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Volume 1, Summary (this report), provides an overview of this study and summarizes the design
considerations and safety of in-room emplacement of used CANDU fuel in long-lasting copper containers in
permeable plutonic rock.

Volume 2, Vault Model (Johnson et al. 1996), describes and justifies the assumptions, model and data used to
analyze the long-term behaviour of the engineered system (the near-field), including the waste form (used
CANDU fuel), container shell (deoxidized, low-phosphorous copper), buffer (precompacted bentonite clay and
silica sand), backfill (glacial lake clay and crushed rock), and excavation disturbed zone.

Volume 3, Geosphere Model (Stanchell et al. 1996), describes and justifies the assumptions, model and data
used to analyze the transport of contaminants through permeable plutonic rock of the Canadian Shield,
including the effects of a pumping well. The geological characteristics assumed in this study are hypothetical;
that is, they are not based on an integrated data set for any particular field research area.

Volume 4, Biosphere Model (Zach et al. 1996), describes and justifies the assumptions, model and data used to
analyze the movement of contaminants through the near-surface and surface environments and to estimate
radiological effects on humans and other biota.

Volume 5, Radiological Assessment (Goodwin et al. 1996), provides an estimate of long-term radiological
effects of the hypothetical disposal system on human health and the natural environment, including an analysis
of how uncertainties of the assumed site and design features affect system performance.

A separate engineering study (Baumgartner et al. 1996), shown by the dotted lines, is closely linked to this
five-volume series. It describes the conceptual design, technical feasibility, thermal-mechanical analyses, and
project life cycle for implementing an engineered system based on the in-room emplacement/copper container
option. It is applicable to a broader range of geosphere conditions than those assumed in the present study.
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ABSTRACT

The concept for disposal of Canada's nuclear fuel waste involves isolating the waste in corrosion-resistant
containers emplaced and sealed within a vault at a depth of 500 to 1000 m in plutonic rock of the Canadian
Shield. The case for the acceptability of the concept as a means of safely disposing of Canada's nuclear
fuel waste is presented in an Environmental Impact Statement (EIS) (AECL 1994a,b), supported by a set
of nine primary references (Davis et al. 1993; Davison et al. 1994a,b; Goodwin et al. 1994; Greber et al.
1994; Grondin et al. 1994; Johnson et al. 1994a,b; Simmons and Baumgartner 1994).

The disposal concept permits a choice of methods, materials, site locations and designs. The EIS presents
a case study of the long-term (i.e., postclosure) performance of a hypothetical implementation of the
concept, referred to in this report as the reference disposal system. The reference disposal system is based
on borehole emplacement of used CANDU® fuel in Grade-2 titanium alloy containers in low-permeability,
sparsely fractured plutonic rock of the Canadian Shield. The geological characteristics of the reference
geosphere in the EIS case study are derived from detailed investigations of the Whiteshell Research Area,
located near Lac du Bonnet, Manitoba, including the investigations to locate and construct an underground
laboratory.

In the present study, we evaluate the long-term performance of another hypothetical implementation of the
concept based on in-room emplacement of used CANDU fuel in copper containers in permeable plutonic
rock. The geological characteristics of the geosphere assumed for this study result in short groundwater
travel times from the disposal vault to the surface. Such characteristics have not been encountered at
depths below 500 m at any of AECL's field research areas on the Canadian Shield.

In the EIS case study, our analyses of the reference system indicated that the dominant safety feature was
the domain of low-permeability, sparsely fractured rock immediately surrounding the disposal vault. The
transport of contaminants in this lower rock domain was dominated by diffusion. In the present study, the
principal barrier to the movement of contaminants is the long-lasting copper container. We show that the
long-lasting container can effectively compensate for a permeable host rock which results in an
unfavourable groundwater flow condition. These studies illustrate the flexibility of AECL's disposal



concept to take advantage of the retention, delay, dispersion, dilution and radioactive decay of contaminants
in a system of natural barriers provided by the geosphere and hydrosphere and of engineered barriers
provided by the waste form, container, buffer, backfills, other vault seals and grouts. In an actual
implementation, the engineered system would be designed for the geological conditions encountered at the
host site.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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RESUME

Le concept du stockage permanent des déchets de combustible nucléaire du Canada prévoit l'isolement des
déchets dans des conteneurs anticorrosion placés et scellés dans une installation de stockage creusée à une
profondeur de 500 à 1 000 m dans la roche plutonique du Bouclier canadien. Les arguments apportés à
l'appui de ce concept pour le stockage permanent sûr des déchets de combustible nucléaire du Canada sont
présentés dans une Étude d'impact sur l'environnement (EIE) (EACL 1994a,b) accompagnée de neuf
rapports principaux de référence (Davis et coll. 1993; Davison et coll. 1994a,b; Goodwin et coll. 1994;
Greber et coll. 1994; Grondin et coll. 1994; Johnson et coll. 1994a,b; Simmons et Baumgartner 1994).

Le concept de stockage permanent permet d'effectuer un choix de méthodes, de matériaux, d'emplacements
et de modèles. L'EIE présente une étude de cas sur les performances à long terme (post-fermeture) d'une
installation hypothétique désignée dans le présent rapport sous le nom de système de stockage permanent de
référence. Le système de stockage permanent de référence repose essentiellement sur la mise en place dans
des trous de stockage du combustible CANDU® irradié renfermé dans des conteneurs en alliage de titane
de nuance 2, enfouis dans la roche faiblement fracturée et de faible perméabilité du Bouclier canadien. Les
caractéristiques géologiques de la géosphère de référence dans l'étude de cas de l'EIE ont été établies
d'après des études détaillées réalisées dans l'Aire de recherches de Whiteshell, près de Lac du Bonnet, au
Manitoba, tout comme les études nécessaires pour situer et construire le laboratoire souterrain.

Dans la présente étude, on évalue les performances à long terme d'une autre installation hypothétique qui
repose sur la mise en place en chambre du combustible CANDU irradié renfermé dans des conteneurs en
cuivre enfouis dans la roche plutonique perméable. Les caractéristiques géologiques de la géosphère qui
ont été supposées pour cette étude indiquent un temps de déplacement court des eaux souterraines de
l'installation de stockage permanent jusqu'à la surface. Aucune caractéristique du genre n'a été constatée à
des profondeurs supérieures à 500 m dans les aires de recherche d'EACL dans le Bouclier canadien.



Dans l'etude de cas de l'EIE, nos analyses du systeme de reference indiquent que la caracteristique de
surete dominante etait la zone de roche peu fracturee et de faible permeabilite qui entourait 1'installation de
stockage. Le transport des contaminants dans cette zone etait principalement par diffusion. Dans la
presente etude, la principale barriere empechant la migration des contaminants est le conteneur de longue
duree de vie en titane. Nous demontrons que ce conteneur de longue duree peut effectivement compenser
l'effet d'une roche d'accueil permeable qui cree des conditions d'ecoulement des eaux souterraines peu
favorables. Ces etudes temoignent de la souplesse du concept de stockage permanent d'EACL qui met a
profit la retention, le retardement, la dispersion, la dilution et la decroissance radioactive des contaminants
dans un systeme de barrieres naturelles - assurees par la geosphere et l'hydrosphere - et de barrieres
ouvragees - la forme de dechets, le conteneur, le materiau-tampon, le remblai, d'autres materiaux de
scellement du stockage et les coulis. Dans une situation de mise en oeuvre reelle, le systeme ouvrage serait
concu en fonction des conditions geologiques qui prevalent sur le site d'accueil.

CANDU® est une marque deposee d'Energie atomique du Canada limitee (EACL).

Energie atomique du Canada limitee
Laboratoires de Whiteshell

Pinawa (Manitoba) ROE 1L0
1996

AECL-11494-1
COG-95-552-1
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1. BACKGROUND

1.1 THE DISPOSAL CONCEPT

The concept for disposal of Canada's nuclear fuel waste involves isolating the waste in corrosion-resistant
containers emplaced in a sealed vault at a depth of 500 to 1000 m in plutonic rock of the Canadian Shield.
The case for the acceptability of the concept as a means of safely disposing of Canada's nuclear fuel
waste is presented in an Environmental Impact Statement (EIS) (AECL 1994a,b), supported by a set of
nine primary references (Davis et al. 1993; Davison et al. 1994a,b; Goodwin et al. 1994a; Greber et al.
1994; Grondin et al. 1994; Johnson et al. 1994a,b; Simmons and Baumgartner 1994).

The proposed disposal concept (AECL 1994a,b), shown schematically in Figure 1, is a method for
geological disposal of nuclear fuel waste in which

• the waste form is either used CANDU fuel or the solidified high-level waste from
reprocessing the used fuel;

• the waste form is sealed in a container designed to last at least 500 years and possibly much
longer;

• the containers of waste are emplaced in rooms in a disposal vault or in boreholes drilled
from the rooms;

• the disposal rooms are nominally 500 to 1000 m below the surface;

• the geological medium is plutonic rock of the Canadian Shield;

• each container of waste is surrounded by a buffer;

• each room is sealed with backfills and other vault seals; and

• all tunnels, shafts, and exploration boreholes are ultimately sealed in such a way that the
disposal facility would be passively safe; that is, long-term safety would not depend on
institutional controls.

The disposal vault would be a network of horizontal tunnels and disposal rooms excavated deep in the
rock, with vertical shafts extending from the surface to the tunnels. Rooms and tunnels might be
excavated on more than one level. The vault would be designed to accommodate the rock structure,
groundwater flow system, and other subsurface conditions at the disposal site. The disposal container and
vault seals would also be designed to accommodate the subsurface conditions at the disposal site.

After the disposal facility is closed, a system of multiple barriers would protect humans and the natural
environment from both radioactive and chemically toxic contaminants in the waste. These barriers would
be the container; the waste form; the buffer, backfills, and other vault seals; and the geosphere. To
perform effectively as barriers

• the container should isolate the waste form from groundwater by maintaining structural
stability and resisting corrosion;
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FIGURE 1: The Concept for Geological Disposal of Canada's Nuclear Fuel Waste
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• the waste form should be a durable solid that retains contaminants under expected vault
conditions;

• the vault seals, which include the buffer and backfills, should limit container corrosion,
waste-form dissolution, and contaminant movement by inhibiting the flow of groundwater
in the vault and controlling the chemical environment in the vault; and

• the geosphere should protect the waste form, container, and vault seals from disruptions
from natural events and human intrusion; maintain conditions in the vault favourable for
long-term waste isolation; and limit the rate at which contaminants from the waste could
move from the vault to the biosphere.

The system of engineered and natural barriers should protect human health and the environment in the
long term without relying on institutional controls.

The specific location and design of a disposal facility could only be decided during a future
implementation of the disposal concept. At that time, an engineered system would be designed to
accommodate the geological conditions encountered at the host site. However, information about specific
site and design characteristics are required for a quantitative assessment of the long-term safety of a
disposal system. Therefore, we perform case studies of hypothetical systems based on characteristics
derived from conceptual engineering studies, laboratory experiments and field investigations.

1.2 RADIOLOGICAL CRITERIA FOR LONG-TERM SAFETY

The Atomic Energy Control Board (AECB) requires that quantitative estimates be made of the
radiological risk associated with a disposal vault for times up to 10 000 years following closure (AECB
1987). As used by the AECB (1987), radiological risk is the probability that an individual or his or her
descendants will incur a fatal cancer or serious genetic effect because of exposure to radiation. The
individual of concern is a member of the critical group that is assumed to be located at a time and a place
where risks are likely to be the greatest. The individual risk limit is specified to be one in a million per
year, calculated without taking advantage of long-term institutional controls as a safety feature.

The period for demonstrating compliance with the individual risk requirements using predictive
mathematical models need not exceed 10 000 years. Where predicted risks do not peak before
10 000 years, there must be reasoned arguments that beyond 10 000 years the rate of radionuclide release
to the environment will not suddenly and dramatically increase and that acute radiological risks will not
be encountered by individuals (AECB 1987).

1.3 THE POSTCLOSURE ASSESSMENT CASE STUDY PRESENTED IN THE EIS

The EIS (AECL 1994a,b) and four of the primary references (Davis et al. 1993, Davison et al. 1994b,
Goodwin et al. 1994a and Johnson et al. 1994b) describe a case study of the long-term (i.e., postclosure)
performance of a hypothetical implementation of the concept, referred to in this report as the reference
disposal system.

The reference system for the EIS postclosure assessment case study, illustrated in Figure 2, is based on
emplacement of used CANDU® fuel in Grade-2 titanium alloy containers in boreholes in the floor of
rooms excavated in low-permeability, sparsely fractured plutonic rock of the Canadian Shield. The
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EIS S-2.4.1/3(cJk'U211)

FIGURE 2: The Hypothetical Disposal System Specified for the Postclosure Assessment Case Study
Presented in the EIS Based on Borehole Emplacement of Fuel Waste in Titanium
Containers
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technology specified is either available or judged to be readily available. The geological characteristics
are based on one of AECL's field research areas.

The reference system illustrates what a disposal system, including the vault, geosphere and biosphere,
might be like. Although it is hypothetical, it is based on information derived from extensive laboratory,
field and engineering investigations. Many of the assumptions made about the long-term performance of
the reference system are conservative; that is, they would tend to overestimate adverse effects. The
reference disposal system includes one possible choice among the options for such things as the waste
form, the disposal container, the buffer and backfills, the shaft seals and bulkheads, the location and depth
of the vault, and the orientation and layout of the vault with respect to the geological features of the site.

The components and designs chosen for the engineered barriers and the site conditions represented in the
reference system are not being recommended as preferred options; rather, they illustrate a technically
feasible way of implementing the disposal concept. In an actual implementation of the concept, the
engineered system would be designed to accommodate the lithostructural, hydrogeological, geochemical,
geothermal, geomechanical, and geomicrobiological conditions of the host rock formation, and the
expected evolution of those conditions over thousands of years.

The reference vault (Johnson et al. 1994b) includes used-fuel bundles comprising UO2 pellets in Zircaloy
cladding, encapsulated in thin-walled Grade-2 titanium alloy containers packed with particulate for
mechanical support, emplaced in boreholes in the floor of rooms, and surrounded by a buffer composed
of a sand-bentonite mixture. The rooms are filled with a lower backfill of crushed granite and glacial lake
clay and an upper backfill of sand and bentonite, and the entrances are sealed with concrete bulkheads.
The plan area and the design capacity of the vault were initially set at 4.0 km2 and 10.1 million fuel
bundles (191 000 Mg U) respectively. The fuel inventory is roughly equivalent to the waste that would
accrue in 100 years at the current production rates in Canada. The plan area was subsequently reduced to
3.2 km2 and the inventory to 8.5 million bundles (162 000 Mg U), as a result of design constraints chosen
to ensure a large margin of safety in the case study. The borehole-emplacement geometry is modelled as
layered planar elements (slabs) representing the waste form, buffer, backfills and host rock.

The reference geosphere (Davison et al. 1994b) consists of the host rock formation, its ground water flow
system, the materials used to seal the shafts and exploration boreholes, and a water-supply well. The
geological characteristics of the reference geosphere are derived from field investigations at AECL's
Whiteshell Research Area (WRA), located near Lac du Bonnet, Manitoba. The WRA includes a
substantive portion of the Lac du Bonnet Batholith, a large granitic rock body several kilometres deep
with a significant exposed surface over an area measuring over 60 km long and 20 km across at its widest
part. The granitic body was intruded over 2.5 billion years ago into the rocks existing at the time. The
batholith, the surrounding rocks, and the interfaces between them have been the subject of field
investigations for more than 15 years. Most of the information about the rock mass, such as the location
and orientation of fractures and fracture zones, is based on field studies of the WRA, including detailed
investigations that were conducted to locate and construct an Underground Research Laboratory (URL) to
a depth of 440 m. For geological structures outside the areas where detailed borehole information was
available, inferences have been made on the basis of nearby boreholes; geological mapping; and satellite,
airborne and ground-based geophysical surveys. The hypothetical vault for the reference system was
located at a depth of 500 m within the rock mass investigated at the URL to ensure that the maximum
amount of available subsurface data was used to construct the geosphere model. (As discussed in Section
1.4, the vault could have been located in a more hydraulically favourable setting.)
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In the postclosure assessment of the reference system, we assumed that a large, low-dipping, fracture
zone — designated LD1 — passed through the vault horizon. Although field evidence from the URL
revealed that this fracture zone did not extend beyond a depth of about 400 m, we conservatively
assumed that it continued to much greater depths and connected with other vertical fracture zones. In
this situation, LD1 became a pathway for relatively rapid groundwater flow from the depth of the
hypothetical vault to the accessible environment. We constrained all waste disposal rooms to be located
beneath LD1 (i.e., to the footwall side of the fracture) and imposed a waste exclusion distance of 50 m
within the low-permeability, sparsely fractured rock domain between this fracture zone and the nearest
waste disposal room of the vault. To accommodate these constraints, we chose to restrict the waste
capacity of the vault relative to the capacity specified in a conceptual engineering study (Simmons and
Baumgartner 1994). These design constraints, together with the hydrogeological properties of the rock
beneath LD1, ensured that (i) contaminants passed through the backfills, a large reservoir that reacts
strongly with most of the contaminants; and (ii) diffusion was the dominant transport process from the
waste disposal rooms through the lower rock domain to the fracture zone.

The reference biosphere (Davis et al. 1993) consists of the surface and near-surface environment,
including the water, soil, air, people, and other organisms, as encountered on the Canadian Shield as a
whole. However, the parts of the biosphere that interface with the geosphere are specific to the WRA. In
all other respects, the biosphere is assumed to be typical of the Canadian Shield, consisting of rocky
outcrops; bottom lands with pockets of soil, bogs, and lakes; and uplands with meadows, bush, and
forests. No major changes in the topography of the region are likely to occur during the 10 000 years
following closure of a disposal facility. Changes in climate, surface water flow patterns, soils, and
vegetation types are expected to be within the range of variation currently observed across the Shield;
such variations are included in the distributions of values of model parameters specified for the EIS case
study.

The long-term safety analyses of the undisturbed system of engineered and geological barriers (Goodwin
et al. 1994a) indicated that the maximum estimated mean dose rate to an individual in the critical group
during the first 10 000 years is about 8 orders of magnitude smaller than the dose rate (3 x 10"3 Sv per
year) from natural background radiation. The corresponding risk is about 6 orders of magnitude smaller
than the radiological risk criterion (10~6 per year) specified by the AECB in Regulatory Document R-104
(AECB 1987).

If the system were disturbed by people who inadvertently drill into the vault and extract contaminated
drill cores, the estimated risks would be greatest at earlier times, when the waste would be most
radioactive. The risks of such intrusions depend upon the assumed exposure pathway and are 3 to 6
orders of magnitude below the risk criterion.

1.4 A STUDY TO IDENTIFY A FAVOURABLE VAULT LOCATION

In an actual implementation of the disposal concept, it would be advantageous to locate the vault in a
hydraulically favourable setting within the large-scale groundwater flow system of a siting area.
Recently, we completed a study to illustrate how such a location could be found within the WRA. The
conceptual hydrogeological model of the WRA was revised using information from a program of
regional geologic mapping, geophysical surveys and borehole drilling and testing (Stevenson et al. 1995,
1996). Large-scale groundwater flow modelling was then performed using a three-dimensional, finite-
element hydrogeological code; and groundwater travel times, flow pathways and discharge locations
were determined with a particle tracking code (Ophori et al. 1995, 1996).
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This study has indicated that diffusion is the rate-determining transport process and diffusive transport
times greater than 100 000 years could likely be achieved by selecting a vault location at 750 m depth
about 5 km northeast of the URL. Advective travel times are about 2 orders of magnitude longer than the
diffusive transport times. Since the groundwater flow and particle-tracking analyses of the undisturbed
system indicated that such a favourable location would likely ensure a margin of safety even greater than
that calculated for the EIS case study, a full systems analysis was not performed. Instead, we directed
our efforts to the present study in which we evaluate the long-term effects of a hypothetical geological
setting with a permeable host-rock condition.

2. SCOPE AND OBJECTIVES OF THE PRESENT STUDY

A wide range of design options is possible within the general definition of the disposal concept (AECL
1994a,b; Johnson et al. 1994a; Simmons and Baumgartner 1994). The present study illustrates the
potential for designing the engineered barriers and the vault to increase the robustness of the long-term
safety case or to compensate for hydrogeological conditions that could result in a less effective geosphere
barrier than the one we specified for the EIS case study. It also illustrates the flexibility of the modelling
approach to integrate new features, processes and data representing different design options and site
characteristics into a full systems assessment.

In this study, we analyze the feasibility and safety of emplacing long-lasting copper containers within
vault rooms (as opposed to deposition in boreholes in the floor of rooms as in the EIS case study). We
have assumed the vault is located in a hypothetical volume of permeable plutonic rock where advective
travel times from the vault to the biosphere are much shorter than those in the EIS case study. Although
we have not encountered such conditions at disposal-vault depths in our investigations at various
research areas on the Shield, performance assessments done for the Swedish and Finnish nuclear waste
disposal programs have considered these conditions in the crystalline rocks of the Fennoscandian Shield
(Safety Assessment Management 1996). We are not suggesting that such rock conditions might
constitute desirable conditions for an eventual disposal site on the Canadian Shield. Rather, the study is
intended to illustrate the effectiveness of the in-room emplacement method and copper containers in
inhibiting the release of contaminants from the vault.

We use the same methodology for this postclosure assessment as was used in the EIS case study
(Goodwin et al. 1994a); however, as discussed in Section 3, the scope of the assessment is more limited.

The conceptual design description and the thermal-mechanical analyses for the engineered system
specified for this study are described in detail in a separate study by Baumgartner et al. (1996) and
summarized in Section 4.

The system model developed for this study has three main components: a vault, a geosphere and a
biosphere, which are described in detail in Johnson et al. (1996), Stanchell et al. (1996) and Zach et al.
(1996), respectively, and are summarized in Section 5.

We estimate the long-term radiological effects of the disposal system, using probabilistic analysis
techniques to account for variability and uncertainty in system behaviour. The results of this analysis are
presented in Section 6.
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A comparison of the key features of the EIS case study and the present study is presented in the
Appendix.

3. POSTCLQSURE ASSESSMENT METHODOLOGY

We use the same approach to evaluate the long-term safety of the disposal system in the present study as
we used for the EIS case study (Goodwin et al. 1994a). The approach consists of six main steps.

1. Specify System Features: We describe the characteristics of the hypothetical disposal
system, including its design features, its location, and the properties of the host rock and
nearby biosphere. The design and layout of the disposal rooms are derived from a
conceptual engineering study (Baumgartner et al. 1996).

2. Identify Scenarios: We identify features, events and processes that could have a
significant effect on the future performance of the disposal system, and then decide how
these factors should be dealt with in the postclosure assessment (Goodwin et al. 1994b,
1996).

3. Develop Models and Data: We construct a mathematical representation of the disposal
system. Volumes 2 to 4 of this series (Johnson et al. 1996, Stanchell et al. 1996 and Zach
et al. 1996) provide details of the models and data for the vault, geosphere and biosphere,
respectively, including the underlying scientific and engineering analyses.

4. Estimate Effects: We use the models and data to simulate the expected long-term
behaviour of the disposal system and to provide quantitative estimates of potential effects
of radiotoxic contaminants on humans and the environment (Goodwin et al. 1996). We
follow an approach known as systems variability analysis or probabilistic systems analysis,
which provides a comprehensive and systematic way of dealing with parameter
uncertainties.

5. Analyze Sensitivity: We evaluate the performance of the modelled system, and identify
parameters, radionuclides and pathways that have a strong influence on the estimated
effects.

6. Compare with Criteria: We compare our estimates of the effects of the disposal system
with regulatory criteria, standards and guidelines. In this study, we are interested primarily
in the estimated radiological dose rate to members of the critical group. The associated
radiological risk can be compared with the risk limit established by the AECB (1987).

This study is more limited in scope than the EIS case study because

We examine only the scenario in which contaminants are transported from the vault to the
biosphere by groundwater. This exposure scenario represents the most likely way in which
people and the environment would be affected by the undisturbed system. A full
postclosure assessment would deal with less likely disruptive events such as inadvertent
human intrusion.



- 9 -

We consider only the radionuclides expected to be the most important contributors to dose
and risk. They were selected on the basis of a radionuclide screening study. A full
postclosure assessment would include a more comprehensive set of radionuclides and
chemically toxic species.

We estimate the radiation dose rate to humans and non-human biota for times up to
104 years for comparison with the AECB radiological risk criterion (AECB 1987). A full
postclosure assessment would include qualitative arguments covering longer time frames.
(To illustrate how the system might behave if it were left undisturbed, we extrapolate
results for time periods up to 107 years.)

We use a "prototype" computer code. Our software development procedures allow the
creation of preliminary (or prototype) code to examine the accuracy and computational
efficiency of new mathematical algorithms and to perform scoping studies. Although this
prototype code was subject to many elements of software quality assurance, it has not been
tested and documented as thoroughly as the SYVAC3-CC3 code used for the EIS case
study.

4. SYSTEMS ENGINEERING

The design process, system description, technical feasibility, thermal and mechanical analyses, and
project life cycle are presented in a separate engineering study (Baumgartner et al. 1995, 1996). Figure 3
shows the features of the disposal room and the layout of the rooms within the host rock formation. The
key specifications are as follows:

- The used fuel is from the Bruce Nuclear Generating Station; it has a burnup of 720 GJ/kg
and has been cooled for ten years following discharge from the reactor. The total quantity
of used fuel is 82 000 Mg.

- The container holds 72 used-fuel bundles and is one of two designs: (1) a copper-shell,
packed paniculate design, or (2) a steel-shell-supported copper design. Both have a
25.4-mm-thick copper shell. Approximately 60 000 containers are emplaced within
disposal rooms and surrounded by sealing materials.

- The sealing materials used within disposal rooms include

(i) a floor constructed of low-heat high-performance concrete;

(ii) precompacted blocks of dense backfill, comprising a 70:25:5 wt% mixture of
crushed granite, glacial lake clay and sodium bentonite, overlying the concrete floor;

(iii) precompacted blocks of buffer, at least 0.5 m thick and composed of a 50:50 wt%
mixture of silica sand and sodium bentonite, surrounding the containers; and

(iv) pneumatically-emplaced light backfill, comprising a 50:50 wt% mixture of finely
crushed granite and sodium bentonite, overlying the buffer.
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FIGURE 3: The Hypothetical Disposal System Specified for the Present Study Based on In-Room
Emplacement of Fuel Waste in Copper Containers
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- The maximum hydraulic conductivity of the buffer is 10 " m/s. The maximum hydraulic
conductivity of the other clay-based sealing materials is 1010 m/s.

- The maximum temperature in the disposal vault would occur soon after closure and
decrease to ambient conditions after more than 10s years. The maximum temperature on
the surface of the containers is about 75°C, occurring about 15 years after closure (Wai and
Tsail995;Tsai 1995).

- The mechanical properties of the rock are based on measurements in granites of the
Canadian Shield, including measurements of the granitic batholith in which the URL is
located.

- The Hoek-Brown (1980) empirical failure criterion model is used for the rock mass
stability analyses. The peak strength design limit of the rock under excavation conditions
is 100 MPa. If the 100 MPa strength under excavation conditions is not exceeded, the rock
strength under the thermal load when the rooms are backfilled and sealed is 150 MPa. The
disposal rooms are elliptical in cross section to accommodate the possibility of high in situ
stresses and anisotropy in the stress field.

- The disposal vault depth is 500 m. The waste emplacement area of the disposal vault is
3.4 km , similar to the value used in the EIS case study (Goodwin et al. 1994a).

- A 20-m-thick, low-angle (18fi) fault transects the waste emplacement area of the vault. By
assuming a 50-m waste exclusion distance (i.e., perpendicular to the fault) between the
fault and the nearest excavation, the total horizontal distance between the two vault sections
is about 375 m.

- The temperature limits and radiation shielding required for this in-room emplacement
design result in a reduction in the density of waste containers to about 50% of the density
specified for the borehole emplacement design used in the EIS case study.

The design could be applied to a range of conditions found in plutonic rock of the Canadian Shield. In an
actual implementation, the aspect ratio of the elliptical shape of the disposal room, the functional
operations within the room, and the dimensions of the waste emplacement components would be adjusted
to suit the in situ stress and rock strength conditions of the host rock formation.

5. SYSTEM MODEL

5.1 INTRODUCTION

The quantitative evaluation of long-term performance uses a mathematical model of the disposal system
to infer long-term behaviour and to estimate potential effects. The disposal system model consists of
three linked models that represent the vault, the geosphere and the biosphere. There are many similarities
between the models used in the EIS case study and in the present study. However, there are also
significant differences, notably in the vault model and in the parameter values describing properties of the
rock domain surrounding the vault.
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5.2 VAULT MODEL

The vault model for the present study (Johnson et al. 1996) differs substantially from the vault model
developed for the EIS case study (Johnson et al. 1994b). It simulates dissolution of used CANDU fuel in
a geochemical environment, which evolves from an initial oxidative condition, caused by residual air and
radiolysis, to an eventual steady-state anoxic condition. The model simulating the performance of copper
containers is based on diffusion of contaminants through pinhole manufacturing defects. No corrosion-
induced failures are assumed to occur. The in-room emplacement geometry is modelled as a line source
representing the waste form, random point sources representing pinholes in the defected containers, and
nested concentric cylinders representing the buffer, backfills, excavation disturbed zone, and surrounding
rock domain.

Johnson et al. (1996) describe and justify the assumptions, model and data used to analyze the long-term
behaviour of the engineered system (the near-field), including the waste form (used CANDU fuel),
container shell (deoxidized, low-phosphorous copper), buffer (precompacted bentonite clay and silica
sand), backfills (glacial lake clay and coarsely crushed rock, or bentonite and finely crushed rock), and
excavation disturbed zone. The model is based on the conceptual design and thermal-mechanical
analyses presented in Baumgartner et al. (1996).

The plan area of the disposal vault in the present study is about 3.4 km2. Over such an area, the rock
surrounding the vault exhibits significant variations in its hydrogeological properties, notably
groundwater velocities. To account for these variations, we divide the vault into sectors and estimate
contaminant releases from each sector. Each sector then serves as a source to a contaminant transport
pathway through the geosphere. In calculating releases from the vault to the geosphere, we assume that
resaturation of the vault is complete at the time of closure and that steady-state groundwater flow
conditions have been established.

For each vault sector, we simulate the following processes:

- failure of the copper containers;
- release of contaminants from the UOj fuel and Zircaloy fuel sheaths to the interior of the

container;
- precipitation of contaminants inside the container if solubility limits are exceeded;
- transport by diffusion of dissolved contaminants through a small pinhole-sized defect in the

container to enter the surrounding buffer; and
- transport by diffusion and advection of contaminants through the buffer, backfills and

excavation disturbed zone into the surrounding host rock.

The transport processes are illustrated schematically in Figure 4a. The in-room emplacement geometry is
modelled as a line source representing the waste form, random point sources representing pinholes in
defected containers, and concentric cylinders representing the buffer, backfills and excavation disturbed
zone, as shown in Figure 4b. The surrounding rock, not shown in Figure 4b, is treated as an outer
cylinder of infinite radius.

We expect the lifetime of most of the copper containers would exceed a million years. There would be no
corrosion-induced failures because of a limited supply of oxidants at 500-m depth. The only failure
mechanism would be undetected fabrication defects. These defects are envisioned to be small, pinhole-
sized openings in the outer copper shell that permit the ingress of groundwater and the subsequent escape
of contaminants. We expect that such defects would be rare, occurring, on average, in only about 1 in
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FIGURE 4: Schematic showing (a) the diffusion, advection and dispersion processes for contaminant
transport from pin-hole defects in containers and (b) the geometry assumed for the
mathematical representation of the vault model.
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FIGURE 4: Schematic showing (a) the diffusion, advection and dispersion processes for contaminant
transport from pin-hole defects in containers and (b) the geometry assumed for the
mathematical representation of the vault model.
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5000 containers. We assume the size of the openings does not change with time. The net release rate of a
contaminant from a vault sector is equal to the product of the number of failed containers in that sector
and the calculated release rate from one failed container for that sector. In many respects, the expected
container performance is similar to that assumed in the Swedish assessment (SKB 1992).

We assume that a failed container fills with groundwater immediately upon closure of the disposal vault,
and that the Zircaloy sheaths fail immediately by localized corrosion, exposing the used-fuel pellets to
groundwater. Thus contaminants move out of the defected containers at the time of closure of the vault.
We model two radionuclide release mechanisms: instant and congruent release for the used-fuel matrix
and congruent release for the Zircaloy matrix.

Instant release pertains to the fraction of contaminants located in the gaps and at the grain boundaries of
the fuel pellets. Such contaminants are assumed to be released instantly to the interior of the failed
container. Instant release fractions are specified for 14C, 36C1, 135Cs, l37Cs, 129I, 126Sn, 79Se, ""Sr and 99Tc.

Congruent release pertains to the contaminants that are uniformly distributed and immobilized in the host
matrices, the UOT used-fuel pellets and the Zircaloy sheaths. We assume that such contaminants are
released at a rate that is proportional to their concentration within the matrix and to the rate of dissolution
of the matrix. The concentration of a radioactive contaminant within a matrix changes with time because
of processes of radiological decay and in-growth.

The rate of dissolution of the UO2 fuel matrix is strongly dependent on the extent of radiolysis of water
caused by alpha, beta and gamma radiation at the fuel surface. Beta and gamma radiation diminishes
rapidly with time. After about a thousand years, a steady rate of dissolution persists indefinitely because
of alpha radiation from long-lived actinides.

The rate of dissolution of the Zircaloy matrix is determined by two factors: the solubility of zirconium
and the rate at which zirconium diffuses through the defect in the container into the surrounding buffer.

Some contaminants released from the used-fuel and Zircaloy matrices to the interior of the container are
sparingly soluble and would precipitate within the container if their solubility limit is exceeded.
Elements such as carbon, chlorine, cesium and iodine are very soluble and are not expected to precipitate
under the geochemical conditions within the container. Elements such as neptunium, technetium,
plutonium, thorium and uranium are relatively insoluble. We calculate their solubility limits using
thermodynamic relationships and the groundwater composition at the depth of the disposal vault (Johnson
etal. 1994b).

We assume that contaminants released to the interior of a failed container diffuse into the surrounding
buffer through small, pinhole-sized defects that restrict and delay the movement of radionuclides out of
the container. The vault model provides two different mathematical solutions to this diffusion process,
depending on whether or not a contaminant precipitates within the container. Contaminants that have
precipitated inside the container are modelled using a constant-concentration source term; those that have
not precipitated are modelled using a time-dependent source term. The result of these calculations is the
time-dependent rate of release of contaminants into the surrounding buffer.

Since the permeability of the buffer is very small, contaminants would move through it only by diffusion.
In the backfills, excavation disturbed zone and surrounding rock, where advection could occur, we
represent the movement of contaminants by uniform radial and axial flows as well as diffusion. Most of
the parameters of the vault model are described using probability distribution functions to account for
uncertainty. Parameters that vary from one sector to the next (such as groundwater velocities in the
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backfills, excavation disturbed zone and surrounding rock) are sampled for each vault sector in a single
simulation.

5.3 VAULT-GEOSPHERE INTERFACE

The vault model simulates the performance of the engineered barriers. The geosphere model simulates
the transport of contaminants through the rock domains and fracture zones in the geological formation
extending from the vault to the surface. Linkages between the two models provide an integrated
description of interactions between the two models, so that the combined models provide a consistent
representation of the vault within the host rock.

The main output from the vault model is the time-dependent rate of flow of contaminants from each vault
sector into the surrounding geosphere. These flow rates are dependent, in turn, on the hydrogeological
properties of the rock domain adjoining each sector. The geosphere model provides information on the
direction and magnitude of groundwater flow in the rock immediately surrounding each vault sector. It
also provides information on groundwater velocities through the backfills and excavation disturbed zone
for each vault sector. In this way, we ensure that the estimated flow of contaminants from a vault sector
is consistent with the properties of the adjoining rock domain.

5.4 GEOSPHERE MODEL

The geosphere model for the present study (Stanchell et al. 1996) is hypothetical because it does not
represent conditions we have encountered at depths below 500 m at any of our geologic research areas.
We assume that the vault depth, the geometry of the geosphere model, and the arrangement of major
fracture zones and rock mass domains surrounding the disposal vault are identical to those of the EIS
case study (Davison et al. 1994b). However, we assume much higher permeability and lower porosity
conditions in the rock domain adjacent to the vault than the conditions observed at the URL and used in
the EIS case study. As a result, contaminant transport in the lower rock domain is not diffusion-
dominated and the low-dipping fracture zone, LDl, is not the dominant advection pathway to the surface.
The effects of geothermal gradient, vault heat and a water-supply well on the groundwater flow field
have been simulated and the implications on the long-term redox conditions in the vault have been
assessed. The groundwater travel times from the disposal vault to the surface are up to 10 000 times
shorter in this geosphere model than in the model used for the EIS case study.

For this study, there is no advantage to constraining the location of the disposal rooms relative to LDl as
was done in the EIS case study. Thus the waste disposal rooms are located both below and above LDl
(i.e., on both the footwall and the hangingwall sides of the fracture). The 50-m distance between LDl
and the nearest waste disposal rooms is retained but is relatively insignificant because advection is the
dominant transport process in the permeable lower rock domain.

The finite-element model of transport in fractured/porous media, MOTIF, is used for detailed analyses of
radionuclide movement in the groundwater flow system (Stanchell et al. 1996). These analyses provide
the three-dimensional groundwater flow patterns for the original, unperturbed geosphere and for a
geosphere perturbed by the hypothetical disposal vault located at a depth of 500 m. The perturbations
include the effects of geothermal gradients, radiogenic heat of the vault, and a water-supply well that
draws water from fracture zone LDl.

We use the detailed information from MOTIF to construct a network of flow lines representing the
three-dimensional groundwater flow patterns incorporated into GEONET, the geosphere component of
the system model. GEONET simulates groundwater flows and contaminant movement in the region
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around the hypothetical vault through a network of segments and the nodes that connect them. These
GEONET segments are selected to (i) represent individual parts of the modelled geosphere that have
distinct chemical and physical properties, and (ii) duplicate the overall pattern of groundwater movement
resulting from the analyses with MOTIF.

The geosphere model simulates the transport of contaminants released from the vault through different
domains of rock, fracture zones and vertical joints, overburden and deep lake sediment, to discharge in
the biosphere at topographic lows and at a water-supply well. A central feature of the geosphere model is
the network of pathways representing the groundwater flow system. Figure 5 illustrates the sections of
the vault and the network of segments used by GEONET to represent the flowpaths through the
hypothetical geosphere assumed in this study. A flow path originates at one of the vault sectors and
terminates as a discharge in the biosphere. All properties of the network are chosen to be consistent with
the results from MOTIF.

For each geosphere segment in Figure 5, we simulate the movement of contaminants by advection,
dispersion and diffusion. We simulate the increase and loss of contaminants caused by radioactive
ingrowth and decay. We simulate sorption of contaminants on minerals through the use of a retardation
factor, which is equivalent to the ratio of the groundwater velocity to the contaminant velocity. The
magnitude of a retardation factor for a particular contaminant is dependent upon the composition of the
groundwater and the types and amounts of minerals along the flow path (Vandergraaf et al. 1992,
Ticknor and Vandergraaf 1996).

The geologic structure, and the associated geological and hydrological data, are similar in many respects
to those used in the EIS case study (Davison et al. 1994b). Two changes, however, have a major effect on
groundwater velocities in the geosphere for this study.

1. The first change concerns the permeability of the rock domain immediately surrounding
the disposal vault. For the present study, we have assumed that the permeability of this
rock domain is 10"17 m2 (Stanchell et al. 1996); this value is 100 times greater than the
permeability used in the EIS case study. This assumption is not based on field
observations at the Whiteshell Research Area. Rather, it reflects a hypothetical situation
that we introduced so that we could investigate the potential of long-lasting containers and
in-room emplacement to compensate for a geosphere that is less effective as a barrier than
the geosphere used in the EIS case study.

2. The second change involves the effective transport porosity of the rock domain
immediately surrounding the disposal vault. For the present study, we assume that this rock
domain contains a network of permeable fractures through which contaminants move.
Thus the effective transport porosity is equal to the fracture porosity. We assume that the
transport porosity varies from 10"5 to 10"3 to reflect different possible conceptualizations of
the fractures (Stanchell et al. 1996). The range of porosities has a strong influence on the
calculated variability of the rate at which contaminants move through the geosphere. In the
EIS case study, we specified the effective transport porosity in the domain of low-
permeability, sparsely fractured rock to be 0.003 (Davison et al. 1994b), based on
measurements of rock specimens from the URL.

The smaller values assumed for effective transport porosity, plus the larger values assumed for
permeability, result in much larger groundwater velocities in the present study compared with the EIS
case study. In particular, calculated groundwater velocities in rock that surrounds the disposal vault are
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location of vault sectors relative to the intersecting fracture zone LD 1; Parts (b) and (c) are
a three-dimensional view and a vertical projection of the network of geosphere segments,
respectively.
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up to 5 orders of magnitude greater in this study than in the EIS case study. Groundwater transit times
are thus much shorter in the present study. For instance, Stanchell et al. (1996) show that groundwater
transit times from the disposal vault to the surface can be less than 100 years. The corresponding
groundwater transit times in the EIS case study were of the order of 100 000 years or more (Davison et al.
1994b).

The net effect of these assumptions in the present study is a significant reduction of the effectiveness of
the geosphere as a barrier to contaminant transport, relative to the effectiveness of the geosphere in the
EIS case study. Goodwin et al. (1994a) have shown that the lower rock zone of the EIS case study is a
very effective barrier because contaminant transport in the rock immediately surrounding the location of
the disposal vault was dominated by slow diffusion in pore water. In this study, groundwater velocities
are sufficiently large in the rock domain immediately surrounding the disposal vault such that the
movement of water and the transport of contaminants is dominated by advection.

5.5 GEQSPHERE-BIOSPHERE INTERFACE

The geosphere model simulates the rate of release of contaminants to four aquatic and four terrestrial
discharge zones and to a water-supply well (if it is present) in the biosphere. The biosphere model uses
the output from the geosphere model as a source term to simulate contaminant movement through the
biosphere and to estimate effects on humans and other biota. Linkages connecting the two models
provide a consistent representation of interactions that occur between the modelled geosphere and the
modelled biosphere.

The pathways leading to the aquatic discharge zones include segments representing a layer of overburden
and a layer of lake sediment; and pathways leading to the associated terrestrial discharge zones include a
segment representing a layer of overburden. The properties of these segments are consistent with the
types and amounts of minerals found in the overburden and the sediment and with the magnitude and
direction of groundwater flow determined by MOTIF for adjacent segments in the bedrock.

Figure 6 shows in plan view the locations of the discharges to the biosphere superimposed on the layout
of the vault at 500-m depth. Four locations (designated Boggy Creek North, Boggy Creek South, Pinawa
Channel North and Pinawa Channel South) include both an aquatic discharge at topographic lows and an
adjacent terrestrial discharge. We assume these locations are equivalent to a lake in the biosphere model.
The fifth location is a water-supply well used by the critical group as their source of domestic water. In
simulations where a well is present, it may be one of the more important discharge points of contaminants
from the vault.

The biosphere model specifies whether the critical group uses a lake or a water-supply well as their
source of water. Based on current-day usage of water-supply wells on the Canadian Shield, there is about
a 50% probability that the critical group would rely on a water-supply well (Davis et al. 1993).

When a water-supply well is present, we restrict its depth to 100 m. We exclude deeper wells because
they could have large perturbations on groundwater flow patterns, which would invalidate the network of
segments described above. (A full postclosure assessment would deal with deeper wells; however,
historic usage indicates that wells deeper than 100 m are relatively unlikely (Goodwin et al. 1996).)

For simulations that include a water-supply well, we ensure that the well-water demands set in the
biosphere model are consistent with the flow capacity that is determined in the geosphere model. The
well-water demand depends on factors such as the size of the critical group and whether or not well water
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FIGURE 6: Plan View Illustrating the Location of the Discharge Zones Superimposed on the Layout of
the Vault

is used for irrigation. The flow capacity of the well depends on the depth and location of the well and the
physical properties of the rock zones from which the water is drawn.

If the demand exceeds the capacity of the well to supply water, then we reduce the demand by assuming
that the critical group augments their requirements with water drawn from the lake. The adjusted well
demand is then used in the geosphere model to calculate the effects of the rates of water withdrawal on
the hydraulic heads of all affected GEONET segments.

The geosphere model also provides the areal extents and discharge rates associated with the groundwater
discharge zones as inputs to the biosphere model.
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5.6 BIOSPHERE MODEL

The biosphere model for the present study (Zach et al. 1996) includes a number of changes, notably
inclusion of additional radionuclides with shorter half-lives, inhalation pathways for animals, the most
recent internal dose conversion factors of the International Commission on Radiological Protection (ICRP
1991a,b), geosphere dose limits for non-human biota, updated values of model input parameters, and a
modified biosphere/geosphere interface to account more fully for terrestrial discharge of radionuclides.

Zach et al. (1996) describe and justify the assumptions, model and data used to analyze the movement of
contaminants through the near-surface and surface environments and to estimate radiological doses to
humans and other biota. The biosphere model for the present study is fundamentally the same as the
BIOTRAC model for the postclosure assessment case study presented in the EIS (Davis et al. 1993).
However, this model has been updated and expanded based on new research data (Zach et al. 1996). This
updated model is called BIOTRAC2 (BlOsphere TRansport And Consequence model - version 2).

The BIOTRAC2 model, like its predecessor, is representative of the Canadian Shield for up to 10 000
years into the future, the quantitative assessment period specified by the AECB (1987). This period is
assumed to be free from continental glaciation.

The BIOTRAC2 model is driven by the nuclides released from the geosphere. The nuclides are traced
through the surface environment to estimate various environmental concentrations, and radiological doses
for humans (annual committed effective dose equivalent) and other biota (annual absorbed dose).
Humans are represented in the BIOTRAC2 model by the critical group, located where nuclides discharge
from the geosphere into the biosphere and where dilution is at a minimum. Moreover, the critical group
is totally self-sufficient and dependent for all of its needs on the local, potentially contaminated
environment. Although this lifestyle is very unlikely, it ensures that consequences are not
underestimated. Non-human biota are represented by several generic target organisms - a terrestrial plant,
a mammal, a bird and a fish (Amiro and Zach 1993). They share the environment with the critical group
and so are also exposed in the same conservative way.

Figure 7 shows the conceptual landscape of the modelled biosphere, which includes a lake and lake
sediment, a water-supply well, the atmosphere outside and inside buildings, and the soils in cultivated and
natural fields that supply food, fuel and building materials and that serve as the habitat for native plants
and wildlife.

Figure 8 shows schematically the underlying structure of the biosphere model. The model consists of 6
submodels: one representing the geosphere-biosphere interface and 5 representing the surface water,
soil, atmosphere, and human and non-human food-chain compartments (Zach et al. 1996).

The interface submodel estimates the concentrations of contaminants in the groundwaters arriving at the
discharge zones shown in Figure 6. Since it links directly to the geosphere model, it has attributes
specific to the WRA. Each of these discharge zones has an aquatic and a terrestrial portion. The interface
submodel includes bedrock and overburden wells that can be used as a source of relatively undiluted
water by the critical group.

The surface water submodel estimates contaminant concentrations in nearby lake and lake sediments.
Once in the water, nuclides may be deposited to the mixed sediment or lost through lake flushing,
gaseous evasion and radioactive decay. They may also be transferred to the land through irrigation.
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The soil submodel estimates contaminant concentrations in the soil of a garden, forage field, woodlot and
peat bog used by the critical group. Several soil types are considered. The soil profile can become
contaminated through terrestrial discharge to the bottom of the soil profile and through irrigation on top
with contaminated water. Nuclides can move through the soil profile through capillary rise and leaching,
and they may be lost through drainage, gaseous evasion and radioactive decay. Nuclide concentrations
are estimated for several fields, including a garden and a forage field for animals.

The atmosphere submodel estimates contaminant concentrations in the air (indoor and outdoor)
surrounding the critical group. It simulates nuclide suspension from the lake and soil as well as from
burning of biomass. The model also allows for atmospheric dispersion and deposition that can result in
the loss of nuclides.

The human food-chain and dose submodel estimates contaminant concentrations in plants and animals
consumed by the critical group, and internal and external radiation exposures to members of the critical
group. It includes all the important internal and external pathways that might lead to radiation exposure
of the critical group, based on the estimated nuclide concentrations in the surface water (lake or well), soil
and air. For most of the nuclides, transfer is handled through transport models. However, alternative
specific-activity models are also used. They take into account the special attributes of radionuclides such
as 3H, I4C, 36C1 and i29I. For the last three of these nuclides, specific-activity models based on isotopic
dilution of nuclide concentrations in groundwater discharging to the biosphere are used to establish upper
dose limits.

The non-human food-chain and dose submodel estimates internal and external radiation exposures to four
generic non-human organisms. It closely reflects the submodel for humans. The non-human biota rely
only on the lake water and the forage field for their survival.

5.7 RADIONUCLIDES CONSIDERED IN THIS STUDY

As mentioned in Section 4, we assume that all fuel bundles are from the Bruce Nuclear Generating
Station, that each bundle has produced thermal energy amounting to 720 GJ/kg of initial uranium, and
that they have been stored out of the reactor for at least ten years. The used-fuel bundles will contain
UO2 and constituents of Zircaloy, plus

- fission products generated during the fissioning of the UOi and neutron activation products
of impurities in the UO2 fuel,

- neutron activation products of the constituents and impurities in the Zircaloy sheaths, and

- members of the actinide decay chains produced by the neutron activation of uranium
isotopes.

A comprehensive study (Johnson et al. 1996) provides the radionuclide inventories of these fission
products, activation products, and decay chain members.

By a process of importance ranking and screening (Goodwin et al. 1996; Goodwin and Mehta 1994), we
focus on the radionuclides that are expected to be the dominant contributors to the total radiation dose
over times scales up to 100 000 years following closure of the disposal vault.
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A total of 41 radionuclides are considered in this study, of which 16 are fission products or activation
products (Table 1) and 25 are members of actinide decay series (Table 2). The actinide decay series are
simplified as follows:

4n+l chain: " 'Am -» 237Np (233Pa) -> 233U -> 22*Th (225Ra) (225Ac)

4n+2 chain: 238U (""Th)-> 234U -» 23f>Th -» 226Ra (222Rn) (210Pb) (210Bi) (210Po)

4n+3 chain: M3Ain (239Np) -» 239Pu -> ^ U ^ ' T h ) -> ^ 'Pa (227Ac) (227Th) (223Ra)

Radionuclides in parentheses are treated as being in secular equilibrium with their precursor as discussed
in Goodwin and Mehta (1994).

TABLE 1

FISSION PRODUCTS AND ACTIVATION PRODUCTS

CONSIDERED IN THIS STUDY

Radionuclide Source

14C p .
14C Z f

36C1 F
36C1 Z
I35Cs F

137Cs F
ml F

7 9Se F
l26Sn F
"Sr F
"Tc F
90yd p

93Zr

Half-Life
[a]

5.73 x
5.73 x
3.01 x
3.01 x
2.30 x

3.00 x
1.57 x
1.36 x
6.50 x
3.40 x

6.50 x
1.00 x
2.91 x
2.13 x
7.30 x

1.53 x

103

103

105

10s

106

10'
107

101

106

lO"2

104

105

101

10$

lO"3

106

Inventory
[mol/kg U] a

3.70 x
1.46 x
9.18 x
7.31 x
1.78 x

1.86 x
3.80 x
0.0
5.95 x
0.0

1.60 x
4.55 x
1.16x
2.21 x
0.0

1.26 x

10 6

106

10"*
lO"7

10"4

lO"3

10"4

10^

lO"5

105

lO"3

10"3

lO"3

* Median values for 10-a cooled fuel, 720 GJ/kg burnup
b Progeny of wZr
c Progeny of 126Sn
d Progeny of ""Sr
e F refers to used fuel
f Z refers to Zircaloy sheath
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MEMBERS OF

Radionuclide

225Ac
227Ac
241Am
243Am
2l0Bi

237Np
239Np
23lPa
233Pa
2.0pb

2 1 0 Po
2 3 9Pu
2 2 3 Ra
2 2 5 Ra
2 2 6Ra

2 2 2Rn
2 2 7Th
2 2 9Th
2 3 a Th
2 3 1 Th

2 3 4 Th
2 3 3U
2 3 4 U
2 3 5 u2 3 8 u

TABLE 2

THE ACTINIDE DECAY

CONSIDERED IN THIS STUDY

Decay
Series

4n+l
4n+3
4n+l
4n+3
4n+2

4n+l
4n+3
4n+3
4n+l
4n+2

4n+2
4n+3
4n+3
4n+l
4n+2

4n+2
4n+3
4n+l
4n+2
4n+3

4n+2
4n+l
4n+2
4n+3
4n+2

Half-Life
[a]

2.74 x 102

2.18 x 101

4.32 x 102

7.38 x 103

1.37 x 10"2

2.14 x 106

6.45 x 103

3.28 x 104

7.39 x 1O2

2.23 x 1O1

3.79 x 10 '
2.41 x 104

3.13 x 102

4.05 x 102

1.60 x 103

1.05 x 102

5.12 x 102

7.34 x 103

7.70 xlO4

2.91 x 103

6.60 x 102

1.59 x 105

2.44 x 105

7.04 x 108

4.47 x 109

SERIES

Inventory
[mol/kg U]a

0.0
0.0
4.00 x 10'4

1.63 x 105

0.0

1.34 x 10"4

0.0
3.50 x 108

0.0
0.0

0.0
1.12 x 10'2

0.0
0.0
3.11 x 10 13

0.0
0.0
1.58 x 109

6.06 x l O 9

0.0

0.0
3.55 x 10"5

1.92 x 10"4

8.15 xlO"3

4.14x10°

Median values for 10-year cooled fuel, 720 GJ/kg burnup

6. ESTIMATED LONG-TERM EFFECTS

The 10 000-year time frame for regulatory compliance, the large spatial domain of the groundwater flow
system represented in the geosphere model, and the size, complexity and layout of the engineered system
represented in the vault model all lead to a high variability and uncertainty in assessing the performance
of the disposal system specified for this study. We deal with this variability and uncertainty using a
probabilistic assessment method based on the Systems Variability Analysis Code, SYVAC. This method
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enables us to handle the spatial and temporal uncertainty over the entire parameter space of the system
model in an efficient and systematic way.

In this study, our probabilistic analyses were based on 14 000 randomly sampled simulations. In each
simulation, a value for every parameter is sampled randomly from its associated probability density
function. We use the sampled values to simulate the release of contaminants from the vault and their
movement through the geosphere and biosphere, and to estimate their effect on the critical group. The
thousands of estimates yield a distribution of possible effects that directly reflects the underlying
uncertainty in the long-term performance of the disposal system. We then compute the statistical
expectation of an effect; it is simply its arithmetic average from the thousands of simulations. The
arithmetic average is an unbiased representation of the entire set of estimates and is used to calculate the
radiological risk, as prescribed in AECB (1987).

The time frame required for quantitative evaluation of effects is 10 000 years (AECB 1987), and the
system model and data of the disposal system are considered to provide acceptable estimates for times up
to the onset of the next continental glaciation, about 20 000 years from now. Some processes of the
system model would be dramatically affected by glacial cycles while others would not. For example, a
glaciation would disrupt the movement of contaminants in the biosphere; however, it would have
relatively little affect on their movement away from the vault because the container can be designed to
withstand glacial loads. Our analyses are therefore focused on quantitative estimates of effects for the
first 10 000 years following closure of the disposal vault (Goodwin et al. 1996).

Nevertheless, we present some results that are extended to ten million years after closure. These results
are clearly beyond the acceptable time frame of the system model; however, we show them because they
provide evidence that the models and data exhibit the expected mathematical behaviour. For example,
we expect that doses from all radionuclides must eventually decrease because of radioactive decay and
that the time of arrival and duration of dose from a radionuclide will be strongly affected by its half-life
and by its rate of movement through the engineered and natural barriers. The results extended to ten
million years can be examined to confirm that these expectations are met and thereby give confidence in
the behaviour of the system model at earlier times. Moreover, the extrapolated results describe trends in
the behaviour of the undisturbed system over the very long term and these results can be compared with
similar results produced by other national waste management programs (Safety Assessment Management
1996).

We present in this summary the average dose rate to members of the critical group from fission and
activation products and from members of the actinide decay chains. Goodwin et al. (1996) provide a
more comprehensive description of the analyses, including estimated effects on non-human biota.

Figure 9 shows the average dose rate as a function of time for the fission and activation products that
contribute most to the total dose. This dose rate reaches a maximum of about 2 x 10"6 Sv per year at
about 10 000 years following closure. The horizontal line, at 5 x 10"5 Sv per year, is the dose rate
associated with the AECB radiological risk criterion (AECB 1987). The shaded area on the right-hand
side of the plot indicates the models and data are less acceptable representations of the disposal system at
very long time frames. Individual radionuclides reach their maxima at different times as shown: 129I
dominates the peak dose rate of 2 x 10"6 Sv per year at 10 000 years; ^Sr and its progeny, ^Y, dominates
the leading edge of the rising dose rate curve for the first few hundred years; 36C1 reaches a maximum
estimated dose rate of 8 x 108 Sv per year at 10 000 years; I4C peaks at 2 x 10"8 Sv per year at 20 000
years; and other radionuclides become important at longer times.
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Figure 10 shows average dose rate as a function of time for members of the actinide decay chains. The
dose rates are insignificant before 10 000 years and remain below 107 Sv per year for the entire time span
of the simulation. These radionuclides are released slowly as the UO2 matrix dissolves. The bulk of the
inventory of each chain is found in isotopes of uranium (238U, 235U, 234U and 233U), neptunium (237Np) and
plutonium (239Pu) (Table 2). These elements sorb on the buffer, the backfills and the rock surrounding
the disposal vault and they would likely precipitate in the container, so that their releases to the biosphere
are small. The largest contributions to the total estimated dose rate are associated with most members of
the 4n+l chain and with five radionuclides (210Pa, 210Pb, 222Rn, 227Ac and 231Pa) near the ends of the 4n+2
and 4n+3 chains.

Effects occur relatively early for the system specified for this study compared with the reference system
in the EIS case study. This is due primarily to the short travel times for groundwater to move from the
depth of the vault to the surface environment, resulting in contributions from radionuclides with shorter
half-lives and higher specific activities.

The more robust engineered barriers of the system specified for this study, notably the longer-lasting
containers, limit the effects for times beyond 10 000 years. We assume that, on average, about 1 in 5000
containers have fabrication defects at the time of closure of the disposal vault and that contaminants are
then slowly released from the containers by diffusion through small pinhole-sized defects into the
surrounding buffer. Because there are no further container failures, the average dose rates eventually
decline. The dose rate maxima obtained in this study indicate that suitable engineered barriers can
compensate for a geosphere barrier that is assumed to be relatively ineffective.

The preceding discussion summarizes the average dose rate estimates from a large number of simulations.
Figure 11 shows the distribution of total dose rate from 3000 randomly sampled simulations as a function
of time. It illustrates the high variability from one simulation to another. Each of the percentile bands
contains dose rates from 20% of the simulations; the bottom band corresponds to the 20% of the
simulations that had the smallest total dose rate estimates, the next band corresponds to the next 20%, and
so on. The upper envelope of the entire set of simulations is shown by the dashed line. The solid line
crossing the bands is the total average dose rate estimate from Figure 9. This type of quantile analysis
illustrates the large variability in the behaviour of the system specified for this study. Figure 11 also
illustrates that the variability is highly skewed, since the average dose rate lies close to the 80lh percentile,
indicating that the simulations with the highest doses dominate the average value. The maximum dose
rate from this set of probabilistic calculations is up to 1000 times greater than the average dose rate, and,
throughout the entire simulation period, is below the dose rate of 3 x 103 Sv per year associated with
natural background.

Goodwin et al. (1996) provide a detailed discussion of the results of the probabilistic analyses, showing
the effects on both people in the critical group and nonhuman biota, the effects of selected simulations
and sub-scenarios, the performance of the engineered and natural barriers, and the fate of individual
radionuclides.

7. CONCLUSIONS

• The EIS case study and the present study demonstrate that our performance assessment
methods and modelling approaches are flexible and can be readily adapted to different
design features and site characteristics representing alternative hypothetical
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implementations of the disposal concept. The probabilistic methodology is effective in
handling the large uncertainties associated with the performance of the modelled systems.

The EIS case study illustrates the potential effectiveness of a domain of low-
permeability, sparsely fractured rock in inhibiting the movement of contaminants through
the geosphere. Diffusion is the dominant contaminant process for such a host-rock
condition.

The present study illustrates the potential effectiveness of the in-room emplacement
method and long-lasting containers in inhibiting the release of contaminants for a host-
rock condition in which advection is the dominant contaminant transport process. (The
geological conditions specified for this study have not been encountered at depths below
500 m at any of the field research areas investigated in the Canadian Shield.)

The EIS case study, the study to identify a favourable vault location, and the present
study illustrate the flexibility of AECL's disposal concept to take advantage of the
retention, delay, dispersion, dilution and radioactive decay of contaminants in a system of
natural barriers provided by the geosphere and the hydrosphere and of engineered
barriers provided as design options (i.e., waste form, container, buffer and backfills).

In an actual implementation of the disposal concept, the engineered system would be
designed for the geological conditions encountered at the host site and the expected
evolution of those conditions over the long term.
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APPENDIX

COMPARISON OF EIS CASE STUDY AND THE PRESENT STUDY

The key features of the EIS postclosure assessment case study and the present study are summarized as
follows:

DESIGN CONSIDERATIONS

Emplacement option

Vault area/depth

Fuel inventory: number of bundles
mass of uranium

Fuel Burnup

Fuel Cooling time

Number of bundles per container

Number of waste containers

Room locations

VAULT MODEL

Vault model geometry

Fuel dissolution model

Container shell material

Container corrosion mechanisms

Fraction of containers failed instantly

Fraction of containers failed by 104 years

Effective buffer thickness

Effective backfill thickness

Excavation disturbed zone

GEOSPHERE MODEL

Conceptual model of fracture zones
and rock domains

Permeability of rock domain
surrounding vault

Effective transport porosity of rock
domain surrounding vault

Minimum contaminant transport times
from vault to biosphere

Rate-determining transport process

Maximum depth of water-supply well

EIS CASE STUDY

borehole

3.2 km2/500 m

8.5 million
162 000 Mg

685 GJ/kg U

10 years

72

118 700

footwallofLDl

layered slabs

thermodynamic

Grade-2 Ti

localized crevice and
delayed hydride
cracking

103 to 10"
(complete failure)

1.0

0.25 m

1.4 m
evaluated outside

system model

URL area of WRA

1019m2

3 x 103

tens of thousands of years

diffusion

200 m

PRESENT STUDY

in-room

3.4 km2/5OO m

4.3 million
82 000Mg

720 GJ/kg U

10 years

72

60 100

foot wall and hangingwall of LD1

nested cylinders

kinetic

high purity Cu

general corrosion
and pitting

103 to 10^
(pinhole failure)

10 3 to l0^

1.48 m

0.76 m
evaluated explicitly within

system model

URL area of WRA*

1017m2

103 to 10 s

tens of years

advection

100 m
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EIS CASE STUDY PRESENT STUDY

BIOSPHERE MODEL

SYSTEMS ANALYSIS

Computer Code

Maximum estimated dose rate
to a member of critical group
up to 104 years

Time at which estimated dose
rate reaches peak

Key radionuclides contributing
to estimated dose rate up to 104 years

Principal safety feature

BIOTRAC1 -typical of
the Canadian Shield

third generation code
(SYVAC3-CC3-ML3)

BIOTRAC2 - modifications to
improve the model and update
the parameters

prototype (PR4) of fourth
generation code
(SYVAC3-CC4)

about 10 Sv per year about 10 Sv per year

> 10 years about 104 years

129,

36,

129

C!
1,36C1

14C 79Se
90Sr>Y,g*Tc

low permeability rock long-lasting containers
domain surrounding vault

The conceptual model used for this study does not represent a combination of conditions that we have encountered at any of
our geologic research areas on the Shield. It has the same geometric arrangement of fracture zones and rock domains as was
used in the EIS case study; however, the permeability of the rock domain surrounding the vault has been assumed to be 10 l7

m2. This permeability is 100 times greater than the value specified for the EIS case study, which was based on actual
measurements within the lower rock zone at the URL.
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