10-15
x 10-17
x 10-19
x 10-20
x 10-21

0- 150
150- 300
300-1 500

1 500-2 800
2 800-4 000

b e
OQCOOO
s s N
[oNoNoNoNel
WWwwpHWL
QOO OO

Fract

Effective
Porosity

Transverse
Permeability

(m?)

Longitudinal
Permeability

(m?)

ure Zones

1.0 x 10-13 5.0 x 10-14 1.0 x 10-?

Major conc

1.

lusions from the sensitivity analysis are as follows.

The local model alone predicts about the same groundwater flow
paths and travel times from the vault to the biosphere as a
combination of the regional model and the local model.

The local topography and the configuration of major fracture
zones have major influence on the groundwater flow patterns.

The nature of the topography in this area focuses the groundwater
that passes the vault into a discharge area much smaller than the
area of the vault.

The predicted surface discharge areas of deep groundwater are
consistent with observed high helium gas anomalies. Furthermore,
the predicted range of time for recharge water to travel to the
500-m deep level of fracture zone LD1 is consistent with the
range of the groundwater age estimated from isotope analysis.

Only that part of the flow field within about 1 000 m of the
vault needs to be explicitly considered in modelling solute
transport in the WRA geosphere.
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6. Both the groundvater travel time, and the area in the biosphere
to which contaminated groundwater from the vault is predicted to
discharge, can be substantially reduced by pumping at the well,
especially at higher pumping rates.

7. The waste exclusion distance, the shortest distance between the
vault and fracture zone LD1l, affects the contaminant transport
times significantly.

8. Thermal convection due to heat generation by the fuel waste in
the vault may or may not be important depending on the waste
exclusion distance. For a 46-m waste exclusion distance, thermal
convection due to waste heat does not significantly affect
groundwater travel times.

9. The presence of shafts and tunnels, variations in hydraulic
properties of backfill materials, the existence of an excavation
damaged zone, or the presence of a perturbed fissure zone near
ground surface do not significantly affect convective transport
from the vault to the biosphere.

The simulations used to finalize the geometry of, and inputs to, GEONET for
the reference postclosure assessment have been formulated considering the
characteristics of the assessment case study, the nature of the GEONET code
and the above conclusions of the sensitivity analyses. The simulations
were performed using the MOTIF 3-D local model. A domestic water-supply
well was assumed to intersect fracture zone LD1. A waste exclusion
distance of 46 m was chosen after sensitivity analyses using MOTIF and
GEONET. No excavation damaged zone was simulated. All shafts, tunnels and
disposal rooms were assumed to be filled with reference backfill. Steady-
state isothermal flow was simulated.

In Chapter 6 we provide the transport equations and their solution in -
GEONET using analytical response functions. GEONET solves a set of 1-D
transport equations for a radionuclide decay chain including advection,
dispersion and sorption. The model assumptions, geometric simplifications,
approximations and the resulting limitations are discussed, as are quality
assurance and verification, including a comparison between MOTIF and GEONET
transport predictions.

GEONET approximates the three-dimensional transport paths by a network of
one-dimensional transport paths connected in three-dimensional space.

Where advection is estimated to be the predominant mode of transport, the
GEONET pathways are constructed to match as closely as possible the three-
dimensional flow paths predicted by the MOTIF flow model and particle
tracking. When groundwater velocity is so low that contaminant transport
is dominated by molecular diffusion, the GEONET pathways are constructed to
give the shortest diffusion paths to zones with significantly higher
groundwvater velocity. This corresponds to diffusion down the concentration
gradient. Each GEONET transport path is composed of a number of linear
segments. Within each segment, GEONET modifies the head distribution
predicted by the MOTIF flow model according to an analytical well model and
then calculates the mean groundwater velocity by finite difference. Next
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it solves the one-dimensional advection-dispersion-retardation equations
for a radionuclide decay chain by a standard, computationally efficient
analytical method of mathematical physics known as the response function
method, a type of Green'’s function method. The response function is the
solution for a delta function impulse contaminant source at the inlet
boundary. In SYVAC3 the solution to the transport equation for a time
dependent source function is obtained by numerical convolution of the
response function with the source function. These calculations are done
sequentially, segment by segment, using the output of one segment as input
boundary condition for the following segment in the same pathway. Segments
can also converge or diverge. For converging segments, the contaminant
mass flow rates are summed whereas for diverging segments the contaminant
mass flow rate is divided according to the branching ratio of groundwater
flux estimated from the particle tracking.

The geosphere model implemented in GEONET includes the following major
features: several layers of rock, overburden, lake sediment, a major
fracture zone with asymmetric and nonuniform flow, a waste exclusion
distance and a domestic water-supply well. The model allows switching of
flow from some transport. segments to others as the well affects the flow
field. Sorption coefficients are nuclide/mineral specific and are
dependent on the redox condition and groundwater salinity.

An analytical well model is used to calculate four quantities:
1. the maximum well capacity,

2. the drawdowns in the fracture zone from which the well draws
vater,

3. the quantity of surface water captured by the well, and

4. the contaminant capture fractions in the fracture which determine
the quantity of radionuclides entering the well.

In addition, there are several empirical site specific equations which have
to be determined by detailed 3-D flow modelling and particle tracking.
These are described in Chapter 7.

Apart from the geometric simplification, the major assumption in GEONET is
that the uncertainty and spatial variability in the permeability of the
hydrogeological system can be simulated in a probabilistic assessment by
randomly sampling a distribution of a single velocity factor. This means
that the groundwater flow field is deterministic except for this randomly
sampled scaling factor, along with the well depth and pumping rate.

Chemical retardation is modelled using an equilibrium linear sorption (kg)
approach. Retardation factors are calculated, using empirical equations,
from a set of basic chemical and mineralogical properties. For each
nuclide/mineral combination, and for either oxidizing or reducing
conditions, the distribution coefficient k; is given by an empirical
quadratic expression in log(TDS) where TDS denotes the concentration of




total dissolved solids. Dependence of ky; on radionuclide concentration is
treated approximately as an additional uncertainty.

To build confidence in the correct implementation of GEONET, the following
quality assurance and verification measures were undertaken:

- Testing of the modules of the code;

- Comparison of calculations with known results obtained from
analytical solutions for some simple cases;

- Comparison with calculations done by similar codes including
those published in the open literature;

- Participation in INTRACOIN (International Transport Code
Intercomparison) and PSAC (Probabilistic Systems Assessment Code
User's Group);

- Comparison with calculations done by a 2-D MOTIF advection-
dispersion transport model; and

- Examination of results of sensitivity analysis.

The geometry of the GEONET network was subsequently adjusted slightly to
ensure conservative transport predictions, i.e., a peak contaminant flow
rate in GEONET is slightly higher than that given by the MOTIF transport
model. ’ ’

In Chapter 7 we illustrate the methodology presented in the preceding
chapters by showing how we use the predictions of the 3-D MOTIF flow model,
based on the conceptual hydrogeological model of the WRA, to determine the
geometry, the hydraulic heads, the discharge areas, and the empirical
factors and equations for the Geosphere Model for the reference postclosure
assessment case. This chapter also outlines other input data for the
Geosphere Model. These include hydraulie, transport and sorption
properties, as well as groundwater chemistry and mineralogy.

Three-dimensional MOTIF WRA flow models, in conjunction with particle
tracking, have been used to determine :

1. the hydraulic heads under natural steady-state flow,
2. the GEONET network geometry with and without the well,

3. calibration factors for adjusting the drawdown and contaminant
capture fraction predicted by the analytical well model,

4, an empirical equation for estimating the drawdown at the vault
due to pumping at the well,

5. several empirical equations for estimating the fraction of
contaminant that is captured by the well from the groundwater in
rock outside of fracture zone LD1, and




6. empirical equations relating the contaminated groundwater
discharge area at surface to the well depth and pumping rate.

In addition, the following data derived from field and laboratory work or
literature review are transferred to GEONET:

1. hydraulic properties - porosities and permeabilities;

2. transport properties - dispersivities, free-water diffusion
coefficients and tortuosity factors;

3. mineralogy and groundwater chemistry - groundwater salinity
(total dissolved solids), redox divide (the position along a flow
path at which the redox potential changes sign, from oxidizing to
reducing), fractional mineral content, and sorption data; and

4, miscellaneous properties such as the thickness of sediment and
overburden, the radius of well casing, and the fraction of the
backfill in the vault.

In addition to the main text, this report contains several Appendices which
treat special topics or provide detailed input data for the reference
postclosure assessment. Appendix A discusses the groundwater geochemistry
and colloid contents, the rock mineralogy and fracture fillings for the
WRA. Appendix B outlines the sorption model and possible impacts for
colloids and microorganism on chemical retardation. Appendix C gives the
mathematical equations for projecting the 3-D permeability tensor onto the
direction of the piecewise linear transport paths in GEONET. Appendix D
contains extensive tabulation of input data and their justification for the
GEONET/SYVAC3 Geosphere Model for the reference postclosure assessment.
Appendices E and F are collections of verification test cases for the MOTIF
and TRACK3D codes, respectively. Appendix G presents a mathematical
argument that the principal response function used for mass transport in
GEONET can be applied to two different physical situations.




1. ' INTRODUCTION

1.1 BACKGROUND

In 1978, AECL was given the responsibility to conduct research and develop-
ment on disposal of Canadian nuclear fuel waste "... in a deep underground
repository [vault] in intrusive igneous rock..." (Joint Statement 1978). A
summary of the results of the research and development and our conclusions
are given in an Environmental Impact Statement (EIS) on the Concept for
Disposal of Canada’s Nuclear Fuel Waste (AECL 1994). The EIS is being
revieved under the federal Environmental Assessment and Review Process and
will be submitted to an Environmental Assessment Panel.

An important aspect of the R&D has been the development and demonstration
of a suitable methodology for mathematical modelling of the expected long-
term performance of a disposal system so that the acceptability of the
potential environmental effects can be evaluated in terms of quantitative
regulatory standards. The methodology AECL has developed (Goodwin et al.
1994) assesses the performance of the disposal system following closure
using models representing the disposal vault (the Vault Model, Johnson et
al. 1994a), the rock and its groundwater flow systems (the Geosphere Model,
this report), and the surface and near-surface environment (the Biosphere
Model, Davis et al. 1993).

The surface environment as used here is made up of the soil, water, air and
living things (including humans) at the surface of the earth. We use "sur-
face and near-surface environment" synonymously with "biosphere" while
recognizing that micro-organisms can also occur to great depths in the
geosphere. How we apply the terms vault, geosphere and biosphere in
developing the models is illustrated in Figure 1.1.1. Environmental
.assessment is used to include both safety evaluation (potential health
effects on humans and other organisms) and socio-economic evaluation
(potential social and economic effects). The environmental assessment case
studies of reference disposal systems presented in the EIS (AECL 1994)
include a preclosure assessment case study for the period when a disposal
facility is being sited, constructed, operated, decommissioned and closed
(i.e. placed in a passively safe state); and a postclosure assessment case
study for the period after a disposal facility has been closed. The post-
closure assessment is an assessment of the long-term performance of a
reference disposal system after closure, when the facility has been placed
in a state of passive safety such that there is no longer need to rely on
institutional controls to ensure safety. It is primarily an evaluation of
long-term safety.
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FIGURE 1.1.1: Schematic of Vault, Geosphere and Biosphere




1.2 THE DISPOSAL CONCEPT

The disposal concept is a proposed method for geological 