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ABSTRACT

A numerical study has been conducted to investigate the effects of a discrete fracture and an
excavation damage zone (EDZ) on groundwater mediated transport of 129I from a hypothetical
nuclear fuel waste disposal vault through saturated, sparsely fractured plutonic rock to the
biosphere. The reference disposal system simulated in the present work is based on the median-
value case of the postclosure assessment case study presented by AECL to support the Environ-
mental Impact Statement (EIS) submitted to the Canadian Environmental Assessment Agency
(CEAA). In particular, the reference geosphere is based mainly on hydrogeological characteris-
tics at the site of AECL's Underground Research Laboratory in the Whiteshell Research Area,
southeastern Manitoba.

Several features not explicitly simulated in the EIS postclosure assessment case study are inves-
tigated in this study. These include the hypothetical possibility of a discrete fracture or a narrow
fracture zone existing in the rock in the immediate vicinity of the disposal vault. This hypotheti-
cal fracture is modeled as a discrete fracture that connects or almost connects the vault to nearby
fracture zone LD1. The model also includes the effects of a 1-m thick excavation damage zone
surrounding the vault. In some cases a 100-m wide strip of the EDZ is assumed to extend from
the edge of the vault to fracture zone LD1. As a sensitivity analysis, the effects of taking into
account the probability distribution function for time to failure of the containers are also studied.

Simulations are performed using a combination of three-dimensional (3-D) flow models and
corresponding two-dimensional (2-D) transport models, and the MOTIF finite-element code.
Special planar elements and line elements are utilized to represent the discrete fracture in the 3-D
model and 2-D model, respectively. Groundwater velocities obtained from the 3-D flow model



are input into the 2-D transport model. The rate of transport of 129I into fracture zone LD1 and
the associated rate of radiation dose to a critical group of humans that might reside near the vault
site at some time in the near future are estimated as a function of time over a period of 105 years
after vault closure.

Several very pessimistic assumptions are made in this study. Of these the most important are:

1. The backfilled rooms and rock pillars in the disposal vault are homogenized into an
equivalent-medium slab having hydraulic and transport properties equal to the geometric
mean of these properties for the rock (pillar) and the backfill.

2. The hypothetical discrete fracture has been deliberately oriented to nearly follow the ground-
water flow line that would prevail in the absence of this fracture under the influence of a
water-supply well drawing groundwater from fracture zone LD1.

The results of this numerical study indicate that:

1. The estimated dose rate to a member of the critical group is well below the de minimis regu-
latory limit of 50 |iSv/a in all simulated cases at 104 years after closure and in most cases at
105 years after closure.

2. The presence of the discrete fracture, its aperture and the distance of unfractured rock
between the fracture and a waste container in the vault all affect the transport rate of 129I very
significantly.

3. The finite life expectancy of the thin-walled titanium container, the EDZ and the extension of
the EDZ from the vault to fracture zone LD1 have only minor effects on 129I transport.

It should be emphasized that the primary purpose of the present study is to investigate the relative
importance of the various possible features in the rock in the immediate vicinity of the vault.
Detailed numerical modeling of the effectiveness of various engineered barriers that could be
used to mitigate any negative effects of such features is beyond the scope of this study.

Whiteshell Laboratories
Pinawa, Manitoba ROE 1L0

1997
AECL-11587

COG-96-217-I



AECL EACL

ÉTUDE NUMÉRIQUE DES EFFETS D'UNE FRACTURE DISCRÈTE ET

D'UNE ZONE DE DOMMAGES DUS À L'EXCAVATION SUR LE

TRANSPORT DE Lll29I DANS LA GÉOSPHÈRE
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RESUME

On a effectué une étude numérique pour évaluer les effets d'une fracture discrète et d'une zone de
dommages dus à l'excavation sur le transport par les eaux souterraines d'129I d'une enceinte
hypothétique de stockage des déchets de combustible nucléaire dans la roche plutonique saturée
et peu fracturée à la biosphère. Le système de stockage permanent de référence simulé dans ces
travaux repose sur le cas de valeur moyenne de l'étude de cas d'évaluation de postfermeture
présentée par EACL pour appuyer l'Étude d'impact sur l'environnement (EIE) remise à l'Agence
canadienne d'évaluation environnementale (ACEE). En particulier, la géosphère de référence est
fondée principalement sur les caractéristiques hydrogéologiques au site du Laboratoire de
recherches souterrain d'EACL dans l'Aire de recherches de Whiteshell, dans le sud-est du
Manitoba.

Plusieurs caractéristiques qui ne sont pas simulées de façon explicite dans l'étude de cas de
l'évaluation de postfermeture de l'EDE sont évaluées dans la présente étude. Cela comprend la
possibilité hypothétique d'une fracture discrète ou d'une zone de fracture étroite existant dans la
roche dans le voisinage immédiat de l'enceinte de stockage permanent. Cette fracture
hypothétique est modélisée comme une fracture discrète qui relie ou presque l'enceinte à la zone
de fracture LDI à proximité. Le modèle comprend également les effets d'une zone de dommages
dus à l'excavation de 1 m d'épaisseur autour de l'enceinte. Dans certains cas, on suppose qu'une
bande de 100 m de largeur de la zone de dommages dus à l'excavation s'étend du bord de
l'enceinte à la zone de fracture LDI. En tant qu'analyse de sensibilité, les effets de la prise en
compte de la fonction de répartition cumulative de probabilité jusqu'au moment de défaillance
des conteneurs sont également étudiés.

Des simulations sont effectuées en utilisant une combinaison des modèles d'écoulement
tridimensionnels (3D) et de modèles de transport bidimensionnels (2D) correspondants, ainsi que
le code à éléments finis, MOTIF. Des éléments planaires et linéaires spéciaux sont utilisés pour
représenter la fracture discrète respectivement dans le modèle 3D et le modèle 2D. La vélocité



des eaux souterraines obtenue a partir du modele d'ecoulement 3D est integree dans le modele de
transport 2D. La vitesse du transport de 1'129I dans la zone de fracture LD1 et le debit de dose de
rayonnement associe a un groupe critique d'etres humains qui pourraient vivre pres du site de
l'enceinte a un certain moment dans un proche avenir sont estimes en fonction du temps sur une
periode de 105 annees apres la fermeture de l'enceinte.

Plusieurs hypotheses pessimistes sont emises dans la presente etude. Parmi celles-ci, voici Ies
plus importantes :

1. Les salles remblayees et les piliers de roche dans l'enceinte de stockage permanent sont
homogeneises dans une dalle de milieu equivalent ayant des proprietes hydrauliques et de
transport egales a la moyenne geometrique de ces proprietes pour la roche (pilier) et le
remblai.

2. La fracture discrete hypothetique a ete orientee deliberement pour presque suivre la ligne
d'ecoulement des eaux souterraines qui predominerait en l'absence de cette fracture sous
l'influence d'un puits s'approvisionnant dans les eaux souterraines de la zone de fracture LD1.

Les resultats de cette etude numerique revelent que :

1. Le debit de dose estime pour un membre du groupe critique est bien inferieur a la limite
reglementaire de minimis de 50 fi.Sv/a dans tous les cas simules de 104 annees apres la
fermeture et dans la plupart des cas au bout de 105 annees apres la fermeture.

2. La presence de la fracture discrete, son ouverture et la distance de roche non fracturee entre la
fracture et un conteneur de dechets dans l'enceinte influent de fagon tres importante sur la
vitesse de transport de 1'129I.

3. L'esperance de vie limitee du conteneur en titane a paroi mince, la zone de dommages dus a
l'excavation et le prolongement de cette zone entre l'enceinte et la zone de fracture LD1 n'ont
que des effets secondaires sur le transport de 1'129I.

On devrait mettre en valeur le fait que l'objectif principal de la presente etude porte sur
l'importance relative des diverses caracteristiques possibles dans la roche dans le voisinage
immediat de l'enceinte. La modelisation numerique detaillee de l'efficacite des barrieres
artificielles qui pourraient etre utilisees pour attenuer les effets negatifs eventuels de telles
caracteristiques n'entre pas dans le cadre de cette etude.
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1. INTRODUCTION

1.1 BACKGROUND

AECL (Atomic Energy of Canada Limited) has submitted an Environmental Impact Statement
(EIS; AECL 1994) to the Canadian Environmental Assessment Agency (CEAA) on a proposed
concept for the disposal of Canada's nuclear fuel waste. In this concept the waste is sealed in
long-lasting containers; the containers are emplaced in a disposal vault excavated at a nominal
depth of 500 to 1000 m in plutonic rock of the Canadian Shield; each container is surrounded
with a sealing material; and all excavated openings and exploration boreholes are eventually
sealed to form a passively safe system. The EIS describes a case study for the quantitative safety
assessment of a hypothetical disposal system for the period of time (10 000 to 100 000 years)
after the disposal facility is closed (the postclosure assessment case study). This work pertains to
the vault and geosphere conditions assumed for the postclosure assessment case study, hereafter
frequently referred to as the EIS case study for brevity.

The reference disposal system used for the EIS postclosure assessment involves a reference vault
(Johnson et al. 1994) excavated/constructed at a nominal depth of 500 m in plutonic rock of the
Canadian Shield. It consists of panels of parallel waste emplacement rooms covering an overall
rectangular area of approximately 3 km2. Used CANDU® fuel bundles, encapsulated in thin-
walled titanium containers packed with paniculate material, are assumed to be emplaced in
boreholes surrounded by a sand-bentonite clay (buffer) mixture, in the floor of rooms backfilled
with crushed granite-glacial clay and sand-bentonite mixtures; and sealed with concrete
bulkheads. The mass of the waste is assumed to be 162 000 megagrams of uranium.

The reference geosphere for the EIS case study (Davison et al. 1994) was based mainly on
hydrogeological characteristics measured at the site of AECL's Underground Research
Laboratory (URL) in the Whiteshell Research Area (WRA), southeastern Manitoba. Main
features of importance included a very low-permeability granitic rock domain in which the waste
emplacement rooms are assumed to be excavated, with a number of major low-dip or near-
vertical fracture zones that are much more permeable and provide an interconnected network for
groundwater movement through the rock. Also included was a domestic water-supply well
drawing water from a major low-dip fracture zone LD1 that transected the rock body in the
vicinity of the vault. The shortest distance between the waste emplacement areas of the vault and
fracture zone LD1 (the waste exclusion distance) was about 46 m.

In the postclosure assessment case study (Goodwin et al. 1994) for the EIS, the possibility of
individual discrete fractures and excavation damage zones (EDZ) occurring in the low
permeability rock domain surrounding the vault was not explicitly included, although the effects
of an EDZ were previously investigated in a separate study (Chan and Stanchell 1990, Davison et
al. 1994) using advective transport models. The geosphere model for the postclosure assessment
in the EIS utilized a transport model consisting of a network of line segments in three-

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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dimensional (3-D) space. The geometry and hydraulic head distributions for this transport
network were derived from 3-D porous medium equivalent (PME) flow modelling of the
conceptualized geosphere at the URL site using the MOTIF finite-element code (Guvanasen,
1985, Chan et al. 1987). In the postclosure assessment for the EIS it was found that, among all
radionuclides considered, I29I was the predominant contributor to radiological risk to humans
who might reside near the vault site during the period 104 to 105 years following vault closure.

1.2 OBJECTIVE

The objective of the present study is to investigate, by means of numerical modeling, the effects
on mass transport of 129I from a nuclear fuel waste disposal vault to the biosphere of a discrete
fracture in the near field rock and an excavation damage zone surrounding the vault in the
conceptual (WRA-based) geosphere model (Davison et al. 1994) employed in the EIS
postclosure assessment case study.

1.3 SCOPE

In the present study simulations are performed using a combination of 3-D flow models and
corresponding 2-D transport models, and the MOTIF code. The conceptual model for the 3-D
flow simulation is almost identical to that described in the EIS Geosphere Model Primary
Reference (Davison et al. 1994) with a domestic water-supply well pumping water at 1330 m3/a
(the median-value case in the EIS case study) from LD1, but it also includes a discrete fracture
and an EDZ. It should be noted, in particular, that the discrete fracture has been deliberately
located to nearly follow the groundwater flow line that would prevail, under the influence of this
water-supply well, in the absence of this fracture. This is, of course, a very conservative
(pessimistic) assumption in that it tends to maximize the possible rate at which contaminant from
the vault could be transported to fracture LD1 and then to the surface environment. The
processes simulated include: steady-state groundwater flow in saturated porous media; fracture
flow as a special case of porous-medium flow; solute transport by advection; mechanical
dispersion; molecular diffusion; and one-species radioactive decay. Special planar elements and
line elements, embedded in solid elements, are utilized to represent the discrete fracture in the
3-D model and 2-D model, respectively. Thus fracture flow and matrix diffusion are numerically
simulated. Two radionuclide source functions have been used. These represent the I29I released
either from the fuel or from the failed container, as described in the Vault Model Primary
Reference (Johnson et al. 1994).

The MOTIF transport model predicts the spatial and temporal distribution of concentration from
which the rate of transport of 129I into fracture zone LD1 is derived as a function of time over a
period of 105 years. Subsequently, the concentration of 129I in the well water and the radiation
dose rate to the critical group of humans who might use this water for drinking or irrigation
scenarios are also estimated. The latter conversion follows the simplified method suggested by
Amiro and Dormuth (1996).

Twelve cases (as listed in Table 1 and described in Section 3.5 below) have been simulated to
investigate the influence on I29I transport from the vault through the geosphere of (1) the
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excavation damage zone, (2) extension of a portion of this excavation damage zone to LD1, (3) a
discrete fracture connecting or almost connecting a waste emplacement room of the vault to LD1,
(4) the effective hydraulic aperture of this fracture, (5) termination of this fracture above the
vault, and (6) the finite life expectancy of the container.

It should be emphasized that the primary purpose of the present study is to investigate the relative
importance of the various features in the rock surrounding the vault. Detailed numerical
modeling of the effectiveness of various engineered barriers to mitigate any adverse effects of
these features is beyond the scope of this study.

2. CONCEPTUAL MODELS

2.1 MODEL GEOMETRY

2.1.1 Three-Dimensional Groundwater Flow Model

The three-dimensional groundwater flow model used in the present study is based on that used
for the EIS case study (Davison et al. 1994). The extent of the model (10 km x 9 km x 1.5 km
deep) and the location of the hypothetical vault are identical to those of the EIS case study
(Figure 1).

The layering of the different domains of background rock mass and the location of the permeable
major low-dip and near-vertical fracture zones are the same as those used in the EIS case study.
Figure 2 shows the geometry of the 3-D groundwater flow model, in the vicinity of the
hypothetical vault.

In the EIS case study, the vault was represented by an alternating series of slabs representing
panels of backfilled emplacement rooms and slabs representing pillars of intact rock between the
rooms. In the present study the vault has a smeared representation. It consists of a single slab
having properties that are an average of those of the backfill and rock pillars. This approach is
judged to be conservative as the model has more hydraulic continuity between adjacent portions
of the vault than would actually exist. The shortest distance between the waste emplacement
areas of the vault and the rapid transport path from vault depth to ground surface, fracture zone
LD1, is about 46 m (Figure 3), the same as in the EIS case study.

Also included in the 3-D groundwater flow model is a domestic water-supply well drawing water
from fracture zone LD1 at a depth of 200 m (Figure 2). This was the deepest well considered in
the EIS case study. This depth is selected as it would likely lead to the highest groundwater
velocity between the vault and the fracture zone. The well is located in the centre of the natural
groundwater flow paths leading from the vault and up fracture zone LD1, as was done in the EIS
case study. This is likely the worst location with respect to capture of any 129I released from the
waste emplacement areas of the vault.
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The present study includes the possibility that a discrete fracture about 158-m long, 100-m wide
and dipping at about 45° connecting the waste emplacement areas of the vault to fracture zone
LD1 (Figures 2 and 3). Such fractures have been reported to extend for several tens of metres in
granitic rocks in Sweden (Pusch 1990, Pusch and Hokmark 1991) and in Canada (Raven and
Gale 1986). Everitt et al. (1990b) reported extents of 10 to 50 m for isolated subvertical fractures
in the rock at the URL 420 Level. The horizontal extent of a thin fracture zone consisting of a
small number of discrete fractures at the URL 240 Level (Room 209) has been estimated to be at
least 120 m (E. Kozak, pers. comm.). The discrete fracture in the present model is located almost
directly down the dip of fracture zone LD1 from the well. The hypothetical fracture is oriented
in the general direction of the groundwater flow lines that would exist at this location under the
influence of the water-supply well, and in the absence of this fracture (Davison et al. 1994). This
orientation would likely result in the well capturing the greatest amount possible of the I29I
released from the vault. The probability for a fracture of such a size and orientation to exist at
this depth at the WRA is very small (Everitt et al. 1990a, Brown et al. 1994) although no
quantitative value for this probability has been estimated from subsurface data.

Damage zones around the emplacement rooms are represented by continuous thin layers above
and below the slab representing the vault (Figure 3). This approach is judged to be conservative
as it provides more hydraulic continuity between adjacent portions of the vault than would
actually exist. Recent work at the URL 420 Level (Room 415) shows that for a 3.5-m diameter
tunnel excavated without explosives, the significant excavation damage is essentially limited to
the volume around two small stress relief notches in the roof and floor of the tunnel (Frost and
Everitt 1996). The cross-sectional area of damage around the floor notch is approximately 0.4 -
0.5 m2 (Chandler et al. 1996, Frost and Everitt 1996). A 100-m wide strip of each of the damage
zones is also extended to fracture zone LD1 in some of the simulations (Figures 2 and 3). This is
to represent the effects of possible excavation damage associated with main access tunnels
passing through the fracture zone. The cross sectional area of these damage zone extensions in
the model is significantly larger than those expected to actually exist around such access tunnels
and we have not analyzed the effects of cutting off these damage zones by grouting or other
sealing approaches. The damage zone extensions are located such that they would likely result in
the well capturing the greatest possible amount of the I29I released from the vault.

2.1.2 Two-Dimensional Solute Transport Model

The two-dimensional, solute transport model used in this study (Figure 4) is located along
vertical section D-D' in Figures 1 and 2. The model is assumed to be 1 m thick in the direction
normal to this section. It is oriented perpendicular to the strike of the major fracture zones in the
vicinity of the hypothetical vault and roughly in the general direction of natural groundwater flow
in the vicinity. It is located to intersect the well, the discrete fracture and the extensions of the
excavation damage zones. Thus this is likely to be the best location for a 2-D vertical section
model for calculating the maximum estimate of the release of 129I from the geosphere per unit
width of the disposal vault in the direction perpendicular to the section.

Fracture zones V0 and LD1 have been chosen as boundaries for the solute transport model
because once 129I reaches these features it is very quickly released from the geosphere due to the
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relatively high velocities up these features. The lower boundary of the model is chosen such that
it is a sufficient distance below the vault as not to influence the release of I29I from the geosphere
within the time scale of interest. The overall dimensions of the model are approximately 2450-m
long by 620-m deep.

Except for the well, all the features of the 3-D groundwater flow model that are intersected by the
2-D solute transport model are represented in an equivalent manner in the 2-D transport model
(Figures 3 and 4).

2.2 MODEL PARAMETER VALUES

The model parameter values used in the simulations described in this study are shown in Table 2.

2.2.1 Thickness of Units

The thicknesses of the rock mass layers (150,150 and 1200 m) and fracture zones (20 m) are the
same as those used in theEIS case study (Davison et al. 1994, p. 111).

The slab representing the vault rooms and rock pillars is assigned a thickness of 5 m, which is the
approximate height of the vault rooms expected in a Canadian nuclear fuel waste disposal vault
(Simmons and Baumgartner 1994, p. 138).

The excavation damage zones above and below the vault slab have been assigned thicknesses of
1 m. The actual thickness of the EDZ at any specific field location is a function of the rock
characteristics and the excavation method (Martin 1989). Measured thicknesses of 0.3 m and
0.5 m for the damage zone in the floor of tunnels at the URL have been reported by Johnson et al.
(1994, p. 16) and Martin and Kozak (1992). Winberg et al. (1989) estimated the thickness of the
damage zone around a tunnel at the URL to be 0.5 to 1 m. Pusch and Hokmark (1991) reported
the thickness of damage zones in Swedish granitic rock excavations to be 1 to 1.5 m for the
floors and a few decimeters for the walls and roofs.

Values of aperture of the discrete fracture in our model are based on values reported in the
literature which are estimated from field hydraulic tests assuming equivalent parallel plate flow.
Apertures of 3 to 23 p.m have been estimated for small discrete fractures in Swedish granite by
Gale and Rouleau (1985). Wright (1991, p. 49) reported apertures of 2 to 5 u.m for small discrete
fractures at the URL 420 Level. For the thin fracture zone at the URL 240 Level (Room 209),
the effective aperture has been estimated to range between 12 and 156 \ua (Lang et al. 1988).
Two values of aperture for the discrete fracture have been selected for use in this present study.
The 10 |tim value is typical of the small discrete fractures and the 80 |im value is chosen to
represent a thin fracture zone.

2.2.2 Permeability

The values of permeability used for the rock mass layers and fracture zones are the same as those
used in the EIS case study (Davison et al. 1994, p. 111,112).
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The permeability of the slab representing the vault rooms and rock pillars is estimated to be
3.4 x 10"19 m2. This is the geometric mean of the permeability of the rock pillars, 1 x 10"19 m2

(assumed to equal rock mass layer 3), and the upper limit value for the reference backfill,
1 x 10"17 m2 (Johnson et al. 1994, p. 14), with a weighting according to the extraction ratio of
0.267 (Simmons and Baumgartner 1994, p. 137).

Values of permeability of the excavation damage zone are based on field experiments.
Measurements at the URL 240 Level indicate a 3 to 4 order of magnitude increase in the small-
scale permeability over that of the intact rock (Johnson et al. 1994, p. 16). However, additional
testing showed that increasing the test interval from 2 m to 4 m decreased the overall effective
connected permeability by over an order of magnitude (Martin and Kozak 1992). Recent testing
at the URL 420 Level indicates that the permeability of the damage zone associated with the
localized stress relief notch in the floor of a tunnel excavated without explosives, Room 415, can
be 6 or 7 orders of magnitude higher than that of the adjacent, unfractured rock. This stress relief
notch is continuous and traverses the length of the tunnel but is very localized, occupying only
1% of the volume of the tunnel (Chandler et al. 1996). Pusch and Hokmark (1991) reported that
for damage zones around excavations in Swedish granitic rock the permeability was from 1 to 4
orders of magnitude greater than that for the undisturbed rock, although the enhancement may
not be effective over long distances. They reported that an average permeability increase would
be expected to be about 2 orders of magnitude for damage in the floor of excavations and less for
the roof and walls. Modelling of excavation damage effects at the URL 240 Level by Winberg et
al. (1989) indicated that the permeability of the floor of the tunnel increased by 1 or 2 orders of
magnitude while the permeability of the walls and roof actually decreased. In this present study,
the permeability of the damage zone above the vault is assumed to be 1 order of magnitude
higher than the intact rock and the permeability of the damage zone below the vault is assumed to
be 2 orders of magnitude higher. The damage zones are assumed to be isotropic, although there
is strong evidence that the induced fractures are not necessarily well connected to the excavation
(Martin and Kozak 1992). This assumption is judged to be reasonable as the flow is, in any case,
likely to be mainly along the damage zone due to the contrast in permeability with the intact
rock. Although the MOTIF code can handle anisotropic permeability, the full permeability
tensor has not been estimated from field data.

The permeabilities of the discrete fractures represented in the model are calculated from the
values of effective hydraulic aperture we chose for this study (10 um and 80 ^m) assuming
parallel plate flow. This is consistent with the procedure originally used to estimate the aperture
values from the field hydraulic test results.

2.2.3 Effective Porosity

The values of effective porosity assigned to the rock mass layers and fracture zones are the same
as those used in the EIS case study (Davison et al. 1994, p. 112).

The effective porosity of the slab representing the vault rooms and rock pillars is estimated to be
0.01. This is the geometric mean of the porosity of the rock pillars (assumed to equal rock mass
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layer 3) and the median value for the reference backfill, 0.25 (Johnson et al. 1994, p. 50), with a
weighting according to the extraction ratio.

Currently, very little information appears to be available in the literature regarding the effective
porosity of the excavation damage zone. A tracer experiment was recently completed at the URL
(Frost and Everitt 1996) to estimate the effective porosity of the EDZ. This experiment was done
over a distance of approximately 1.5 m in the localized stress relief notch in the floor of the
Room 415 tunnel. The effective porosity of this damage zone was estimated to be about 0.03.
However, it is anticipated that the effective porosity may be different for the case of damage
caused primarily by blasting. Blasting-induced fracturing may lead to flow being dominated by a
few fractures. For rock with permeabilities ranging from 10"15 m2 to 10"19 m2 in which the flow
is fracture dominated, Gale et al. (1990) have reported effective porosities ranging from 2 x 10"5

to 4 x 10"3. For this study, the effective porosity of the damaged zone in the floor of the vault is
assumed to be 7 x 10"4, approximately 25% of the value for the intact rock, while the effective
porosity of the less damaged zone above the vault is assumed to be the same as that of the
adjacent, undisturbed rock.

The effective porosity of the discrete fracture is selected to be 1, consistent with the assumption
of parallel plate flow. Although the MOTIF code allows us to simulate channeling within the
fracture to some extent, by means of an effective porosity less than unity or by an assemblage of
line elements, that level of detail is unwarranted in this study.

2.2.4 Dispersivitv

The dispersivity values used for the rock mass layers and fracture zones are the same as the
median values used in the EIS case study (Davison et al. 1994, p. 392).

The other values of longitudinal dispersivity used for the simulations in this present study are
based on the rough "rule of thumb" that the dispersivity is often approximately 10% of the
estimated length of the transport path, as estimated from the data presented by Neuman (1990).

A dispersivity value of 0.7 m is selected for the longitudinal dispersivity of the slab representing
the vault rooms and pillars, based on a representative transport path length measured across the
5-m thick slab at a 45° angle to the vertical. A value of 0.07 m is selected for the transverse
dispersivity of the slab, based on the "rule of thumb" that the transverse dispersivity value is
typically 10% of the longitudinal value (Domenico and Schwartz 1990).

A value of 75 m is selected for the longitudinal dispersivity of the excavation damage zones.
This is because the flow is likely to be mainly along the plane of the damage zone due to the
contrast in permeability with the adjacent rock, so a representative transport path length would be
half of the maximum distance (1500 m) from the discrete fracture to the edge of the vault. A
value of only 0.75 m is selected for the transverse dispersivity of the damage zones, as they are
only 1 m thick and it is not reasonable for the dispersivity value to exceed the thickness. For the
tracer experiment conducted in the excavation damage zone in Room 415 of the URL, the
estimated longitudinal dispersivity was about 0.6 m (Frost and Everitt 1996). However, this
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value was derived from an experimental scale of only 1.5 m so it is not likely very representative
of the dispersivity that might occur over transport scales of hundreds of metres.

A value of 15 m is selected for the longitudinal dispersivity within the 150 m long discrete
fracture. For discrete fractures in gneissic rock, longitudinal dispersivities ranging from 8 to 25%
of the estimated transport path length have been estimated from tracer tests (Novakowski et al.
1985, Raven etal. 1988).

2.2.5 Tortuosity

The values of tortuosity of the rock mass layers and fracture zones are the same as the median
values used in the EIS case study (Davison et al. 1994, p. 388).

The tortuosity of the slab representing the vault rooms and pillars is assumed to be the same as
that of rock mass layer 3. This seems reasonable for an extraction ratio of only 0.267.

No measured values of tortuosity of the excavation damage zone are available. It is expected,
however, that the value would be higher than that for the undisturbed, adjacent rock, due to the
flow being dominated by an interconnected network of fractures rather than by connected pores
or microcracks. Therefore we have assumed the tortuosity of the damage zones to be 0.25,
approximately 4 times the value for the undisturbed rock.

The tortuosity of the discrete fracture is selected to be 1. This is consistent with the assumption
of parallel plate flow.

2.2.6 Other Parameters

The selected values of 1 x 103 kg/m3 for the fluid density and 1.472 x 10'3 Pa-s for the fluid
viscosity are the same as those used in the EIS case study (Davison et al. 1994, p. 418).

A value of 1.5 x 10"9 m2/s has been selected for the molecular diffusion coefficient of iodide in
free water, based on experimental data reported by Weast (1971).

The radioactive decay constant of 129I has the well known value of 1.4 x 10"15 s (Weast 1971).

2.3 BOUNDARY AND INITIAL CONDITIONS AND SOURCE/SINK TERMS

2.3.1 Three-Dimensional Groundwater Flow Model

For the three-dimensional groundwater flow model the boundary conditions are the same as those
used in the EIS case study (Davison et al. 1994). The top boundary has prescribed heads equal to
the surface topography and the side and bottom boundaries are no flow.

The selected value of 1330 m3/a for the well demand is the same as the median value used in the
EIS case study (Goodwin et al. 1994).
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2.3.2 Two-Dimensional Solute Transport Model

For the two-dimensional solute transport model the top surface and the boundaries at fracture
zones VO and LD1 (Figure 4) are assumed to have zero concentration because 129I is quickly
diluted and swept away upon reaching these locations. The bottom boundary is assigned a zero
dispersive flux condition but in fact does not influence the release of 129I from the geosphere
within the time scale of interest.

Initially the concentration of 129I within the geosphere is assumed to be zero.

Two source functions for 129I are considered. These are the release of 129I from the used fuel or
the release of 129I from the container (Figure 5) as estimated by the vault model reported in
Johnson et al. (1994). In the vault model the "release from the used fuel" is calculated by
assuming all containers to fail instantaneously at vault closure time while the "release from the
container" is calculated by taking due account of the probability distribution function for a
container to fail at a certain time after closure. Thus the delaying and dispersive effects of the
buffer surrounding the container in the vault are not explicitly modeled. We conservatively
located the source position in our model at the bottom of the 1-m thick excavation damage zone
below the slab representing the vault rooms and pillars (Figure 3).

3. NUMERICAL MODELS

3.1 OVERVIEW

All numerical simulations reported here are performed using the MOTIF finite-element code
developed by AECL (Guvanasen 1985, Chan et al. 1987). Solute transport is simulated in two
steps:

1. A 3-D MOTIF steady-state groundwater flow model based on the 3-D conceptual model
described in Section 2 above is run to calculate the hydraulic head and average linear
groundwater velocity distribution, and

2. A 2-D solute transport model, based on a vertical section of the 3-D conceptual model, as
described in Section 2.1.2, is subsequently run. The velocity field obtained from the 3-D
flow model in step 1 forms part of the input data for the 2-D solute transport model for
calculating the spatial distribution and time evolution of 129I released from the vault.

The following sections are: a brief description of the MOTIF code as applied to this study; the
numerical discretization for the 3-D and 2-D models; the transfer of 3-D flow model velocities to
the 2-D transport model; the conversion of 129I concentration into the rate of transport into LD1
and associated radiation dose; the cases simulated; and limitations of the modelling approach
used in this study.
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3.2 THE MOTIF FINITE-ELEMENT CODE AS APPLIED TO THIS STUDY

MOTIF (Guvanasen 1985; Chan et al. 1987; Guvanasen and Chan 1991, 1995) is a three-
dimensional finite-element code developed by AECL to model fluid flow, heat transport, solute
transport, and mechanical stress and deformation in saturated or partially saturated fractured/
porous media. The four governing equations can be solved separately or as a coupled set. These
are the fluid mass balance equation in conjunction with the generalized Darcy's law, the heat
energy balance equation in conjunction with the generalized Fourier's law, the solute mass
balance equation and Biot's equilibrium equation generalized to nonisothermal conditions.
Governing equations are derived for planar features by integrating the above four equations over
the thickness of the fracture. These governing equations are supplemented by the equations of
state for fluid density and viscosity as functions of temperature, pressure and salinity. Spatial
discretization is achieved by means of the Galerkin finite-element method. A weighted finite-
difference scheme is utilized in the time domain for solving transient problems. MOTIF
employs the Picard iterative technique for solving the nonlinear coupled equations.

The complexity of the present work stems from the geometry of the conceptual model.
Otherwise, the modelling work is a relatively simple application that utilizes only a small fraction
of the capability of MOTIF. Only the steady-state flow equation with constant hydraulic
properties and the solute transport equation are solved sequentially. No iteration is involved.
Transport processes represented include advection, mechanical dispersion, molecular diffusion,
one-species, one-step radioactive decay. Although linear equilibrium sorption can be modeled by
MOTIF, this is not activated since it is well known that transport of 129I in groundwater through
plutonic rock essentially proceeds unretarded (Davison et al. 1994).

Three types of isoparametric finite elements have been incorporated in MOTIF. In the 3-D flow
model for the present study the rock matrix is represented by 8-noded hexahedral solid elements
and the discrete fracture is represented by 4-noded quadrilateral continuum elements. In the 2-D
transport model, the rock matrix is represented by 4-noded quadrilateral continuum elements
and the discrete fracture is represented by line elements. The ability to model a rock fracture or
fracture zone that is arbitrarily oriented in 3-D space by planar elements in a 3-D model or by
line elements in a 2-D model is an unusual feature of the MOTIF code. Without these special
elements it would be very difficult to honour the geometry of rock fractures with a thickness
ranging from a few to a few hundred microns in a numerical model with linear dimensions on
the order of a km or more. Discretization with ordinary continuum elements would usually lead
to very high element (length/width) aspect ratio, consequently resulting in a very ill-conditioned
system matrix for which a numerical stable and accurate solution cannot be obtained. Special
"joint elements" have been designed to overcome this high aspect ratio problem. The planar
element and line element in MOTIF belong to this special class of "joint elements".
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3.3 NUMERICAL DISCRETIZATION

3.3.1 Three-Dimensional Groundwater Flow Model

For MOTIF finite-element simulations the three-dimensional groundwater flow model is divided
into approximately 35 400 3-D solid elements and 10 planar elements. The discretization is
similar to that used in the finite-element model for the EIS case study (Davison et al. 1994),
except that there is a three-fold refinement in the direction of the strike of the fracture zones and
additional elements in order to incorporate the discrete fracture and excavation damage zones.
Vertical sections of the finite element mesh are shown in Figures 3, 6 and 7.

3.3.2 Two-Dimensional Solute Transport Model

The two-dimensional solute transport model is discretized into approximately 11 800 2-D planar
elements and 20 line elements. The maximum element size is approximately 10 metres.

Results are presented for a period of 105 years simulated using 365 time steps. The time steps
increase in a geometric progression from an initial value of 104 seconds (0.1 days) to a maximum
value of 1010 seconds (317 years) with the ratio of successive time steps being 1.3 until the
maximum is reached. A Crank-Nicholson time scheme is used. As illustrated in Appendix A the
results obtained using a Crank-Nicholson time scheme are close to those using a fully-implicit
time scheme. The adequacy of the spatial and temporal descretization has been tested by
calculating the grid Peclet numbers and by time step refinement. Simulations with 2 times and 4
times as many time steps were tried without any significant change in the results.

In this model the fastest groundwater velocities occur in the discrete fracture. The water can
flow across the smallest elements in the discrete fracture in as little as one year. Therefore, a
sensitivity analysis simulation with a maximum time step of one year was performed. This
simulation covered a period of 104 years and took 4 days of computer time. Simulating the entire
105 year period using such small time steps was not feasible. The results are the same as for the
coarser time step case from 1000 years to 10 000 years, and only slightly different before
1000 years. The insensitivity of the simulation results to time-step size for periods greater than
1000 years is a good indication that using smaller steps would not likely change the results for
periods exceeding 10 000 years.

3.4 TRANSFERRING THE VELOCITY FIELD FROM THE 3-D FLOW MODEL
TO THE 2-D TRANSPORT MODEL

For the 2-D transport model, the following procedure is adopted in order to preserve as much as
possible the 3-D nature of the velocity field calculated by the 3-D MOTIF flow model:

1. The finite-element mesh for the 2-D transport model the following procedure is adopted has
been constructed such that any one of the line elements representing the discrete fracture
either coincides with an edge of, or lies completely within, a planar element of the 3-D
model. Since there are no more than 20 such elements, it is a simple matter to manually
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assign to each line element the average linear groundwater velocity calculated by the 3-D
flow model for the planar element in which this line element lies.

2. For each quadrilateral continuum element in the 2-D transport model, the average linear
groundwater velocity is determined in three steps:

a. The 3-D continuum element within which each nodal point of the 2-D element
lies is identified. This procedure is simple in principle, but quite involved in
practice (Nakka and Chan 1994).

b. The head value for this particular node is calculated by interpolation from the nodal
heads of the 3-D element using the finite-element shape function.

c. After all the nodal head values for a 2-D element have been determined, the average
linear groundwater velocity in that element is calculated by standard finite-element
differentiation.

3.5 CASES STUDIED

Twelve cases, as listed in Table 1, have been simulated. These fall into three groups. In cases la
to Id it is assumed that there is no discrete fracture. Cases 2a to 2d each include a discrete
fracture with an effective hydraulic aperture of 10 |i.m, while cases 3a to 3d each include a thin
fracture zone approximated as a discrete fracture with an effective hydraulic aperture of 80 |im.

Case la can be regarded as the 'base case' for this present study. The model input parameters for
this base case are very similar to those of the median-value case for the postclosure assessment
case study (Goodwin et al. 1994) in the EIS except for two major differences:

1. In the EIS case study the backfill in the disposal rooms is idealized as a uniform thickness
layer through which all contaminants had to migrate before reaching the rock. In all cases in
the present study, including case la, the rock and the backfill are homogenized into a 5-m
thick slab of equivalent permeability and porosity. The contaminant source is represented as
nodal flux 1 m below the disposal rooms so that it is possible for contaminants closest to
fracture zone LD1 to migrate through the rock to fracture zone LD1 without having to first
pass through the backfill. This assumption is expected to be far more conservative than that
in the EIS case study.

2. In the postclosure assessment case study in the EIS the median-value depth for the domestic
water-supply well was 37 m. In the present study the well intersects fracture zone LD1 at a
depth of 200 m. This deeper well is expected to induce a higher hydraulic gradient between
the vault and fracture zone LD1.

Cases lb, lc and Id differ from case la by the assumption of 129I release directly from the fuel to
the rock. In cases lc and Id there is a 1-m thick excavation damage zone (EDZ) forming an
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envelope completely enclosing the vault. In case Ida 100-m wide strip of the EDZ above and
below the vault is extended to fracture zone LD1.

Cases 2a to 2c are designed to investigate the effect of proximity of a 10-um fracture from the
I source. Field experiments at the URL have indicated that a thin fracture zone such as the

near-vertical fracture zone in Room 209 can be detected about 6 m behind the rock wall by
remote geophysical techniques (Street et al. 1996). This opens the possibility of detecting and
avoiding fractures that come within a few metres of a disposal room. Cases 2b and 2c each
represent situations where the edge of a fracture occurs within 3 m or 9 m, respectively, of a
disposal room.

The different cases in group 3 are quite similar to those in group 1 cases with the important
addition of a conductive fracture with an 80-^im effective hydraulic aperture.

3.6 CONVERTING MOTIF TRANSPORT MODEL RESULTS TO TOTAL
RATE OF 129I MASS
RADIATION DOSE
RATE OF 129I MASS TRANSPORT INTO FRACTURE ZONE LD1 AND

At each time step the MOTIF transport model calculates the concentration C (mol/m3) of 129I as a
function of the spatial coordinates x* (where i = 1,2) in the plane of the vertical section. From
this the 129I mass flux, q* (mol/(m2a)), at any point in the model domain can be obtained as:

(3.1)

where: © is the porosity,
Uj is the i-th component of the average linear groundwater velocity, and
Dy is tensor of hydrodynamic dispersion coefficient.

The rate of 129I mass transport (mol/(a-m)) into fracture zone LD1 per unit width (along the strike
direction of LD1) is equal to the total 129I mass, O,u, transported out of the right boundary of the
2-D transport model (see Figure 4) and is given by the equation:

(3.2)

where: cr, is the i-th component of the unit outward normal along the model boundary
(i.e. directed into fracture zone LD1 at its bottom surface), and
Ik and Lk are the spatial integration variable and the element length, respectively, along
the boundary edge of the k-th element.
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In Equations (3.1) and (3.2) Einstein's summation (over repeated indices) convention is implied.
In particular, the integral in Equation (3.2) is evaluated over each element and summed over all
elements along the appropriate boundary (fracture zone LDl in this study).

The total rate of transport, Oi (mol/a), of 129I into fracture zone LDl can be estimated as

d = Ol
DFEDZ + O,r0ck (3.3)

= 100 Oiu> DFEDZ + 1900 O^'rock

where: o I
DFEDZ is the total rate of 129I transport into fracture zone LDl through the discrete

fracture and the extension of the EDZ,
Oirock is the corresponding transport rate through the rest of the rock,
OiUDFEDZthe rate of I29I transport per metre width into fracture zone LDl through
the discrete fracture and the extension of the EDZ, and
OiU> rock the corresponding transport rate through the rest of the rock.

Equation (3.3) approximately takes into account the expected 3-D migration pattern in that the
129I would enter fracture zone LDl through the discrete fracture and the extended EDZ over a
100-m width, whereas the diffusional transport through the remainder of the rock would be
spread over the 1900-m width of the vault. In Equation (3.3) it has been assumed that 129I
transport in every vertical section of the 3-D conceptual model in the direction of the 2-D
transport model is identical to that in the section utilized for the 2-D transport model (i.e. the
section that contains the well).

In order to convert the rate of 129I transport into fracture zone LDl into 129I concentration in the
water of the well described in Section 2 (see Figure 2), the flow field in the plane of fracture zone
LDl is examined. Figure 8 depicts the streamline pattern calculated by a 2-D analytical well
model (Chan and Nakka 1994) for a domestic water-supply well pumping water at 200-m depth
from fracture zone LDl at the rate of 1330 m3/a. It is clear from this figure that the capture zone
bounded by the two dividing streamlines is several hundred metres wide where the discrete
fracture or the extended EDZ intersects fracture zone LDl. Evidently all the water and
contaminant from the vault flowing into fracture zone LDl through either the discrete fracture or
the extended EDZ are completely captured by the well. During the first 105 years after vault
closure, practically all the contaminant reaching fracture zone LDl by diffusion through the
remainder of the rock would enter the fracture zone between the vault horizon and the
intersection of the discrete fracture with the fracture zone. In the geosphere model for the
postclosure assessment study case for the EIS (Davison et al. 1994), the converging groundwater
flow field in fracture zone LDl caused by the specific topographic relief at the WRA above the
hypothetical vault location was taken into consideration by calculating the fraction of
contaminated water that would be captured by the well using a shorter line (shown in Figure 8 as
a dotted line) closer to the well. The capture fraction, i.e. the fractional length of the "GEONET
capture line" bounded by the two branches of the dividing streamline, was calculated by the
analytical well model given in Chan and Nakka (1994) and was found to be slightly less than
30%. Accordingly, the 129I concentration in the well water, Cw (mol/m3), is estimated by the
equation:
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vDFEDZ , ri or\rock

Cw = - J — r — (3.4)
(jdem

where Qdem is the well demand, which is 1330 mVa for the present study.

In practice the two terms in Equation (3.3), as well as in the numerator of Equation (3.4), can be
approximated by the equations:

Q D F E D Z _ i r\r\/ /->U , case with a particular feature f)v • corresponding case without that feature-*

(3.5)
Qrock _ i Q Q Q Q u • case without that particular feature

As an example, for case 2a, Equation (3.3) becomes

U.C-.1._ Q

and Equation (3.4) becomes

_ 1QQ( Q,u case 2a - o r c a s e l c ) + 570 o ?
w 1330 ( }

It has been tacitly assumed that transport of the 129I from its point of entry into fracture zone LD1
to the well occurs instantaneously and without any further dispersion or diffusion into the rock
matrix or stagnant water in dead-end pores or very low permeability areas of the fracture zone.
Only the 129I dissolved in the groundwater outside the capture zone of the well in fracture zone
LD1 by-passes the well. This again is a very conservative assumption.

The concentration of 129I in the well water is, in turn, converted to radiation dose rate (Dw in
^.Sv/a) to an individual of the critical group of humans for the drinking and irrigation scenarios
according to the simplified method reported by Amiro and Dormuth (1996), thus

Dw = 6.11 x 107 Cw for the drinking scenario (3.8)

and

Dw = 5.93 x 108 Cw for the irrigation scenario (3.9)

3.7 LIMITATIONS

A limitation of this study is that much of the detail in the vault has not been simulated. The most
serious approximation may be the representation of the backfilled underground openings,
including the disposal rooms and the rock pillars separating these openings as an equivalent-
medium slab. In calculating the hydraulic properties of the equivalent medium the weighted
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geometric mean method is used. Possible implications of this approximation are discussed in
Section 4 below.

Other limitations include:

1. Groundwater flow and, especially, solute transport, in and out of the 1-m thick vertical section
of the 2-D transport model are not simulated. However, our use of the average linear
groundwater velocity or head distribution calculated by the 3-D flow simulation is expected to
partially compensate for this limitation as far as the flow field is concerned.

2. The discrete fracture is represented by a single column of planar elements in the 3-D flow
model. Consequently, the variation of the flow field across the 100-m width of the fracture
may not be properly simulated.

3. Channeling within the fracture is not simulated but a large dispersivity has been employed in
an attempt to approximate this phenomenon.

4. Transport of 129I within fracture zone LD1 and diffusion out of the fracture zone into the rock
matrix are not simulated. Instead, instantaneous transport into the well is assumed. Fractional
capture of the 129I in fracture zone LD1 by the well has been taken into consideration by
means of the advective capture fraction as calculated by the analytical well model of Chan and
Nakka (1994). However, no other transport mechanism such as dispersion and diffusion are
included.

4. RESULTS AND DISCUSSIONS

4.1 THE FLOW FIELD

For all cases the simulated groundwater flow pattern is similar to that of the EIS case study.
Recharge occurs to the southeast of the hypothetical vault. The flow through the vault is
generally northwestward toward vertical fracture zone VO and upwards toward fracture zone LD1
and the surface. There is a minor local perturbation caused by the discrete fracture with some
flow being directed towards it and up it to fracture zone LD1. Because of the very high
permeability of the discrete fracture the hydraulic gradient there is very low, ranging from less
than 10'5 at its lower end to about 0.006 at its intersection with fracture zone LD1. As expected,
the hydraulic gradient is lower for an 80-p,m fracture than for a 10- îm. Groundwater velocity in
the up-dip direction of the fracture varies from about 1 m/a at the vault level to about 7 m/a at the
upper end. Groundwater travel time between the vault and fracture zone LD1 through the
discrete fracture is less than 100 years. Such short travel time implies that radionuclides other
than 129I may also contribute noticeably to the estimated dose.

Even when an excavation damage zone is simulated, water is drawn into the discrete fracture
from the vault and the excavation damage zone at the rate of less than 10 L/a. Except in the
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immediate vicinity (less than 100 m) of the discrete fracture, the flow in the excavation damage
zones is generally away from the discrete fracture.

4.2 CONCENTRATION DISTRIBUTION

Figure 9 illustrates the evolution of 129I distribution for the first 105 years after vault closure, as
calculated by the 2-D transport model in the vicinity of the vault, fracture zone LDl and the
80-jxm discrete fracture for Case 3c (which includes an excavation damage zone as well as the
discrete fracture). Only two contours, C = 10"3 and 102 mol/m3, are shown. It is evident that
transport of 129I up the discrete fracture proceeds much faster than through the adjacent sparsely
fractured rock. Relatively rapid transport of 129I up the discrete fracture can be discerned
2000 years after vault closure. Ten thousand years after vault closure the 10"3 mol/m3 contour has
almost reached fracture zone LDl. One hundred thousand years after vault closure the
10"3 mol/m3 contour has reached fracture zone LDl via the discrete fracture. In the sparsely
fractured rock away from the 129I 'halo' adjacent to the discrete fracture, the contour pattern
suggests a diffusion-dominated transport mechanism. At one hundred thousand years the
maximum concentration has dropped below 10'2 mol/m3 due to the rapid decrease in the release
of 129I from the used fuel (Figure 5).

Diffusion of 129I from the discrete fracture into the sparsely fractured rock, i.e. matrix diffusion,
is also apparent. Furthermore, after having diffused into the rock matrix this I subsequently
diffuses through the rock matrix into fracture zone LDl. This transport path is contrary to the
prediction by some analytical models for solute transport with matrix diffusion in a discrete
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fracture. These analytical models would predict that the I is either permanently retained in the
matrix or only diffuses back to the fracture after the 129I in the fracture has depleted.

4.3 TRANSPORT RATE, WELL WATER CONCENTRATION AND DOSE
ESTIMATE

At each simulation time step the 129I concentration distribution calculated by the MOTIF
transport model is converted to the transport rate, i.e. the rate at which 129I arrives at the fracture
zone LDl per metre width of the hypothetical vault, fracture zone LDl, the discrete fracture and
the extension of the EDZ (Figure 10 (a) and (b)), according to Equation (3.2). From this
transport rate per metre width, Equations (3.3) to (3.9) are employed to estimate the total
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transport rate of I into fracture zone LDl (Figure 11 (a) and (b)), the concentration of I in
the well water and the associated radiation dose rate to an individual in the critical group of
humans under the drinking and irrigation scenarios. The term "estimate" is used here to describe
these latter conversions since additional approximations are made. Table 3 summarizes the
calculated rate of 129I transport into fracture zone LDl per metre width, at 104 and 105 years after
vault closure, for all 12 cases simulated. Table 4 summarizes the estimated total rate of 129I
transport into fracture zone LDl, the well water concentration and the annual dose rate to the
critical group under the two scenarios considered, for all 12 cases.

Table 3 and Figure 10 present raw results from the 2-D MOTIF transport model for the various
case, primarily to facilitate checking. The results presented in Table 4 and Figure 11 have been
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weighted by the widths of the discrete fracture and the vault and are therefore, more indicative of
the influence on I29I transport by the various factors simulated.

It is evident from the modelling results presented in Figure 11 and Table 4 that the existence of a
discrete fracture (Cases 2 and 3) with the particular orientation and hydraulic and transport
properties assumed in the this study would significantly enhance the transport rate and estimated
dose—sometimes by a few orders of magnitude—compared with Case 1 where no discrete fracture
is explicitly simulated. However, the differences between the various cases generally decrease
with time. In decreasing order of importance, the various components and features (some
hypothetical) simulated can be ranked approximately as follows:

1. the existence of a discrete fracture connecting the vault to the fracture zone LD1;
2. the distance of the edge of the discrete fracture from a vault room or a waste container;
3. the aperture of the discrete fracture;
4. the container;
5. the excavation damage zone; and
6. the extension of a 100-m wide excavation damage zone from the vault to fracture zone LD1.

In spite of several very conservative assumptions, the estimated dose rate is generally well below
the de minimis* regulatory limit of 50 (xSv/a (AECB 1987) for all cases at 104 years after closure
and for most cases at 105 years after closure. Only for the highly unlikely cases (3a, 3c and 3d)
where there is a narrow fracture zone (modeled as a discrete fracture with a hydraulic aperture of
80 Jim) connecting the vault to fracture zone LD1 would the estimated dose rate have values
approximately equal to the de minimis limit. These are highly unlikely cases for they simulate a
situation where a rather permeable narrow fracture is undetected and is oriented, by coincidence,
in the general direction of the groundwater flow line that would prevail, under the influence of a
domestic water-supply well. Even then, had the conversion from well water concentration to
dose rate been estimated more precisely, the annual dose rate would be below the 50 jj,Sv/a limit.
According to Amiro (pers. comm.), the conversion of well water concentration to dose rate used
by Amiro and Dormuth (1996) for irrigation is conservative. Their conversion gives dose rates
about a factor of two greater than the total dose rate from all pathways estimated using the
BIOTRAC transport model (Davis et al. 1993, Goodwin et al. 1994). Therefore, the dose rates
shown in Table 4 for the irrigation scenario are likely high by at least a factor of two because of
simplifications used by Amiro and Dormuth (1996).

In addition, a more realistic, less pessimistic treatment of the backfilled vault rooms than the one
employed for this study would probably lead to significantly lower doses. In particular, the
present choice of the geometric-mean value (1%) as the equivalent porosity of the rock/backfill
system is likely too pessimistic. While the geometric mean is probably a good choice for the
equivalent permeability of a composite system, the arithmetic mean may be a better
approximation for the porosity. This is because porosity is a scalar quantity and the composite
behavior is likely additive. If an arithmetic-mean value (7%) is used for the equivalent porosity,
there would be seven times more pore water in the vault to dilute the dissolved 129I and seven

* A de minimis level is one which is so low as to be trivial (IAEA 1982).
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times the storage capacity to delay the 129I from diffusing into and through the rock. Whether the
equivalent-medium slab vault model is a good approximation can be investigated by relatively
simple modification to the 2-D MOTIF finite-element transport model, i.e. by assigning pertinent
hydraulic and transport properties to separate portions of the slab that represent the backfilled
disposal rooms and the rock pillars between them. This work is currently in progress.

Finally, in this study a well depth of 200 m is assumed in contrast to the 37-m well depth in the
median-value simulation for the EIS case study. A deeper well leads to slightly higher hydraulic
gradient in the rock lying between the vault and fracture zone LDl. The influence of this
conservative assumption on the rate of 129I transport into fracture zone LDl would depend on
whether advection (e.g., Cases 3a - 3d) or diffusion (e.g., Cases la - Id) is the predominant
mechanism.

4.4 DETAILED COMPARISON OF THE INFLUENCE OF VARIOUS FACTORS
STUDIED

The evolution of the calculated transport rate of 129I into fracture zone LDl for the cases studied
is plotted in various groupings to illustrate the influence of a discrete fracture, the aperture of this
discrete fracture and an excavation damage zone in Figure 12; the proximity of the 29I source to
the discrete fracture in Figure 13; the extension of a 100-m wide strip of the excavation damage
zones from the vault to fracture zone LDl in Figure 14; and the finite life expectancy of the
container in Figure 15.

Table 5 lists the ratio of total transport rate of I29I into fracture zone LDl and the ratio of 129I
concentration in the well water or dose rate between various pairs of cases at both 104 a and 105a.
It should be noted that the ratio of estimated dose rate is equal to the ratio of well water
concentration since the dose rate is estimated by multiplying the well water concentration by a
conversion factor which is assumed to be the same for all cases. On the other hand, the ratio of
transport rate differs from that of well water concentration because the fraction of 129I entering
fracture zone LDl that is subsequently captured with the water by the well depends on whether
the 129I migrates to fracture zone LDl via the discrete fracture and the extended EDZ (total
capture) or via the rest of the rock (30% capture), as described in Section 3.6 above. Most of the
ratios in Table 5 are between two cases that differ by only one of the factors being studied.
Hence, an inspection of this table, in conjunction with Table 1 that lists the factors included in
each case, gives a clear picture how each factor affects the I29I transport in the modeled
geosphere.

As discussed in Section 4.3 above and illustrated in Figure 12, the discrete fracture is by far the
most important of the factors investigated in this study. For example, introducing a discrete
fracture with a 10-(im hydraulic aperture into a model in which an EDZ is also assumed to be
present would enhance the transport rate of 129I into fracture zone LDl significantly
(Case 2a vs. Case lc). If the hydraulic aperture of this fracture is 80 Jim instead of 10 pm, then
the transport is further increased by a factor of 120 (ratio Case 3c/ Case 2a, Table 5) at 104 a. It
should be noted that the ratio of transport rates between Case 3c and Case 2a, 120, is less than
the ratio of transmissivities, 83= 512, for these two values of fracture aperture. The reason for
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this is that the hydraulic gradient is steeper along the narrower fracture because of its higher
resistance to flow.

By contrast, the EDZ by itself exerts only a minor influence on the transport rate, increasing it
slightly (Case lc vs. Case lb). When both the discrete fracture and the EDZ are present, there
appears to be a synergetic effect. The higher permeability, dispersivity and tortuosity of the EDZ
allows the 129I released by the fuel or the container to migrate to the discrete fracture sooner and
at a higher rate (Case 3c vs. Case 3b).

From Figure 13 it can be seen that the shortest distance between the discrete fracture and the 129I
source affects the transport rate very significantly. For example, if the 10-̂ .m aperture fracture
ends 3 m above the vault room instead of intersecting the container, then the transport rate is
smaller by a factor of 81 (ratio Case 2b/Case 2a). If this fracture terminates 9 m (instead of 3 m)
above the vault room, then the transport rate is further reduced (Case 2c vs. Case 2b). As
illustrated in Figure 13, the transport rate curve for Case 2c with a 10-^xn aperture fracture
terminating 9 m above the vault room appears indistinguishable from that for Case lc which does
not include a discrete fracture. These results corroborate the findings in the postclosure
assessment for the EIS (Goodwin et al. 1994) that a few metres of sparsely fractured rock
between the waste emplacement rooms of a vault and a nearby fracture zone that connects to
ground surface constitutes an effective barrier to radionuclide transport. Accordingly, if remote
geophysical (or other nonintrusive) methods can be applied to detect any such discrete fractures
behind the walls of disposal rooms in sparsely fractured rock this knowledge can be utilized to
avoid placing any waste container within a few metres of such a fracture to ensure effective
isolation by the sparsely fractured rock.

In Figure 14 each pair of curves, Case Id/Case lc, Case 2d/Case 2a and Case 3d/Case 3c,
represents two cases that differ from each other only by the assumption in the "d" case of a
100-m wide strip of the EDZ extending from the vault to fracture zone LD1. The generally
small separation between the two curves in each pair shows the minor influence of this extension
of the EDZ. Although at first these results may appear to contradict intuition, they can be
explained by considering the groundwater flow field, which is essentially the same for the present
study as that presented in the Geosphere Model Primary Reference (Davison et al. 1994). In the
vicinity of the vault and fracture zone LD1 the flow is generally from southeast to northwest
away from fracture zone LD1. Within this flow field the EDZ, together with its extension to
fracture zone LD1, simply behaves as a huge dead-end pore. Consequently, the extension of the
EDZ causes little change to advective transport but enhances dispersion and diffusion somewhat.
In an unpublished preliminary numerical study, the authors also found that a discrete fracture that
was not aligned with the groundwater flow direction in the rock had very little effect on the
transport rate even though this fracture connects the vault to fracture zone LD1. The present
finding that extending the EDZ to fracture zone LD1 has only minor effects appears to confirm
the results of the previous study. As the influence of an extension of the EDZ to a major fracture
zone appears to be highly dependent on the flow field in the surrounding rock, it would be of
interest to model a case in which the EDZ is extended to the subvertical fracture zone V0 (see
Figure 7) downstream of the hypothetical vault.
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Figure 15 shows that taking the probability distribution function for the expected container
failure time into consideration results in significantly lower transport rates in the first few
thousand years after vault closure (Case 3a vs. Case 3c). The influence of the container failure
function, however, becomes much less important for periods of time longer than a few thousand
years (Case la vs. Case lb). This is due to the relatively short life expectancy (50% failure in a
few thousand years) of the container. Obviously, a container designed to have a longer expected
life would shift all the curves in Figure 15 to the right along the time axis, thereby drastically
reducing the estimated transport rate and the associated dose rate.

Table 5, as well as Figures 12-15, show that both the estimated transport rate to fracture zone
LDl and dose rate for all cases simulated tend to approach one another in value as time increases.
At 105 a, the transport rates estimated for various cases are all within a factor of two and the dose
rate within a factor of five of one another.

5. SUMMARY AND CONCLUSIONS

A numerical study has been conducted to investigate the effects of a discrete fracture in the near-
field rock and an excavation damage zone (EDZ) on groundwater mediated transport of I from
a hypothetical vault through saturated, sparsely fractured plutonic rock to the biosphere. The
reference disposal system simulated in the present work is based on the postclosure assessment
case study presented by AECL to support the EIS submitted to the Canadian Environmental
Assessment Agency (CEAA). In particular, the reference geosphere is based on hydrogeological
characteristics of the Whiteshell Research Area in southeastern Manitoba. Important features
include a sparsely-fractured, very low-permeability granitic rock containing the waste
emplacement areas of the vault with a number of major low-dip or near-vertical fracture zones
that are much more permeable. A domestic water-supply well is assumed to exist and it draws
water from a major low-dip fracture zone LDl that transects the rock body in the vicinity of the
vault. The shortest distance between the vault and fracture zone LDl (the waste exclusion
distance) is about 46 m.

In addition to the features simulated in the EIS postclosure assessment case study, the present
work includes a discrete fracture, or a narrow fracture zone modeled as a discrete fracture, that
connects the vault to fracture zone LDl. This study also includes a 1-m thick excavation damage
zone surrounding the vault. In the model the discrete fracture is about 158-m long, 100-m wide,
dips at 45° and has an effective hydraulic aperture of 10 fxm or, in the case where it represents a
narrow fracture zone, has an aperture of 80 (xm. Twelve different cases have been simulated. In
some cases a 100-m wide strip of the EDZ is assumed to extend from the edge of the vault to
fracture zone LDl. Two alternative radionuclide source functions have been used. In most cases
the source function represents the 129I which would have been released from all the fuel rods in
the vault if all the containers had failed instantaneously upon vault closure. As a sensitivity
analysis, the probability distribution function for time to failure of the containers is taken into
account in a few cases.
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Finite-element simulations are performed using a combination of MOTIF 3-D flow models and
corresponding 2-D transport models. Special planar elements and line elements are utilized to
represent the discrete fracture in the 3-D model and 2-D model, respectively. Groundwater
velocities obtained from the 3-D flow model are input into the 2-D transport model. The rate of
transport of I into fracture zone LD1 and the associated rate of radiation dose to the critical
group of humans are estimated as a function of time over a period of 105 years.

Most material properties assumed for the present numerical study correspond to the median-
value case in the postclosure assessment case study for the EIS. However, we have made several
assumptions which are far more pessimistic than those used in the postclosure assessment case
study for the EIS. These include:

1. The backfilled rooms and rock pillars in the hypothetical vault are homogenized into an
equivalent-medium slab having hydraulic and transport properties equal to the geometric
mean of the these properties for the rock (pillar) and the backfill. This assumption tends to
grossly underestimate the storage capacity and radionuclide retention capability of the
backfill. Work is in progress to model the backfilled rooms more accurately.

2. The discrete fracture has been deliberately oriented to nearly follow the groundwater flow
line that would prevail in the surrounding rock under the influence of a water-supply well
drawing water from LD 1 and in the absence of this fracture.

3. The domestic water-supply well is assumed to be pumping water from fracture zone LDl at a
depth of 200 m, the greatest depth considered in the EIS case study.

4. It is assumed that once the 129I reaches fracture zone LDl, it is immediately captured by the
well. Only the fraction that enters fracture zone LDl outside of the capture zone predicted by
the (advective) analytical well model by-passes the well.

5. The simplified method proposed by Amiro and Dormuth is utilized to convert the I
concentration in the well water into estimated dose rate.

From the results of this numerical study, under the conservative (pessimistic) assumptions
adopted, the following conclusions can be drawn:

1. The estimated dose rate is generally well below the de minimis regulatory limit of 50 jxSv/a
for all simulated cases at 104 years after closure and for most cases at 105 years after closure.
Only for the highly unlikely cases where there is an undetected narrow fracture zone
(modeled as a discrete fracture with a hydraulic aperture of 80 îm) directly connecting the
vault to fracture zone LDl, would the estimated dose rate have values approximately equal to
the de minimis limit at 105 a.

2. A discrete fracture, with the particular assumed orientation and location, directly connecting
the vault or the EDZ surrounding the vault to the nearby fracture zone LDl can have
considerable effect on the mass transport of 129I.
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3. The fracture aperture and the distance between the edge of the fracture and a waste container
both affect the transport rate of 129I very significantly. A few metres of unfractured rock
between the waste container and the edge of a discrete fracture constitutes an effective barrier
to I transport.

4. The finite life expectancy of the thin-walled titanium container has a significant effect on 129I
transport only during the first few thousand years. Thereafter, it has only a moderate
influence.

5. The EDZ and the extension of the EDZ from the vault to fracture zone LD1 has only minor
effects on 129I transport.

6. As time progresses toward 105a, the estimated 129I transport rates, as well as the estimated
dose rates for all cases simulated tend to approach one another in value.
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TABLE 1

CASES STUDIED

Case

la

lb

lc

Id

2a

2b

2c

2d

3a

3b

3c

3d

Discrete Fracture

none

none

none

none

10 um aperture

10 um aperture

10 Jim aperture

10 um aperture

80 um aperture

80 um aperture

80 urn aperture

80 um aperture

Discrete Fracture*
Termination

NA

NA

NA

NA

bottom of lower EDZ

3 m above vault

9 m above vault

bottom of lower EDZ

bottom of lower EDZ

bottom of vault

bottom of lower EDZ

bottom of lower EDZ

Excavation
Damage Zones

none

none

1-m thick

1-m thick

1-m thick

1-m thick

1-m thick

1-m thick

1-m thick

none

1-m thick

1-m thick

Extension of EDZs
to Fracture Zone LD1

none

none

none

100-m wide

none

none

none

100-m wide

none

none

none

100-m wide

129I Source

container release

fuel release

fuel release

fuel release

fuel release

fuel release

fuel release

fuel release

container release

fuel release

fuel release

fuel release

N
00

i

* NA = Not Applicable



TABLE 2

MODEL PARAMETER VALUES

Unit

Rock Mass
Layer 1 (top)
Layer 2
Layer 3

Vault Rooms

Excavation
Damage Zone

Above Vault
Below Vault

Fracture Zones
Discrete Fracture

(Case 2)
(Case 3)

Thickness
(m)

150
150

1200

5

1
1

20

1 x 10-5

8 x 10'5

Permeability
Horizontal

(m2)

1 x 1015

1 x 1017

1 x 1019

3.4 xlO-19

1 x 10"18

1 x 10-17

Longitudinal
1 x 1O'U

8 x 1012

5 x 10-10

Vertical
(m2)

5 x 10-15

5 x 1017

1 x lO"19

3.4 xlO-19

1 x 10"18

1 x 10"17

Transverse
5 x 10-14

-
-

Effective
Porosity

0.005
0.004
0.003

0.01

0.003
7X10"4

0.1

1
1

Dispersivity
Longitudinal

(m)

15
50
10

0.7

75
75

50

15
15

Transverse
(m)

1.5
5
1

0.07

0.75
0.75

5

-
-

Tortuosity

1
0.06
0.06

0.06

0.25
0.25

1

1
1

Fluid Density
Fluid Viscosity
Molecular Diffusion Coefficient
Radioactive Decay Constant

1 x 103 kg/m3

1.472 xlO'3Pa-s
1.5xl0"9m2/s
1.4xlO'15s4

to
D
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TABLE3

MOTIF TRANSPORT SIMULATION RESULTS SHOWING THE RATE OF 129I

ENTERING FRACTURE ZONE LDl FROM BELOW PER UNIT (m) WIDTH

(ALONG THE STRIKE DIRECTION) OF FRACTURE ZONE LDl

Transport Rate into LDl per
Meter Width, O^ (mol/a)

Case Description Time = l(Ta Time= 10 a

la No DF*, No EDZ, Container Release
lb No DF, No EDZ, Fuel Release
lc No DF, EDZ, Fuel Release
Id No DF, Extended EDZ, Fuel Release

2c 10 |J,m DF, End 9 m above Vault, EDZ, Fuel
Release

2b 10 |lm DF, End 3 m above Vault, EDZ, Fuel
Release

2a 10 |im DF, Through Vault, EDZ, Fuel Release
2d 10 |J.m DF, Through Vault, Extended EDZ, Fuel

Release

3a 80 |xm DF, Through Vault, EDZ, Container
Release

3b 80 urn DF, Through Vault, No EDZ, Fuel
Release

3c 80 nm DF, Through Vault, EDZ, Fuel Release
3d 80 u,m DF, Through Vault, Extended EDZ, Fuel

Release

0
0
0

1.2E-11

0

2.7E-11

4.3E-08
4.8E-08
4.9E-08
6.3E-08

4.9E-08

1.8E-07

2.2E-09
2.7E-09

7.3E-O8

4.2E-08

2.7E-07
3.0E-07

2.7E-07
2.9E-07

9.4E-07

5.8E-07

9.7E-07
9.5E-07

*DF = Discrete Fracture



TABLE4

TOTAL TRANSPORT RATE OF 129I INTO FRACTURE ZONE LD1.

CORRESPONDING WELL WATER CONCENTRATION AND ANNUAL DOSE ESTIMATE

Case

1a
1b
1c
1d

2c

2b

2a
2d

3a

3b
3c
3d

Description

No DF, No EDZ, Container Release
No DF, No EDZ, Fuel Release
No DF, EDZ, Fuel Release
No DF, Extended EDZ, Fuel Release

10 Mm DF, End 9 m above Vault, EDZ, Fuel
Release
10 Mm DF, End 3 m above Vault, EDZ, Fuel
Release
10 Mm DF, Through Vault, EDZ, Fuel Release
10 Mm DF, Through Vault, Extended EDZ, Fuel
Release

80 uin DF, Through Vault, EDZ, Container
Release
80 Mm DF, Through Vault, No EDZ, Fuel Release
80 am DF, Through Vault, EDZ, Fuel Release
80 Mm DF, Through Vault, Extended EDZ, Fuel
Release

Total Transport Rate into
LD1,

Oi (mol/a)

Time=104a

0
0
0

1.2E-09

0

2.7E-09

2.2E-07
2.7E-07

7.3E-06

4.2E-06
2.7E-05
3.0E-05

Time = lO'a

8.2E-05
9.1E-05
9.4E-05
9.5E-05

9.4E-05

1.1E-04

1.2E-04
1.2E-04

1.7E-04

1.4E-04
1.9E-04
1.8E-04

Concentration in Well
Water

Cw (mol/m3)

Time = 104a

0
0
0

9.0E-13

0

2.0E-12

1.6E-10
2.0E-10

5.5E-09

3.2E-09
2.0E-08
2.2E-08

Time = 105a

1.9E-08
2.1E-08
2.1E-08
2.2E-08

2.1E-08

3.1E-08

3.8E-08
3.9E-08

8.6E-08

6.1E-08
9.0E-08
8.9E-08

Estimated Annual Dose Dw (M*

Drinking Water

Time = 104a

0
0
0

5.5E-05

0

1.2E-04

9.9E-03
1.2E-02

3.4E-01

1.9E-01
1.2E+00
1.4E+00

Time = 105a

1.1E+00
1.3E+00
1.3E+00
1.4E+00

1.3E+00

1.9E+00

2.3E+00
2.4E+00

5.3E+00

3.7E+00
5.5E+00
5.4E+00

5/a)

Irrigation

Time = 104a

0
0
0

5.3E-04

0

1.2E-03

9.6E-02
1.2E-01

3.3E+00

1.9E+00
1.2E+01
1.3E+01

Time = 105a

1.1E+01
1.2E+01
1.3E+01
1.3E+01

1.2E+01

1.8E+01

2.2E+01
2.3E+01

5.1E+01

3.6E+01
5.3E+01
5.3E+01



TABLE 5

129RATIO OF TOTAL 1Z*I TRANSPORT RATE AND ANNUAL DOSE ESTIMATE BETWEEN VARIOUS CASES

TO ILLUSTRATE THE INFLUENCE OF THE DISCRETE FRACTURE.

THE EXCAVATION DAMAGE ZONE AND OTHER FACTORS

Cases
Compared

lb/la
lc/lb
ld/lc

2c/lc
2b/lc
2a/lc
2b/2c
2a/2c
2a/2b
2d/2a

3a/la
3b/lb
3c/lc
3c/3a
3c/3b
3d/3c
3c/2a
3d/2d

Description
Fuel Release / Container Release
EDZ/No EDZ
EDZ Extension/EDZ

10 |xm DF End 9 m Above Vault / No DF
10 |xm DF End 3 m Above Vault / No DF
10 |lm DF Through Vault / No DF
10 fim DF End 3 m Above Vault / End 9 m Above
10 Jim DF Through Vault / End 9 m Above
10 (xm DF Through Vault / End 3 m Above
EDZ Extension / EDZ (10 |xm DF Through Vault)

80 |xm DF Through Vault / No DF (Container)
80 (J,m DF Through Vault/ No DF (No EDZ, Fuel)
80 M-m DF Through Vault/ No DF (EDZ, Fuel)
Fuel Release/Container Release (80 |xm DF, EDZ)
EDZ / No EDZ (80 îm DF, Fuel)
EDZ Extension / EDZ (80 |xm DF Through, Fuel)
80 am Through Vault / 10 ̂ im Through Vault (EDZ, Fuel)
80 am Through Vault /10 (im Through Vault (Extended EDZ)

Ratio of Total
Rate into

Time = 104a

*
*

*

*
it

*

*

8.1E+01
1.3E+00

*
*

3.7E+00
6.4E+00
1.1E+00
1.2E+02
1.1E+02

Transport
LD1
Time = 105a

1.1E+00
1.0E+00
1.0E+00

1.0E+00
1.1E+00
1.2E+00
1.1E+00
1.2E+00
1.1E+00
1.0E+00

2.1E+00
1.6E+00
2.0E+00
1.1E+00
1.3E+00
9.9E-01
1.6E+00
1.6E+00

Ratio of Well Water
Concentration or

Annual Dose
Time=104a

*
*
*

*

*
*

*

8.0E+01
1.3E+00

*

*
*

3.7E+00
6.4E+00
1.1E+00
1.2E+02
1.1E+02

Time = 105a

1.1E+00
1.0E+00
1.0E+00

1.0E+00
1.5E+00
1.8E+00
1.5E+00
1.8E+00
1.2E+00
1.0E+00

4.6E+00
2.9E+00
4.3E+00
1.0E+00
1.5E+00
9.9E-01
2.4E+00
2.3E+00

N)

*Transport rate is 0 in one or both cases being compared.
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FIGURE 1: The Whiteshell Research Area. Model locations are shown.
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FIGURE 2: Geometry of the Three-Dimensional, Groundwater Flow Model in the Vicinity of die
Hypothetical Vault (See Figure 1 for die location of die vertical section D-D'.)
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FIGURE 3: Vertical Section of the Models Showing Details of the Geometry in the Vicinity of the Intersection of the Discrete
Fracture with the Hypothetical Vault Finite-element mesh of the three-dimensional, groundwater flow model is shown.
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FIGURE 4: Two-Dimensional Solute Transport Model
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FIGURE 5: Release Rates of n9l From the Used Fuel, Containers and Backfill for the Entire Vault
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FIGURE 6: Vertical Section of the Three-Dimensional, Groundwater Flow Model, Finite-Element Mesh
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Vicinity of the Hypothetical Vault
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FIGURE 8: Flow Field in the Plane of Fracture Zone LDl. Streamlines show the capture
zone of a well pumping 1330m'/a of water from fracture zone LDl at 200-m
depth.
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Zone
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FIGURE 10: Calculated Transport Rate of 129I Into Fracture Zone LDl Per Unit Width (m) of
Fracture Zone LDl. The 12 cases are plotted in two frames, (a) and (b) to avoid cluttering.
See Table 1 for a description of the cases.
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FIGURE 11: Estimated Total Transport Rate of 129I Into Fracture Zone LDl for All Cases.
The 12 cases are plotted in two frames, (a) and (b) to avoid cluttering.
See Table 1 for a description of the cases.
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FIGURE 12: Comparison of Estimated Total Transport Rate of 129I Into Fracture Zone LDl for Selected
Cases to Show Effects of Discrete Fracture, Fracture Aperture and Excavation Damage Zoneb

See Table 1 for a description of the cases.
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FIGURE 13: Comparison of Estimated Total Transport Rate of n9l Into Fracture Zone LDl for
Selected Cases to Show Influence of Proximity of 129I Source to the Discrete Fracture.
See Table 1 for a description of the cases.



io

Case 3d

Case 3c

Case2d

Case 2a

Case Id

Case lc

oo

Years

FIGURE 14: Comparison of Estimated Total Transport Rate of 129I Into Fracture Zone LDl for
Selected Cases to Show Effects of Extending a 100-m Strip of the Excavation
Damage Zone from the Vault to Fracture Zone LDl.
See Table 1 for a description of the cases.
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FIGURE 15: Comparison of Estimated Total Transport Rate of 129I Into Fracture Zone LDl for
Selected Cases to Show the Influence of Finite Container Life.
See Table 1 for a description of the cases.
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APPENDIX A

COMPARISON OF CRANK-NICHOLSON AND FULLY-IMPLICIT TIME SCHEMES

The solute transport results for case lb simulated using a Crank-Nicholson time scheme have
been compared to those simulated using a fully-implicit time scheme (Case le). The calculated
rate of 129I transport into fracture zone LDl per metre width, as a function of time, is illustrated
in Figures Al and A2 for both cases. As expected (Pinder and Gray 1977) the fully-implicit
results show less minor oscillations about 0 prior to breakthrough (Figure Al) but are slightly
more dispersed at later times (Figure A2). Overall the agreement between the two sets of results
is good.

REFERENCE

Pinder, G.F. and W.G. Gray. 1977. Finite Element Simulation in Surface and Subsurface
Hydrology. Academic Press, New York, NY.
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FIGURE Al: Calculated Transport Rate of l29I Into Fracture Zone LDl Per Unit Width (m) of
Fracture Zone LDl. Early Time.
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