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ABSTRACT 
 
 
This report presents details of the modelling that was done to support the development of the 
simplified geosphere model (GEONET), which was used in the assessment that was presented in 
the Environmental Impact Statement on the proposed concept for the disposal of Canada's 
nuclear fuel waste.  Detailed modelling of groundwater flow, heat transport and contaminant 
transport through the geosphere was performed using the MOTIF finite-element computer code 
and the particle-tracking code TRACK3D.  The GEONET model was developed using data from 
the Whiteshell Research Area, with a hypothetical disposal vault located at a depth of 500 m. 
 
This report first briefly describes the conceptual model and summarises the two-dimensional (2-
D) simulations that were used initially to define an adequate 3-D representation of the system.  
The analysis showed that the configuration of major fracture zones could have a large influence 
on the groundwater flow patterns.  These major fracture zones can have high velocities and large 
flows.  The proximity of the radionuclide source to a major fracture zone may strongly influence 
the time for a radionuclide to be transported from the disposal vault to the surface.  
 
Groundwater flow was then simulated and advective/convective particle tracking was conducted 
in the selected 3-D representation of the system, to aid in selecting a suitable form for the 
simplified model to be used in the overall systems assessment with the SYVAC3-CC3 computer 
code.  Sensitivity analyses were performed on the effects of (a) different natural geometries of 
part of the model domain, (b) different hydraulic properties, (c) construction, operation and 
closure of the vault, (d) the presence of a water supply well and (e) the presence of an open 
borehole.  These analyses indicated that the shape of the topography and the presence of a major 
low-dipping fracture zone focuses groundwater passing through the vault into a discharge area 
that is much smaller than the area of the vault.  A domestic water supply well drawing water 
continuously from fracture zone LDl will reduce the area in the biosphere to which contaminated 
water from the vault is discharged, with the degree of focusing depending on the well depth and 
pumping rate.  Minimum convective travel times to the surface could be reduced by 30 to 50% 
by the well.  Incorporating a waste exclusion distance between the vault rooms and a major 
fracture zone can be an effective way to retard convective transport of contaminants from the 
vault.  Excavation-induced damage caused by vault construction may have no detrimental effects 



on the long-term performance of the disposal system.  Heat generated by the vault operation can 
reduce the earliest arrival time of contaminants from the vault to the surface.  An open site-
evaluation borehole penetrating the vault area may create a significant pathway for contaminants 
from the vault to the biosphere. 
 
Convective, dispersive and diffusive contaminant transport from the vault was also analysed with 
the MOTIF code.  Results from this analysis were compared with those obtained from an 
equivalent simulation using a version of the simplified geosphere model, GEONET, in the 
SYVAC3-CC3 code.  The good agreement indicates that the approximations made in describing 
contaminant transport in GEONET are reasonable. 
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RÉSUMÉ 
 

Le présent rapport présente les détails de la modélisation effectuée pour appuyer la mise au point 
du modèle de géosphère simplifié (GEONET) utilisé dans l�évaluation présentée dans l�Étude 
d'impact sur l'environnement concernant le concept proposé de stockage permanent des déchets 
de combustible nucléaire du Canada. On a effectué une modélisation détaillée de l�écoulement 
des eaux souterraines, du caloportage et du transport des contaminants à travers la géosphère à 
l�aide du code de calcul à éléments finis MOTIF ainsi que du programme de repérage des 
particules TRACK3D. Le modèle GEONET a été mis au point en utilisant des données 
provenant de l�Aire de recherches de Whiteshell, avec une enceinte de stockage hypothétique 
située à une profondeur de 500 m. 
 
Le présent rapport décrit d�abord brièvement le modèle conceptuel et résume les simulations 
bidimensionnelles qui ont été utilisées à l�origine pour définir une représentation 
tridimensionnelle appropriée du système. L�analyse a montré que la configuration des zones de 
fractures principales pourrait grandement influencer la configuration d�écoulement des eaux 
souterraines. Ces zones de fracture principales peuvent présenter des vitesses élevées et des 
écoulements importants. Il est possible que la proximité de la source de radionucléides à une 
zone de fracture principale influence fortement la vitesse à laquelle un radionucléide est 
transporté de l�enceinte de stockage jusqu�en surface.  
 
On a ensuite simulé l�écoulement des eaux souterraines, puis on a effectué un repérage des 
particules par advection et convection, dans la représentation tridimensionnelle choisie du 
système afin d�aider à la sélection d�une forme convenable du modèle simplifié à utiliser dans 
l�évaluation générale des systèmes avec le code de calcul SYVAC3-CC3. Des analyses de 
sensibilité ont été effectuées sur les effets de (a) diverses propriétés géométriques et 
(b) hydrauliques naturelles dans des sections du domaine du modèle, (c) de la construction, de 
l�exploitation et de la fermeture de l�enceinte, (d) de la présence d�un puits d�alimentation en eau 
et (e) de la présence d�un trou de sondage ouvert. Ces analyses ont indiqué que la forme de la 
topographie ainsi que la présence d�une zone de fracture principale à faible pendage concentre 
les eaux souterraines qui traversent l�enceinte jusqu�à une zone d�émergence beaucoup plus 
petite que la zone de l�enceinte. Un puits d�alimentation en eau domestique qui tire 
continuellement l�eau de la zone de fracture LD1 réduira l�aire de la biosphère à laquelle l�eau 



contaminée de l�enceinte est déchargée, le degré dépendant de la profondeur du puits et de la 
vitesse de pompage. Le temps de parcours minimal par convection jusqu�en surface pourrait être 
réduit de 30 % à 50 % par le puits. Intégrer une distance d�exclusion des déchets entre les salles 
de l�enceinte et une zone de fracture principale peut constituer un moyen efficace de retarder le 
transport des contaminants par convection hors de l�enceinte. Les dommages provoqués par 
l�excavation lors de la construction de l�enceinte n�auraient peut-être aucun effet nuisible sur le 
rendement à long terme du système de stockage permanent. La chaleur produite par 
l�exploitation de l�enceinte peut réduire le temps d�arrivée le plus rapide des contaminants de 
l�enceinte à la surface. Un trou de sondage ouvert pour l�évaluation du site peut créer une voie 
importante de passage des contaminants de l�enceinte jusqu�à la biosphère. 
 
On a également analysé, à l�aide du code de calcul MOTIF, le transport des contaminants par 
convection, par dispersion et par diffusion. On a comparé les résultats de cette analyse à ceux 
que l�on avait obtenus d�une simulation équivalente utilisant une version du modèle de 
géosphère simplifié, GEONET, dans le code de calcul SYVAC3-CC3. La correspondance 
indique que les approximations effectuées pour décrire le transport des contaminants 
dans GEONET sont satisfaisantes. 
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1 INTRODUCTION 
 
 
The concept for disposing 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 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.  The waste containers would be placed either in the rooms (in-room emplacement) or in 
holes drilled from the rooms (borehole emplacement).  The rooms, tunnels and shafts would then 
be filled and sealed with buffer, backfill and possibly other vault seals.  
 
Atomic Energy of Canada Limited (AECL) has submitted an environmental impact statement 
(EIS) (AECL 1994) to the Canadian Environmental Assessment Agency on the proposed 
disposal concept.  The EIS presents a case study of the long-term (postclosure) performance of a 
hypothetical implementation of the disposal concept, hereafter referred to as the EIS case study 
for brevity.  The EIS case is based on borehole emplacement of used CANDU� fuel in grade 2 
titanium alloy containers in low-permeability sparsely fractured plutonic rock.  The geological 
characteristics of the reference geosphere (the rock in which a disposal vault is excavated) for the 
EIS case are derived from detailed investigations of the Whiteshell Research Area (WRA) 
located near Lac du Bonnet, Manitoba (see Figure 1.1).  
 
A probabilistic system variability analysis code, SYVAC3-CC3, was used to perform the 
postclosure assessment, which was done to evaluate the long-term safety and environmental 
impact of radionuclide release from the disposal system for the EIS (Goodwin et al. 1994).  In 
the assessment the disposal system was divided into three subsystems: the vault, the geosphere, 
and the biosphere.  Each subsystem was then represented by a computationally simplified model 
within SYVAC3.  The report by Davison et al. (1994) describes the approach for developing the 
geosphere model (GEONET) that was used in the postclosure assessment to analyse important 
processes within the geosphere.  The report discusses the model itself, as well as the assumptions 
and data that were used to construct the model.   
 
In the report, we provide some additional details of the thermohydrogeological modelling that 
was done to support the development of GEONET.  
 
Development of a geosphere model for the Whiteshell Research Area (WRA) (see Figure 1.2) 
began with the assimilation of all relevant geological, geophysical, geochemical and 
hydrogeological data for the region.  Based on this information, a detailed conceptual model of 
the hydrogeological regime was formulated.  A hypothetical disposal vault was located within 
the model, although this does not imply any intention of actually locating a disposal vault in the 
area.  The coupled equations describing saturated fluid flow and conductive, convective and 
dispersive heat transport were solved numerically to predict groundwater velocity distributions.  

                                                 
� CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL). 
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A particle-tracking technique was then applied to these velocity distributions to simulate 
convective and advective transport of contaminants from the vault to the biosphere, yielding the 
major transport paths (e.g. groundwater pathlines).  When the groundwater velocity is significant 
the path lines were used to construct the simplified SYVAC3-CC3 geosphere model, GEONET, 
which consisted of a network of one-dimensional (1-D) transport segments connected together in 
3-D space.  When the groundwater velocity was very low�for these cases, contaminant 
transport is dominated by molecular diffusion�transport segments were constructed to give the 
shortest diffusion paths from the vault to the nearest zones with significantly higher groundwater 
velocities.  As ranges and distributions of parameters were required for the system assessment, 
sensitivity analyses were performed.  
 
Detailed modelling was done using the computer code MOTIF (Model of Transport in 
Fractured/Porous Media).  MOTIF was developed by AECL to model the coupled processes of 
saturated or unsaturated fluid flow, conductive and convective heat transport, brine transport and 
single-species radionuclide transport in a rock mass.  Recently, the code has been enhanced to 
include the modelling of coupled thermo-hydro-mechanical processes.  The background rock 
mass and the fracture zones are modelled as equivalent porous media.  The equations are solved 
using the Galerkin finite-element technique.  The background rock mass is represented by 
contiguous, 3-D elements, and the major fracture zones are represented by 3-, 2- or 1-D 
elements.  Details of the relevant equations and their solutions, and the MOTIF code have been 
presented by Guvanasen (1985), Chan et al. (1986) and Guvanasen and Chan (1991).  The 
numerical accuracy of the code has been verified by comparison with analytical and independent 
numerical solutions (Chan et al. 1987, 1996; Khair and Chan 1993).  Its ability to correctly 
model groundwater flow in a fractured rock mass has been demonstrated by successfully 
predicting the hydrogeological impact of excavating the access shaft for AECL's Underground 
Research Laboratory (URL) (Davison et al. 1988).  The MOTIF code also has been used to 
simulate field groundwater tracer experiments and related pumping tests (Frost et al. 1995a, 
1995b, 1995c; Applied Geoscience Branch Report 1989, 1990, 1991).  In the work reported here, 
the MOTIF code has been applied to solve only groundwater flow, heat and solute transport 
problems, and not the geomechanical problem.  Conductive, convective and dispersive modes of 
heat transport, and convective/advective, dispersive and diffusive solute transport are simulated.   
 
Particle tracking was done using the TRACK3D code (Nakka and Chan 1994), which was 
explicitly designed as a postprocessor for MOTIF.  TRACK3D takes transient or steady-state 
groundwater velocity distributions that are calculated in MOTIF flow simulations and uses these 
distributions, in conjunction with the model geometry, to calculate convective and advective 
transport paths (or particle tracks) and travel times.  TRACK3D does not include simulation of 
dispersion, diffusion or chemical reactions.  In some cases, close inspection of path lines 
calculated by TRACK3D revealed the presence of aberrations (i.e., numerical oscillations) that 
originate from the tracking algorithm.  A FORTRAN program, SMOOTH, was used to remove 
suspected spurious oscillations from TRACK3D paths and to correct the travel times and path 
lengths.  The SMOOTH program eliminates oscillations between a fracture zone where 
velocities are high, and the adjacent rock mass where velocities are low.  A brief description of 
the SMOOTH program is given in Appendix A.  
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In this report, we first present a detailed description of the conceptual hydrogeological model 
that was developed for the WRA.  This description is followed by a summary of the initial 2-D 
thermohydrogeological analysis.  A detailed description of the 3-D thermohydrogeological 
analysis is then presented, followed by a description of the model simulations that were used to 
finalise the GEONET geosphere model for use in SYVAC3-CC3.  We then discuss the 
modelling of the effects of an open site-evaluation borehole passing through a rock pillar near a 
waste emplacement room.  Finally, we describe 2-D contaminant transport simulations that were 
done to evaluate the validity of the approximations made in describing contaminant transport 
using GEONET, and to analyse the sensitivity of model results to certain model features and 
parameter values.  
 
 

 
Figure 1.1.  The Whiteshell Research Area, showing the location of the two-dimensional 
model, label A-A'. 
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Figure 1.2.  Steps in Developing the Geosphere Model (GEONET) 
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2 CONCEPTUAL HYDROGEOLOGICAL MODEL  
 
 
The WRA covers about 750 km2 in southeastern Manitoba (see Figure 1.1), including the sites of 
the Whiteshell Laboratories (WL) and the URL.  A major portion of the area is part of the Lac du 
Bonnet batholith, a large granitic pluton.  In general, the topography slopes from elevations of 
300 m above mean sea level (AMSL) in the southeast to 250 m AMSL in the northwest.  The 
Winnipeg River system is assumed to provide a stable hydrogeological boundary nearly 
surrounding the area, based on modelling by Guvanasen (1984).  The water table closely follows 
the topography.  
 
At the time the conceptual model was constructed in 1985, subsurface investigations in boreholes 
were limited primarily to the WL and URL sites.  Features and properties controlling 
groundwater flow were determined from borehole logs and hydrogeological testing and 
monitoring (Davison 1984a, 1984b).  Figure 2.1 shows a northwest-to-southeast oriented cross-
section of the geology at the URL site (see section B-B' in Figure 1.1).  Three low-dipping 
fracture zones appear to be the predominant controls of groundwater flow.  Other permeable, 
subvertical fracture zones correspond to locations of surface topographic lineaments; however, 
their depths have only been inferred from observations made during some of the large-scale 
groundwater pumping tests.  Except for these distinctive fracture zones, the rock mass was found 
to be relatively unfractured, with fracturing being more pronounced near the ground surface.  
 
The area that has to be modelled to analyse the impact of the hypothetical disposal vault is larger 
than that for which detailed data are available.  Therefore, the conceptual model of the region 
was developed from detailed studies at the WL and URL sites, and from geological features 
interpreted from air photography and regional geophysical surveys.  Full details of the 
conceptual model are given in Davison et al. (1994).  
 
The linear features in Figure 2.2 are assumed to be subvertical fracture zones, with the major 
zones extending to at least 4 km below ground surface and the minor zones extending to 1-km 
depth.  Figure 2.3 is an extension of the previous cross-section through the URL site, showing 
the conceptualised geology (see section A-A in Figure 1.1).  Low-dipping fracture zones 
(LDFZ�s) are assumed to intersect the surface adjacent to vertical fracture zones, and these 
LDFZ�s are extended to intersect other vertical zones at depth.  This connectivity  permits the 
analysis of a regionally continuous fracture zone system, which is a conservative assumption 
with regard to groundwater flow from the vault to the biosphere.  The fracture zones are 
considered to be porous media with uniform thicknesses of 20 m.   
 
The rock mass is divided into five layers of porous media, with permeability and porosity 
decreasing with depth.  Table 2.1(a) summarises the permeability and porosity values used for 
the base-case simulations.  Permeability ranges from 5×10-15 m2 to 1×10-21 m2, and porosity 
ranges from 5×10-3 to 3×10-3.  The upper two layers are anisotropic, with vertical permeability 
being five times higher than horizontal permeability.  The permeability and porosity of the 
fracture zones also decrease with depth in the 2-D model of the region.  The permeability values 
of the fracture zones are two to six orders of magnitude higher than that of the adjacent rock 
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mass, and the porosity is 1.6 to 33 times higher.  In the 3-D model, the permeability of the 
fracture zones was kept constant at 10-13 m2, and the porosity was equal to 0.1.  
 
Table 2.1(b) summarises the other property values selected for the numerical model.  The 
compressibilities of the background rock mass and the fracture zones are assumed to be 1.0×10-9 
and 1.0×10-8 Pa-l, respectively, based on literature values reported by Freeze and Cherry (1979).  
Fluid compressibility is assigned a value of 4.5×10-1 Pa-l (Weast 1971); this value corresponds to 
the average geothermal temperature of 29°C, estimated from measurements at the URL by Drury 
(1982).  
 
The following values were selected for parameters that control heat transport: 
 

• Effective thermal conductivity, 3.34 W/(m.oC) (Drury 1980); 
• Specific heat of rock, 8.0×102 J/(kg.oC) (Acres 1978); 
• Specific heat of fluid, 4.2×103 J/(kg.oC) (Weast 1971); 
• Rock density, 2.640×103 kg/m3 (Percival et al. 1983); 
• Longitudinal dispersivity, 6.0 m; and 
• Transverse dispersivity, 6.0×10-1 m.  

 
The dispersivity values are considered to be approximate, but they are not very important for 
heat transport.  Conduction is by far the dominant heat transport mechanism (Scheier et al. 1992) 
due to the low porosity of the rock.  
  
For non-isothermal fluid flow, the fluid density (kg/m3) is described by the following 
polynomial:  
 
 ρ = ρr (1 + [T � Tr][A + (T � Tr)B] + crρ (2.1) 
 
where ρr =  reference density = 997.1 kg/m3 (Weast 1971),  
 T   =  temperature (oC),  
 Tr   =  reference temperature = 25°C,  
 cr   =  reference compressibility of water = 4.57×10-10 Pa-l (Weast 1971), and 
 p   =  pressure (Pa). 
 
Coefficients A and B were determined to have values of -3.17×10-4 oC-1 and -2.56×10-6 oC-2, 
respectively, by curve fitting to experimental data (Forsythe 1964).    
 
Fluid viscosity (pa·s) is described by the Guzman-Andrade equation (Perry and Chilton 1973): 
 
 µ = A1 exp [B1/(273 + T)] (2.2) 
 
where coefficients Al and Bl were determined to have values of 1.98404×10-6 Pa·s and 
1.82585×103 oC, respectively, by curve fitting to experimental data (Forsythe 1964).  
 
For the reference head calculation, the reference fluid density is assigned a value of 1000 kg/m3.  
This density is the value for fresh water at atmospheric pressure and a temperature of 6°C.  This 
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temperature is the estimated mean value just below the surface of the geosphere, based on 
measurements at the URL by Drury (1982).  
 
It is important to note that the conceptual model described is just one possible interpretation 
based on the data available in 1985.  The model was constructed to allow sensitivity analyses to 
be performed with respect to assumptions about features and their properties.  Newly acquired 
field data are used to improve the model as they become available.  
 
 

Table 2.1(a).  Permeability and Porosity Values 
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Table 2.1(b).  Model Property Values 
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Figure 2.1.  Section B-B' (see Figure 1.1), showing observed and inferred geology near the 
URL. 
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Figure 2.2.  Whiteshell Research Area � Linear Features 
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Figure 2.3.  Conceptualised Geology and Surface Topography along Section A-A' in 
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3 TWO-DIMENSIONAL THERMOHYDROGEOLOGICAL ANALYSIS  

 
 
This section summarises 2-D simulations that were used to initially help define a suitable 3-D 
representation, to select a suitable form for the SYVAC3-CC3 geosphere model, and to perform 
some sensitivity analyses.  
 
3.1 BASE CASE  
 
The base case, 2-D regional numerical model, shown in Figure 2.3 (Chan et al. 1986), 
corresponds to section A-A' in Figure 1.1.  This 27- by 4-km section lies approximately along a 
groundwater flow line; i.e., there is little groundwater flow perpendicular to this plane.  All 
major fracture zones and the hydrogeological stratigraphy of the conceptual model are included 
in the model.   
 
The top boundary of the model was assumed to have prescribed heads that are equal to the 
estimated water table elevations (see Figure 2.3).  The water table closely follow the topography, 
though in a subdued manner, being somewhat lower beneath upland groundwater recharge areas.  
The bottom boundary is assumed to be a no-flow boundary because of the very low permeability 
that is expected at this depth.  Because of the assumption that flow patterns are symmetrical 
about the centrelines of the major river and lake system, no flow is assumed across the side 
boundaries.   
 
All boundary temperatures were  prescribed and were based upon previous geothermal 
measurements taken at the URL (Drury 1982).  At the top boundary of the model, the 
temperature was held at 6°C, and the other boundary values were based upon an average 
geothermal gradient of 11.5oC/km. 
 
Before analysing the effect of the inclusion of the hypothetical vault, the steady-state 
groundwater flow conditions under the combined influence of topography and the natural 
geothermal gradient were determined.   
 
The hypothetical disposal vault was located at a depth of 500 m at the URL site (see Figure 3.1).  
It was deliberately located to intersect the plane of a major low-dipping fracture zone, LDl, to 
assess the sensitivity of the fracture-zone proximity on the transport of vault contaminants to the 
biosphere.  The smaller portion of the vault above (or southeast of) fracture zone LD1 is 
subsequently referred to as the right side or right-hand side (RHS) of the vault.  The larger 
portion of the vault below (or northwest of) fracture zone LDl is subsequently referred to as the 
left side or left-hand side (LHS) of the vault.  The vault was assumed to have the same physical 
properties as the surrounding rock layer 3 (see Figure 2.3), and was modelled solely as a planar 
heat source.  The heat output of the vault was initially set at 11.59 W/m2, decaying to 0 W/m2 
over a period of 100 000 years, as illustrated in Table 3.1 (Scheier et al. 1992).   
 
To check for numerical convergence of the simulated results, we used two meshes and three 
time-stepping sequences of different refinements in this analysis.  All elements were 2-D.  Figure 
3.1 illustrates the coarse-mesh option for the vault region.  Small elements were used near the 
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vault and the fracture zones, with a progressive increase in size further away from these features.  
This was done to ensure accurate calculation of heat transport and groundwater velocities along 
likely radionuclide transport pathways.  The coarse mesh consisted of a total of 914 four-node 
quadrilateral elements and 985 nodes, with 16 nodes representing heat sources.  The fine mesh 
was created by subdividing each element in the coarse mesh into four subelements.  Transient 
simulations were conducted for a period of one million years, using geometrically increasing 
time steps.  The coarse time-stepping sequence consisted of 20 steps, the medium sequence had 
42 steps and the fine sequence had 81 steps.  For the medium time-stepping scheme, the initial 
time step was 1.0×107 s.  In all cases, the fluid flow equation was solved using implicit temporal 
differencing, and the heat transport equation was solved using Crank-Nicholson temporal 
differencing (Scheier et al. 1992).    
 
The numerical convergence study showed that the coarse-mesh option and medium time-
stepping sequence were suitable for most cases considered in this analysis.  The simulation 
results were checked to ensure that fluid mass is conserved over the entire model.   
 
Examples of calculated temperatures and groundwater velocities near the vault are shown in 
Figure 3.2.  Locations M and L (see Figure 3.1) are about 100 m above the vault, in the rock 
mass and in the low-dipping fracture zone LDl that intersects the vault horizon, respectively.  
Location V (see Figure 3.1) is about 200 m above the vault in vertical fracture zone V0, which is 
325 m from the edge of the vault.  For this simulation, the groundwater velocity in the fracture 
zones near the vault is of the order of 1 m/a.  In the rock mass outside the fracture zones, 
groundwater velocities are typically four orders of magnitude lower.  In general, the perturbation 
in both temperature and groundwater velocity lasts about 100 000 years.  
 
In the rock mass near the vault, the maximum increase in groundwater velocity due to vault heat 
is about 10 times.  This increase drops off rapidly with distance away from the vault.  In fracture 
zones near the vault, the largest increases in groundwater velocities are only about 75%.  
 
Figure 3.3 shows the calculated groundwater velocity vector patterns near the vault.  The steady-
state pattern (see Figure 3.3(a)) is nearly semicircular, with groundwater recharge occurring in 
the higher area in the southeast, lateral groundwater movement above the lower permeability 
layers at depth, and groundwater discharge occurring to the surface up through the left-hand side 
of the vault, to the low-lying area in the northwest.  The local surface topography (as reflected in 
the water table) drives the groundwater flow.  The flow travels up low-dipping fracture zone 
LD1, which intersects the vault horizon.  The general flow pattern predicted by this model is 
consistent with field observations in the URL Lease Area (Davison 1984a).   
 
At 9800 years (see Figure 3.3(b)), the overall thermal perturbation of the groundwater velocity 
field approaches its maximum effect.  The velocity vector pattern is now nearly vertical through 
almost the entire region of the vault, as a result of the buoyancy effect of the waste heat.   
 
Figure 3.4 shows the calculated steady-state groundwater velocity vector pattern for the entire 
model.  The velocity magnitudes are, in general, proportional to the permeabilities of the various 
regions.  The configuration of the major fracture zones, particularly the low-dipping zones, 
exerts a strong influence on groundwater flow directions.  Some numerical fluctuations were 
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found to exist at a distance from the vault, probably because of the relatively coarse finite-
element discretisation.  Subsequent particle-tracking analyses showed that these numerical 
fluctuations occur at a sufficient distance from the vault such that the predicted convective 
transport paths and travel times from the vault to groundwater discharge areas at the surface are 
not affected.  In view of these findings, the finite-element discretisation was not further refined.   
 
As an initial step in the transport modelling, the particle-tracking code TRACK3D was used to 
estimate convective transport paths and travel times for the base case, 2-D regional model.  
Figure 3.5 shows the fine finite-element mesh that was used for some of the regional numerical 
modelling.  This mesh consisted of a total of 3797 nodes and 3656 eight-node quadrilateral 
elements.  The vertical scale in the topography is exaggerated by a factor of two.  Figure 3.6 
shows the steady-state regional groundwater flow pattern that was obtained by applying the 
MOTIF/TRACK3D code combination.  The influence of the fracture zones on the pattern of 
groundwater flow in the area is clearly observed.  
 
In principle, the groundwater flow pattern shown in Figure 3.6 can be obtained by releasing a 
large number of evenly spaced particles along the surface and by tracking their movement in the 
groundwater flow field.  In fact, it is only necessary to release particles from recharge areas at 
the surface, since any particles released from a discharge area would not re-enter the flow 
system.  Although particle tracking can be used to identify the recharge areas, we determined 
them by inspecting another plot of the regional flow pattern that was obtained earlier using a 
different method; this method will be described later in this section.  With the recharge areas thus 
identified, we released particles from a uniform elevation that was slightly beneath the recharge 
area, and used a combination of forward and reverse particle tracking to calculate their entire 
flow paths.  Initially, 400 particles were tracked to the discharge areas by this method.  The 
resulting flow pattern is not shown, but it is the same pattern as the upper half of the flow pattern 
shown in Figure 3.6; i.e., there were no path lines in the region that extended below the low-
dipping fracture zones.  To complete the flow pattern at depth, we released 70 more particles 
from the region that had no path lines.  The initial locations of these particles were determined by 
re-examining the other plot of the regional flow pattern obtained by the alternative method.  Our 
objective was to match as closely as possible the groundwater flow patterns obtained by the two 
different methods.  We again used a combination of forward and reverse particle tracking to 
calculate flow paths for the additional 70 particles.  A plot of the 470 path lines that were 
calculated by this method reproduces the flow pattern shown in Figure 3.6.  
 
To further confirm the regional groundwater flow pattern and to provide confidence in our 
different mapping strategies, a procedure based on stream functions was used as an alternative to 
particle tracking.  The potential-based groundwater flow code of , 1 (personnel communication, 
1971) was modified to calculate stream functions, according to a procedure described by Frind 
and Matanga (1985).  A contouring procedure was used to calculate and plot the curves of equal-
valued stream functions, which are the streamlines.  Although the stream-function method is 
limited to 2-D, steady-state applications, it is useful because of the relative ease with which flow 
patterns can be mapped by streamlines, and because the resulting flow pattern can be described 
with a minimum number of streamlines.  However, the stream-function method does not yield 
estimates of particle travel times.  
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A variation of the stream-function method described above was used to produce the regional 
groundwater flow pattern shown in Figure 3.7.  We still calculated stream functions using the 
AECL-modified Frind code, but instead of contouring the stream functions, we contoured their 
logarithms.  This was done because the wide range in the magnitudes of the stream functions 
calculated from the regional model made it difficult to contour them.  By first taking their 
logarithms (to base 10), the range of values to be contoured was greatly reduced.  The 
disadvantage of this technique was that the resulting streamlines only illustrated flow directions 
and the qualitative features of the regional groundwater flow pattern.  
 
A comparison of Figures 3.6 and 3.7 shows that there is good agreement between the steady-
state regional groundwater flow pattern calculated by particle tracking using the 
MOTIF/TRACK3D code combination, and the pattern obtained by stream functions using the 
AECL-modified Frind code.  The patterns are very similar, especially near the fracture zones, but 
there are some discrepancies along the bottom boundary.  These discrepancies are likely a result 
of fundamental differences in the manner by which the two different methods operate.  These 
differences are described next.  
 
In applying the MOTIF/TRACK3D code combination, MOTIF calculates the groundwater 
velocity at the centroid of every element.  This centroidal velocity is assumed to be constant 
throughout the entire element at a fixed time.  In the steady-state situation, the velocity is also 
independent of time.  TRACK3D temporarily integrates the element velocity, element-by-
element, to calculate a path line.  Because the mean element velocity is used in this calculation, a 
TRACK3D path line most accurately represents the flow path near the centroid of the element, 
and least accurately represents the path along the edges of the element near the nodes.   
 
The stream-function method calculates streamlines by solving for the groundwater stream 
functions at the nodes in the mesh.  A contouring procedure is used to calculate and plot the 
streamlines, as described earlier.  In our variation of the method, the contouring procedure is 
applied to the logarithm of the stream functions.  A streamline that is calculated by this method 
most accurately represents the flow path along the edges of the element near the nodes, and least 
accurately represents the path near the centroid of the element.   
 
Because of the differences described above, the no-flow boundary condition along the bottom 
boundary of the regional model is satisfied better by the streamlines than by our TRACK3D path 
lines, as is seen by comparing Figures 3.6 and 3.7.  This discrepancy can be eliminated or 
reduced by adding a thin row of elements along the bottom of the mesh shown in Figure 3.5 
before the MOTIF flow simulation is performed.  This would allow for a more accurate 
calculation of the groundwater velocities near the no-flow boundary and would improve the 
accuracy of particle tracking.   
 
Finally, we note that both methods use about the same amount of information to calculate the 
steady-state regional flow pattern, with TRACK3D using 3565 element velocities and the 
stream-function method using 3797 nodal stream functions.  
 
The streamlines shown in Figure 3.7 were also further confirmed using the FRESTR/VDF code, 
described by Senger and Fogg (1990a, b).   
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The good agreement between the regional groundwater flow patterns obtained by particle 
tracking and by the stream-function method (see Figures 3.6 and 3.7 respectively) can be 
interpreted as a verification of TRACK3D for a layered system.  This conclusion is based on the 
fact that in the base-case simulation with the 2-D regional numerical model, the rock mass is 
divided into five layers of porous material (see Figure 2.3), with permeabilities and porosities 
that decrease with depth (see Table 2.1(a)), as is described in Section 2.  An analysis of the 
refraction of path lines calculated by TRACK3D at a specific boundary between these layers, 
and of the accuracy with which their refraction obeys the tangent law of hydraulic theory, is 
given in Appendix B of this report.  
 
Figure 3.8 shows estimated convective transport characteristics for selected particles released 
from the hypothetical vault into the transient groundwater flow field surrounding the vault.  The 
path lengths from the vault to the surface do not vary greatly and are about two to three times the 
depth of the vault.  However, the travel times in this simulation vary from 890 years to 26 
million years.  The fastest path, which has a travel time of 890 years, (path D) occurs up the low-
dipping fracture zone LD1, which intersects the depth of the vault horizon.  
 
The effect of the natural geothermal gradient and vault heat on convective transport is 
summarised in Table 3.2 for the particles that were released from the hypothetical vault into the 
groundwater flow field, as illustrated in Figure 3.8.  The geothermal gradient has a minimal 
effect on the length of the path, but reduces the groundwater travel times by about 20 to 25% 
from the isothermal values.  Vault heat also has a minimal effect on the path length.  The travel 
time along the major low-dipping fracture zone LD1 is reduced by about 30% from the values 
that correspond to the situation that only considers geothermal heat.  The effect of vault heat is 
negligible if a significant portion of the path occurs through the sparsely fractured rock mass.  
The small effect of vault heat on convective transport in the sparsely fractured rock mass, despite 
a significant peak perturbation to velocities, is a result of transport through the sparsely fractured 
region of the rock being extremely slow.  The total convective travel time in this sparsely 
fractured region of the rock is two orders of magnitude longer than the duration of the velocity 
perturbation that is caused by vault heating.   
 
As a result, most of the transport through the sparsely fractured region occurs during times when 
there is minimal perturbation to the flow field.  The above results indicate that a wide range of 
radionuclide transport regimes have to be considered in the geosphere model that is used for 
performance assessment calculations.  At one extreme, rapid groundwater convection in the 
major low-dipping fracture zones transects the rock mass.  At the other extreme, convective 
transport through sparsely fractured regions of the rock mass can be negligible compared to 
diffusion and retardation mechanisms.  The relative importance of these processes depends 
strongly on the proximity of the major fracture zones to the vault (Chan and Scheier 1987).  
Table 3.3 shows the rapid increase in convective travel time (with respect to distance from the 
fracture zone) that occurs for particles that are released from the vault into the sparsely fractured 
rock to the right of the intersection with the major low-dipping fracture zone LD1 (see Figure 
3.8).  Therefore, a simple yet effective safety measure in such a situation would be to place the 
waste at a sufficient distance away from the fracture zone, to increase the length of time that it 
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would take for vault contaminants to travel through the sparsely fractured region of the rock 
before entering the rapidly moving groundwater flow field within LD1.  
 
To ensure that diffusion and dispersion are adequately represented in the SYVAC geosphere 
model, detailed multi-dimensional, convective-dispersive transport modelling is also required for 
comparison.  This work has been done and is described in Section 7 of this report.  
 
3.2 SENSITIVITY ANALYSIS  
 
Due to the uncertainty in many geometrical and hydrogeological parameters used in the 
modelling, sensitivity analyses have been conducted, which consider (a) variations in layer 
properties, (b) variations in the vertical fracture zone configuration, (c) grouting of the 
vault/fracture zone intersection, (d) variations in boundary conditions, (e) the extent of the region 
requiring detailed 3-D modelling, and (f) the truncation of LD1.   
 
Details of the modelling approach used and results obtained from an earlier sensitivity analysis 
that considered the first five factors are given in the report by Scheier et al. (1992).  A more 
recent sensitivity analysis, described below, considers the sixth factor, that is, the effect of 
truncating fracture zone LDl, and also considers additional variations in the layer properties and 
the relative importance of regional over local topography.  
 

3.2.1 Truncation of Fracture Zone LD1  
 
This analysis was performed because there is considerable doubt that fracture zone LDl actually 
extends below a depth of 450 m (Davison et al. 1994).  This uncertainty could significantly alter 
our estimates of convective transport from the vault to the biosphere in comparison with the base 
case.  Our analysis included the effects of both the natural geothermal gradient and vault heat.  
To minimise numerical errors and ensure good accuracy, the finite-element mesh used in this 
analysis was sixteen times finer than the coarse mesh that was used for most of the previous 2-D 
regional simulations.    
 
The base-case simulation was also repeated using the finer mesh.  The resulting heads, 
temperatures, groundwater velocities and convective transport from the vault (see Figure 3.9(a)) 
were very similar to those obtained with the coarser meshes.  For the case with fracture zone LDl 
being truncated at a depth of 450 m (and with vertical fracture zone V2 terminating at fracture 
zone LD2) (see Figure 3.9(b)), the direction of flow was more downward near the right side of 
the vault and more upward near the central portion of the vault, compared to the base case.  
Changes were also observed to the flow pattern in and adjacent to fracture zone V2, and adjacent 
to the upper part of LD1.  There were no changes to the flow pattern at distances beyond 1000 m 
from the portions of the fracture zones that were removed.  
 
Consecutive transport from the vault was simulated by tracking the movement of nine water 
particles that were released from the vault.  Figure 3.9 shows the predicted paths, and Table 3.4 
compares the corresponding travel times and path lengths.  For particles that were released from 
the right side of the vault (paths 1 and 2), travel times were much longer (by between two and 
four orders of magnitude) once LD1 was truncated.  These travel times were much longer, 
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because these particles must travel a much longer distance through the sparsely fractured region 
of the rock mass beneath the vault before they can enter the high-velocity LD1.  For particles that 
were released from the central portion of the vault (paths 4, 5 and 6), travel times are slightly 
shorter (pathways 4 and 5), or the same (pathway 6).  For particles that were released from the 
left side of the vault (paths 7, 8 and 9), travel times were somewhat longer (by 70% on average).  
When LD1 was truncated, path 3 ended at a numerical stagnation point near the bottom of LD1.  
The truncation of LD1 resulted in an increase in particle path lengths compared to the base case, 
with the increase being greater toward the right side of the vault than toward the left side.  
 

3.2.2 Permeability and Porosity of Rock Layer 3  
 
This section describes a sensitivity analysis that involves variations in layer properties that were 
not reported by Scheier et al. (1992).  Five cases were examined:  
 

Case A: permeability (k) and porosity (θ) of rock layer 3 (see Figure 2.3) are 10-19 m2 and 
0.003, respectively.  

Case B: k = 10-18 m2 and θ = 0.003.  
Case C: k = 10-18 m2 and θ = 0.0003.  
Case D: k = 10-17 m2 and θ = 0.003.  
Case E: k = 10-17 m2 and θ = 0.00003.  

 
The permeability and porosity values for case A above are the same as those used for the base 
case described in Section 3.1.  The coarse-mesh option and the boundary conditions that were 
used in the base case (see Section 3.1) were also used for this analysis.  The effects of the natural 
geothermal gradient and vault heat were not included in these simulations.   
 
To determine the effect of altering the properties of rock layer 3 on advective transport from the 
vault, particles were released from evenly spaced locations in the vault and were tracked to the 
surface for each of the five cases.  Figure 3.10 shows that an increase in permeability and a 
decrease in porosity, each by one order of magnitude (case C), have little effect on the resulting 
advective transport pattern.  The only difference between this case and the base case was that a 
few more particles reached the surface from the extreme left side of the vault via vertical fracture 
zone V0.  A further increase in permeability and a decrease in porosity, each by one order of 
magnitude (case E), cause particles to reach LD1 from a larger portion of the vault.   
 
The advective transport travel-time histograms for the five cases are compared in Figure 3.11.  
There is a progression to shorter travel times as the permeability of rock layer 3 increases and its 
porosity decreases.  In case A, particles that are introduced directly into LD1 arrive at the surface 
in 1000 years.  Particles that are released from the right side of the vault arrive at the surface in 
10 000 to 100 000 years, and particles that are released from the left side of the vault arrive at the 
surface after more than one million years.  In cases B to E, all particles from the right side of the 
vault reach the surface in less than 20 000 years.  In general, when permeability is increased by 
an order of magnitude or porosity is decreased by an order of magnitude, the particle travel time 
to the surface is decreased by an order of magnitude.  
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3.2.3 Relative Importance of Regional versus Local Topography 
 
A series of simulations have been performed to investigate the importance of regional versus 
local topography in controlling the flow of ground water near a hypothetical disposal vault 
located at the URL.   
 
In the first set of simulations, an artificial regional slope in the direction of the actual regional 
slope was superimposed onto the actual topography of the 2-D regional groundwater flow model.  
Artificial regional slopes ranging in magnitude from 0 to 0.01 were investigated.  The effects of 
vault heat were not considered in these simulations.  Figure 3.12 compares the topography for 
the base case, with no artificial regional slope, to the topography for the bounding case with an 
artificial regional slope of 0.01.  Figure 3.13 shows that the convective transport paths of 
particles that are released from the vault for these two bounding cases are quite similar.  Even 
with an artificial regional slope of five times the average regional slope of the Canadian Shield 
(G.A. Thorne, personal communication, 1995), the local topography still controls the flow of 
ground water through a vault located 500 m below the below the surface of the URL.  
 
A second series of simulations was performed, in which it was assumed that the high point near 
the URL is an artificial regional topographic high that has an artificial regional slope that runs 
downward to the sides of the model.  The actual topography was superimposed onto this artificial 
regional slope.  Regional elevation differences ranging from 0 to 200 m were investigated, 
although this sometimes resulted in regional slopes that far exceeded the average regional slope 
of the Canadian Shield.  This sensitivity study was done in response to a request from a technical 
review group who were interested in seeing the effects.  The finite-element mesh from the 
original 2-D WRA model was modified so that the new model extended 40 km horizontally (see 
Figure 3.14).  It was assumed that the extended portions of the new model did not contain any 
fracture zones.  The elevations of the top nodes along the extended portions were the same as the 
elevation of the top node at the side boundary of the original mesh.  The same material properties 
were used as those in the previous simulations.  The boundary conditions that were used for 
these simulations consisted of (a) no flow along the bottom boundary, (b) fixed heads that were 
equal to the elevation along the top boundary, and (c) fixed heads along the side boundaries, 
which were calculated by assuming hydrostatic conditions.  Isothermal conditions were assumed 
to exist. 
 
When the artificial regional elevation difference is 10 m or less, there are no significant changes 
to the pattern of advective transport from the vault, compared to the case without any artificial 
regional elevation difference, which is the base case in this comparison (see Figure 3.15).  As the 
artificial elevation difference is increased, paths from the extreme left side of the vault are 
affected first.  These paths, which previously discharged to the Pinawa Channel, are now 
directed down the vertical fracture zone that is located just to the left of the vault, and then to the 
left-hand side boundary of the modelled region (see Figure 3.15).  Further increases in the 
artificial elevation difference cause more particles from the vault to be swept toward the left edge 
of the modelled region.  At an artificial elevation difference of 125 m, all paths from the vault 
follow this regional flow.  The preceding analysis shows that an artificial regional slope of 
0.00625 is required to force all of the ground water passing through the vault to enter the 
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regional flow field.  This artificial regional slope exceeds the estimated average regional slope in 
the Canadian Shield by a factor of greater than three.  
 
3.3 SUMMARY AND CONCLUSIONS  
 
The results of the 2-D sensitivity analysis, including the results discussed in detail in Scheier et 
al. (1992), are summarised in Table 3.5.  The major findings from this analysis are as follows:  
 

1. The locations, orientations and interconnections of major permeable fracture zones are a 
major influence on the groundwater flow patterns in the plutonic rock of this case study.  
These major fracture zones can have relatively high groundwater velocities and can 
support large flows.  

2. Of the various alternative cases considered in this study, only the truncation of fracture 
zone LDl, the elimination of vertical fracture zone V2 (which abuts LDl and intersects 
low-dipping fracture zone LD2) and variations in the permeability and porosity of rock 
layer 3 had any significant effect on the groundwater flow pattern in the vicinity of the 
hypothetical vault.  The truncation of LD1 resulted in an increase in the length of the 
convective transport pathways that connect the vault to the surface.  The corresponding 
convective travel times either increased or decreased, depending on the location of the 
origin of the path at the vault.  In general, when the permeability of rock layer 3 was 
increased or its porosity was decreased by an order of magnitude, the travel time to the 
surface decreased by an order of magnitude.  

3. Only the area of the 9-km by 1.5-km local model, which surrounds the location of the 
hypothetical vault, needed to be considered in the detailed 3-D model.  This conclusion 
was tested further using 3-D models and is discussed in the next section of this report.  

4. The proximity of the radionuclide source to a major fracture zone that extends to the 
ground surface, and the hydrogeological properties of the intervening sparsely fractured 
rock mass strongly influence the travel time for convective transport from the vault to 
discharge areas at the surface.  

5. For most of the specific conditions that are assumed in this study, only the portion of the 
groundwater flow field that lies within about 1000 m of the boundary of the vault needs 
to be explicitly considered for modelling the transport of contaminants from the vault to 
groundwater discharge areas.  

6. Grouting a portion of a fracture zone that is in close proximity to the disposal vault may 
have some positive effect on reducing the overall degree of convective transport from the 
vault to the biosphere.  A comprehensive 3-D analysis would have to be performed to 
determine the effectiveness of the grouting.  

7. The natural geothermal gradient, heat from the hypothetical vault, anisotropic 
permeability in the rock layer surrounding the vault, the regional groundwater flow 
boundary conditions below Dorothy Lake and Lac du Bonnet and the regional 
topographic slope do not significantly affect the convective transport of contaminants 
from the vault to the biosphere.  
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Table 3.1.  Vault Heat Output versus Time 
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Table 3.2.  The effect of the geothermal gradient and vault heat on calculated convective 
transport from the vault to the surface. 

 
 
 
 
 

Table 3.3.  The effect of source proximity to fracture zone LD1 on calculated convective 
transport from the vault. 
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Table 3.4.  The effect of truncating fracture zone LD1 on calculated convective transport 
from the vault to the surface. 

Travel Time (a) Path Length (m)
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Table 3.5.  Summary of Two-Dimensional Sensitivity Analysis 
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Figure 3.1.  Two-Dimensional, Finite-Element Mesh (Coarse Version) for the Vault Vicinity 
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Figure 3.2.  Calculated Temperatures and Velocities near the Vault 
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a). 

 
b). 

 
 

Figure 3.3.  Calculated velocity patterns near the vault at (a) 0 years, and (b) 9800 years. 
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Figure 3.4.  Calculated Steady-State Velocity Pattern over Entire Model 
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Figure 3.5.  Fine finite-element mesh for the two-dimensional regional models of the WRA.  
The mesh contains 3797 nodes and 3656 planar quadrilateral elements. 
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Figure 3.6.  Calculated particle tracks in the WRA, based on the application of the 
MOTIF/TRACK3D code combination. 
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Figure 3.7.  Calculated streamlines in the WRA, based on the application of the AECL-
modified Frind code. 
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Figure 3.8.  Calculated Convective Transport Paths from the Vault 
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Figure 3.9.  Calculated convective transport paths from the vault: (a) base case, and (b) 
fracture zone LDl truncated (and fracture zone V2 terminated at LD2). 
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Figure 3.10.  Calculated advective transport paths from the vault for cases where the 
permeability and porosity of rock layer 3 were altered.  
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Figure 3.11.  Histograms of calculated advective transport travel times from the vault to 
the surface, which illustrate the effects of altering the permeability and porosity of rock 
layer 3. 
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Figure 3.12.  Surface topography: (a) base case (no artificial regional slope), and (b) case 
where the artificial regional slope = 0.01. 
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Figure 3.13.  Calculated convective transport paths from the vault: (a) base case (no 
artificial regional slope), and (b) case where the artificial regional slope = 0.01. 
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Figure 3.14.  (a) The actual surface topography, (b) the artificial regional topography, and 
(c) the extended two-dimensional finite-element model.  The vertical exaggeration in the 
topography is 20 times. 
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Figure 3.15.  Calculated advective transport paths from the vault: base case, and cases with 
artificial elevation differences of 50, 100, 150 and 200 m. 
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4 THREE-DIMENSIONAL THERMOHYDROGEOLOGICAL ANALYSIS 
 
4.1 PRELIMINARY MODELLING  
 
This section describes the 3-D simulations that were performed to investigate the effects of the 
spatial extent of the model, and to identify the specific areas where ground water, which passes 
through the hypothetical vault, would discharge to the biosphere.  
 

4.1.1  Extent of the Region Requiring Detailed Three-Dimensional Modelling  
 
To confirm the conclusions that were previously reached from the 2-D sensitivity analysis with 
respect to the limited extent of the WRA that requires detailed 3-D groundwater flow modelling, 
the following approach was adopted. First, a 3-D regional groundwater flow model with a coarse 
mesh containing 3996 nodes was used to simulate groundwater flow in the entire WRA.  The 
results from this simulation were then used to derive head boundary conditions for use with a 3-
D local groundwater flow model with a refined mesh.  The results from the local model 
simulation using these boundary conditions were compared to those from a local model 
simulation using no-flow boundary conditions along the sides and bottom of the model.   
 
The 3-D regional groundwater flow model (Chan et al. 1986) represents the region bounded by 
the Winnipeg River system, except in the east where it is bounded by major vertical faults (see 
Figures 1.1 and 4.1).  The model extends to a depth of 4 km below the ground surface.  All major 
fracture zones and the hydrogeological stratigraphy of the conceptual model are included in the 
regional model.  Figure 4.1 shows a plan view of the finite-element mesh constructed for the 
model.  All lines indicate element boundaries in a single horizontal slice.  The moderately- and 
sparsely-fractured regions of the background rock mass are represented by 3432 3-D solid 
hexahedral elements, forming eleven geometrically identical horizontal layers.  The fracture 
zones are represented by 2-D planar quadrilateral elements.  There are 1919 planar elements, 
sharing nodal points with some of the 3-D elements.   
 
No-flow boundary conditions were imposed along the sides and bottom of the regional 
groundwater flow model.  The suitability of these approximations has previously been shown by 
a 2-D sensitivity analysis (Scheier at al. 1992).  The top boundary has prescribed head values that 
are equal to the surface topography.  This assumption is judged to be somewhat conservative, as 
it is expected to slightly exaggerate the hydraulic gradients, and hence, lead to higher 
groundwater velocities than would actually exist.  Field observations reveal that the water table 
at the WRA is a subdued replica of the topography, being somewhat beneath upland groundwater 
recharge areas.   
 
The 3_D local groundwater flow model (Chan et al. 1986) covers a 10- by 9-km region centred 
on the URL site and extends to a depth of about 1.5 km.  Because of variations in surface 
topography, the depth of the modelled region actually varies from 1543 to 1508 m, and the 
surface elevation varies from 290 to 255 m AMSL.  The local model includes all the major 
hydrogeological features of the conceptual model.  A hypothetical 2- by 2-km vault is positioned 
horizontally at a depth of 500 m below the ground surface.  The vault is modelled using regions 
with a permeability of 10-17 m2 to represent the backfilled excavations.  These regions are 
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separated by other regions with a permeability of 10-19 m2, to represent the rock pillars between 
the excavations.  
  
Figures 4.2 and 4.3 show plan and vertical-section views of the finite-element mesh that was 
constructed for the local model.  The mesh contained 15 144 elements and 16 944 nodes.  Only 
3-D solid hexahedral elements were used in the mesh, to enable the particle tracking code 
TRACK3D (Nakka and Chan 1994) to be used to calculate convective transport paths using the 
groundwater velocity distributions calculated by MOTIF.  The top boundary of the local model 
had prescribed-head values that were equal to the surface topography (see Figure 4.4). 
  
All preliminary 3-D simulations were carried out for steady-state groundwater flow conditions, 
including the influence of the natural geothermal gradient.  Temperatures on the model 
boundaries were specified, based on a geothermal gradient of 11.5°C/km and a surface 
temperature of 6oC (the same values as those used for the 2-D simulations).  The effect of the 
heat generated by the waste in the vault was not included in this analysis, because the previous  
2-D analysis indicated that it could be ignored (see Section 3.1).  However, the effects of vault 
heating were investigated further using 3-D modelling; the results are given in Section 4.6.  
 
Figure 4.5 shows calculated hydraulic-head contours in the vicinity of the vault for the two local 
model simulations described above.  The maximum head difference was found to be 5%.  
Particle tracking, using the groundwater velocities calculated in the same simulations, suggested 
that the convective transport paths (see Figure 4.6) and travel times between the vault and the 
surface for each simulation were in agreement.  The travel times and path lengths varied by at 
most 20 and 10%, respectively.  These results are similar to those obtained for the 2-D 
simulations (Scheier et al. 1992).  
 
Based on the above comparison, it was concluded that the boundaries chosen for the local 
groundwater flow model were at a suitable location to prevent any boundary effects from 
affecting convective transport from the vault.  The analysis also showed that it is suitable to 
replace the specified-head boundary conditions along the sides and bottom of the local 
groundwater flow model in the WRA by no-flow boundary conditions.  
 

4.1.2 Fluid Mass-Balance Calculation  
 
A fluid mass-balance check was performed on the results of a simulation with the 3-D local 
groundwater flow model, with no-flow boundary conditions along the sides and bottom of the 
model.  Steady-state isothermal conditions were assumed to prevail, with a uniform groundwater 
temperature of 6oC and a uniform groundwater density of 1000 kg/m3.  
 
The mass-balance check was performed as follows.  The inflow and outflow through each 
element face on the boundary were calculated on the basis of the centroidal velocities.  The 
outside face of every boundary element was assumed to be planar.  The inflow (or outflow) 
through the outside face was obtained by calculating the dot product of the unit vector normal to 
the face with the centroidal velocity factor for the element, and then by multiplying it by the area 
of the face.  The resulting volumetric flow rate was converted into a fluid mass flow rate.  The 
total fluid mass inflow and outflow through each model boundary were then calculated.   
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The total fluid mass inflow and outflow for the entire 3-D local model simulation using the initial 
mesh were 3.71×108 and 5.15×108 kg/a, respectively (see Table 4.1).  This represents a percent 
difference of about 39%, where the percent difference is defined as ((fluid mass inflow -fluid 
mass outflow)/fluid mass inflow)×100.  Because most of this error is a result of the apparent 
flow across the no-flow vertical boundaries, the finite-element mesh was modified by adding 20-
m-thick elements along the vertical boundaries.  With this modification, the apparent flow across 
the no-flow boundaries is small, and the total fluid mass inflow and outflow for the entire model 
were 3.21×108 and 3.12×108 kg/a, respectively (see Table 4.2).  This represents a percent 
difference of 2.8% (in magnitude), which shows that the mass balance has been substantially 
improved.  
 

4.1.3 Differences between the Two- and Three-Dimensional Modelling Results  
 
A comparison was made between the modelling results from the 2-D, base-case simulation (see 
Section 3.1) and the corresponding 3-D simulation (Reid and Chan 1987), to investigate their 
sensitivity to the dimensionality of the simulations.  Two rather significant differences were 
observed, one in the direction of flow and the other in the convective travel times.  First, flow 
was downward in fracture zone LD0 in the 2-D case (path B, see Figure 3.8) but upward in the 3-
D case.  Secondly, convective travel times from the LD1-vault intersection to the surface was 
1600 years (path D, see Figure 3.8) in the 2-D case, but was less than 1000 years in the 3-D case.  
 
The differences between the results from the 2- and 3-D simulations are the result of topographic 
features (see Figure 4.7) that are not as well represented in the 2-D model.  These features 
control the surface area in the biosphere to which contaminated ground water from the vault 
would discharge (see Figure 4.8)(Reid and Chan 1987).  The 3-D convective transport paths up 
low-dipping LD1 are focused in a direction that is perpendicular to the 2-D model section.  
 
4.2 EFFECTS OF BACKFILL PROPERTIES, WASTE-EXCLUSION DISTANCE 

AND EXCAVATION DAMAGE  
 
A series of simulations were performed to study the sensitivity of convective groundwater 
transport between the vault and biosphere to the hydrogeological properties of the near-field 
region within and surrounding the disposal vault.  These simulations considered  

1. The existence of the underground shafts and tunnels of a disposal vault and how well 
they are sealed (see Figure 4.9). 

2. Different hydraulic properties used for the backfill material in the vault.  
3. The existence of an excavation damage zone (EDZ) of rock with increased permeability 

immediately surrounding the underground openings.  
4. Different thicknesses of a region of sparsely-fractured rock isolating the waste 

emplacement areas of the vault from the nearby LD1, i.e., the waste exclusion distance 
(WED).  The WED is the minimum perpendicular distance between the fracture zone and 
the nearest waste emplacement area (see Figure 4.10).  The waste exclusion zone (WEZ) 
is the region extending horizontally from the side of the waste emplacement area nearest 
the fracture zone to the fracture zone.  
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These simulations were performed using a modified version of the local groundwater flow model 
that was used for the preliminary 3-D modelling (see Section 4.1).  Only one underground access 
tunnel of the disposal centre design was simulated explicitly, and the two clusters of vault access 
shafts of the disposal centre design were represented by two shafts of equivalent area.  Individual 
waste containers or emplacement rooms were not explicitly simulated, but backfill properties 
were assigned to panels of rooms of 20 m thickness.  Figure 4.11 shows a plan and vertical-
section view of the finite-element discretisation used to represent the vault.  The hatched areas 
represent panels of backfilled waste emplacement rooms and the white areas represent the 
intervening rock pillars.  The crosshatched areas represent the WEZ of sparsely-fractured rock on 
either side of LD1 (black).  Figure 4.12 shows a vertical-section view of the central portion of 
this finite-element mesh.   
 
All simulations in this series were for steady-state groundwater flow conditions under the 
influence of the natural geothermal gradient.  The boundary conditions were the same as those 
used for the previous preliminary local groundwater flow model (see Section 4.1), with no flow 
of ground water across the sides or bottom boundaries of the model (as with the previous 3-D 
analysis).  The effect of the thermal transient caused by vault heat was not considered in these 
simulations because our 2-D sensitivity analysis (see Section 3.1) indicated that the effect of 
decay heat on transport from the vault is relatively insignificant.  
 
Table 4.3 lists some important cases simulated.  The cases differ in the hydrogeological 
properties (permeabilities and porosities) that are used for the buffer and backfill components of 
the vault and for the damage zone immediately surrounding the excavations.  In all cases, the 
particle tracking code TRACK3D was used to calculate convective transport paths and travel 
times from all parts of the vault to the biosphere.   
 
Case 1 is the base case in which all backfilled underground openings have the same 
hydrogeological properties as those of the undisturbed rock layer 3 of the conceptual 
hydrogeological model.  For this case, the vault is assumed to have been constructed without any 
consideration for the consequences of its intersection with the major low-dipping LD1, and the 
waste is assumed to have been emplaced uniformly throughout the vault horizon, including the 
fracture zone.  The minimum convective travel time for case 1 is 1000 years.  
 
In the next six cases (2 to 7), the possible effects of the vault region containing a highly 
permeable material (crushed rock) were investigated.  In cases 2 to 5, the entire vault region was 
assumed to contain crushed rock having a permeability of 10-9 m2 and a porosity ranging from 10 
to 40%.  The minimum convective travel times were only a few tens of years.  When the same 
crushed rock was assigned a permeability of 2×10-10 m2 and a porosity of 20% (case 6), the 
minimum travel time increased to 600 years.  When the rock pillars separating the disposal 
rooms were assigned the hydraulic properties of the host rock (case 7), the minimum travel time 
increased slightly to about 660 years.  Of the cases shown in Table 4.3, cases 2 to 7 yielded the 
shortest predicted minimum travel times.  These travel times were for convection from the vault 
through the downstream (left) shaft to the surface.  In all other cases considered, there were no 
paths from the vault to the ground surface through a shaft.  
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To investigate the effectiveness of avoiding emplacing waste too close to fracture zones, case 8 
incorporated a WED of 10 m.  The hydrogeological properties of the WEZ are the same as those 
of the undisturbed rock layer 3 of the conceptual hydrogeological model.  The only excavations 
that penetrate the WEZ are access tunnels.  The vault region was backfilled with crushed rock, 
with the same permeability and porosity as in cases 6 and 7.  The rock pillars separating the 
disposal rooms were assigned the hydraulic properties of the host rock.  The presence of a 10-m 
WEZ increased the minimum travel time from about 660 years (case 7) to 12 600 years, i.e., by 
19 times.  
 
In cases 9 and 10, only the properties of the backfill material were varied.  The permeability and 
porosity of the backfill used in case 10 were the values specified in the conceptual reference 
vault design (Simmons and Baumgartner 1994).  When the backfill permeability was increased 
from 10-19 m2 (case 9, rock permeability) to 10-17 m2 (case 10, reference backfill permeability), 
the shortest convective travel time from the vault to the surface was reduced about two-fold, but 
this was accompanied by a general shift to longer travel times for most other paths.  Further 
increasing the backfill permeability to that of finely crushed granite (with a permeability of 
2.0×10-10 m2, case 8), lead to a five-fold reduction in the shortest travel time to the surface.    
 
Cases 11 to 18 examined the influence of excavation damage to the rock immediately adjacent to 
the underground openings.  This was simulated by assigning an increased permeability and 
porosity to a 3-m-thick layer immediately surrounding the perimeter of the entire vault volume 
shown in Figure 4.12, as well as the access shafts and tunnels.  In cases 11, 12 and 14, rock 
properties were assigned to the entire WEZ, while in the other five cases, the WEZ was assumed 
to be damaged.  In cases 13, 15 and 16, the same damaged rock properties that were assigned to 
the EDZ were also assigned to the entire WEZ.  The damaged rock was assumed to be 10, 100 
and 105 times more permeable than the rock layer surrounding the disposal vault (layer 3) in 
cases 13,15 and 16, respectively.  
 
Cases 11 and 12 showed that the existence of a 3-m-thick EDZ, with a permeability up to 10 
times that of the undamaged rock surrounding all of the underground openings, had no 
significant effect on convective contaminant transport from the vault.  The minimum travel time 
increased from 38 000 years in case 10 to 40 000 years in cases 11 and 12.  In cases 13, 15 and 
16, where the damaged zone was extended to include the entire 10-m WEZ, the minimum travel 
time to the surface actually increased to 64 000, 74 000 and 83 000 years, respectively.  
 
Cases 17 and 18 illustrated the effects of an anisotropic permeability in the EDZ.  In case 17, the 
permeability in the EDZ was greater in the longitudinal (normal) direction than in the traverse 
(tangential) direction, while in case 18 this situation was reversed.  The minimum travel time in 
case 17 was about the same as it is for case 10, where there is no EDZ and the WEZ is not 
damaged, and was is about 30% longer in case 18.  
 
In fact, the modelling described above has shown that there was an increase in travel time from 
the vault to the surface when the permeability of the EDZ was increased.  This is an example of 
the "hydraulic cage" effect.  The faster flow of ground water through the more permeable EDZ is 
balanced by slower groundwater flow through the undamaged, less permeable rock, as is 
expected from basic hydraulic principles.  Even particles released directly into the damaged zone 
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soon exit this relatively thin zone (compared to the dimensions of the other components of the 
modelled system) and continue travelling through the undamaged rock.  The undamaged rock 
has slower groundwater velocities in the cases where there is an EDZ than in the cases where 
there is no excavation damage, such as in case 10.  The total convective travel time is dominated 
by the time that it takes for a water particle to travel through the portion of the groundwater flow 
path where groundwater movement is slowest.   
 
In cases 19 and 20, the length of the WED between the nearest waste emplacement rooms and 
fracture zone LDl was increased from 10 m (case 10) to 46 m and 70 m, respectively.  This 
resulted in an increase in the minimum travel time from 38 000 years (case 10) to 135 000 years 
(case 19) and 278 000 years (case 20).   
 
As we noted earlier in our comparison of the minimum travel times from cases 7 and 8, the 
presence of a 10-m WED between the nearest waste emplacement room and low-dipping LD1 
increased the groundwater travel time for contaminants from the vault to reach surface discharge 
areas by over an order of magnitude.  Similarly, by increasing the WED from 10 to 46 and 70 m, 
the minimum travel time taken by vault contaminants to reach the biosphere increases by about 
four and eight times, respectively.  
 
Under the particular conditions of the hydrogeological model of the area of the WRA considered 
for our case study and of the hydrogeological conditions in the immediate vicinity of the hypo-
theoretical disposal vault, our parameter sensitivity study shows that using an exclusion distance 
of sparsely-fractured rock between the waste emplacement rooms in the vault and a major 
permeable fracture zone can be very effective in retarding the convective transport of 
contaminants from the vault to the surface.  Shafts and tunnels sealed with the reference backfill 
material do not necessarily provide preferential paths for fast convective transport of 
contaminants from the vault to the surface.  Excavation-induced damage of the rock immediately 
surrounding the underground openings in the vault in this model does not appear to increase the 
rate at which contaminants from the vault would be transported by groundwater to the surface 
environment.  These last two conclusions result from the particular groundwater flow conditions 
at vault depth in our model.  The hydraulic gradient for groundwater movement near the vault is 
neither parallel to the shafts and tunnels, nor parallel to the relatively thin EDZ.  Therefore, a 
particle originating from, or having entered the groundwater flow paths traversing these more 
permeable zones, will not remain there for a long time before entering the surrounding, less 
permeable rock.  Further details of this analysis are presented in the paper by Chan and Stanchell 
(1990).   
 
Since the area of the shafts is extremely small compared to the overall area covered by the 
groundwater flow model, one might expect that any change to the hydrogeological properties of 
the shafts would have negligible effects.  In fact, three additional cases were investigated (see 
Table 4.4), which showed that some effects could occur under certain circumstances.  In the first 
case (case 21), both shafts were assumed to be filled with crushed rock with a permeability of 
2.0×10-10 m2 and a porosity of 0.2.  In the second and third cases (22 and 23), first one and then 
the other of the two shafts was assumed to be filled with crushed rock, while the other shaft was 
assumed to be filled with the reference backfill material.  In these two cases, the access tunnels 
from the shafts to the waste emplacement rooms in the vault were assigned the same 
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hydrogeological properties as the more permeable shaft.  These three cases were compared with 
the reference backfilled vault case (case 10), where the shafts and tunnels were filled with 
material having reference backfill properties.  
 
Table 4.5 and Figures 4.13 and 4.14 summarise some of the main results.  In most of the cases, 
the calculated convective travel times along pathways from the vault to the biosphere fell into 
two clusters: a cluster of comparatively short travel times, ranging from thousands or tens of 
thousands of years to several hundred thousand years; and a cluster of long travel times, ranging 
from about a million to 100 million years.  The shorter travel times are for convective transport 
from the right side of the vault (located above LD1) towards the low-dipping fracture zone LDl 
and then up LD1.  The longer travel times are for convection from the left side of the vault 
(below fracture zone LDl), with at least part of the path passing through the sparsely-fractured 
region of rock layer 3.  
 
Inspection of the convective transport paths also showed that the shafts and tunnels have no 
appreciable effect on convective transport of contaminants from the vault, unless they are left 
completely open or are backfilled with highly permeable materials.    
 
If both shafts are filled with permeable crushed rock (case 21), then the minimum particle travel 
time is reduced to 75% of the reference backfill case (case 10) value.  When only the downcast 
(right) shaft (see Figure 4.9) is filled with crushed rock (case 23), the minimum travel time 
effectively remains unchanged from the case where both shafts are filled with crushed rock.  
However, if only the upcast (left) shaft (see Figure 4.9) has crushed rock properties (case 22), 
then the minimum travel time becomes identical to that of the reference backfill vault case (case 
10).  The starting positions of the particles with the minimum travel time and their exit locations 
are both identical to those for the reference backfill vault case.  
 
4.3 EFFECTS OF VARIATIONS IN LAYER PROPERTIES  
 
Sensitivity analyses have been performed to investigate the effects of anisotropy in rock layers 1 
to 3 on ground water transit times (see Figure 2.3).  The simulations were performed using a 
modified version of the 3-D local groundwater flow model used in Section 4.2.  The mesh was 
modified to allow the consideration of alternate locations for the domestic water supply well, 
which is assumed to intersect LD1 at depth and draw water from the centre of the group of 
groundwater flow paths leading from the vault and up LD1.  The mesh includes a finer 
discretisation in the region surrounding the vault than the preceding models.  Depths of 30, 100 
and 200 m were considered for the well -intake position in fracture zone LDl (see Figure 4.15).  
These depths represent, respectively, a well having a depth similar to the average depths of water 
supply wells currently in the WRA (about 30 m, Davison et al. 1994); a depth corresponding to 
about the deepest water supply well currently existing in the WRA (about 100 m, Davison et al. 
1994); and a depth corresponding to the greatest possible depth of a well to intersect LD1 
without first intersecting any other low-dipping fracture zone in the area (200 m).  The model 
includes a 46-m WED between the nearest waste emplacement room in the vault and fracture 
zone LDl.  The finite-element mesh for this model contains 16 944 nodes and 15 180 elements.  
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Four cases were examined in the sensitivity analyses:  
 

Case 24:  Permeability values are the base-case ones presented in Table 2.1(a).  Layers 1 
and 2 have kz=5kx=5ky, and layer 3 is isotropic, where kx, ky are the horizontal 
permeabilities in the x- and y�directions, respectively, and kz is the vertical 
permeability.  

Case 25:  Layers 1 and 2 have kz=ky=5kx, and layer 3 is isotropic.  
Case 26:  Layers 1 and 2 have kz=ky=5kx, and layer 3 has ky=5kx=5kz.  
Case 27:  Layers 1 and 2 have kz=ky=5kx, and layer 3 has kx=5ky=5kz.   

 
These permeability anisotropy patterns are based on geomechanical stress patterns observed in 
field data from the URL.  The same boundary conditions were used as in the preliminary 
modelling, i.e., a hydraulic head equal to the surface elevation specified at each node along the 
top boundary, with all other boundaries impermeable.  The effects of the natural geothermal 
gradient and the thermal transient caused by vault heat were not considered.  Reference backfill 
properties were specified for the vault.  There was no EDZ around the vault in these analyses.  
 
Figure 4.16 shows, for each simulation, a plan view of the surface discharge areas of calculated 
advective transport paths of 1200 particles released from evenly distributed locations over the 
surface of the vault.  The table at the bottom of the figure shows the relationship between the 
horizontal and vertical permeabilities in each layer.  For case 24, there are three basic discharge 
regions: Boggy Creek South, Boggy Creek North and the Pinawa Channel.  The Boggy Creek 
South and Boggy Creek North discharges are substantially reduced in extent for cases 25 and 26, 
whereas relatively more paths exit in the Boggy Creek South and Pinawa Channel discharges for 
case 27.  The minimum advective travel times were 135 000 years for case 24, 240 000 years for 
cases 25 and 26, and 170 000 years for case 27.  In general, anisotropy in the permeability of 
layers 1 to 3 affects the groundwater flow pattern, thereby altering the extents of surface 
discharges of and travel times along advective transport paths from the vault to the surface.  
 
4.4 EFFECTS OF FRACTURE ZONE CONFIGURATION  
 
Sensitivity analyses have been performed to assess the effects of  
 

1. eliminating all fracture zones, and  
2. truncating LD1.   
 

The version of the 3-D local groundwater flow model described in Section 4.3 was used as a 
starting point for these simulations.  
 

4.4.1 Elimination of all Fracture Zones  
 
Simulations were performed to further investigate the role of fracture zones in controlling 
groundwater flow in the WRA model.  A case without fracture zones was created from the 
groundwater flow model used in Section 4.3, by changing the material properties of the fracture 
zone elements to correspond to those of the appropriate rock layer.    
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Figures 4.17(a) and (b) show that the calculated hydraulic-head distribution near the URL knoll 
(the knoll to the northeast of the URL, see Figure 4.7) differs for the cases with and without 
fracture zones.  In the absence of fracture zones, the influence of the URL knoll extends to 
greater depths, approaching the bottom of the regional model.  This influence is also apparent 
from the groundwater velocity distributions for the models shown in Figures 4.18(a) and (b).   
 
Without fracture zones, calculated advective transport paths from the right side of the vault 
(above LD1) go to greater depths (see Figure 4.19), while paths from the left side of the vault 
(below LD1) are essentially the same as in the case with fracture zones.  In the absence of 
fracture zones, the range of advective travel times from the vault to the surface is shifted to 
longer times by about an order of magnitude (see Figure 4.20), with the minimum travel time 
now being about one million years.   
 
For both the cases with and without fracture zones, the surface discharge of particles advected 
from the vault is concentrated in the Boggy Creek discharge areas and Pinawa Channel area (see 
Figure 4.21).  However, in the absence of fracture zones, the effects of surface topography are 
more apparent.  In this case, advective transport from the vault to the surface is less focused and 
particles from the right side of the vault have a terrestrial discharge northeast of the URL (see 
Figure 4.21(b)).  
 

4.4.2 Truncation of Fracture Zone LDl  
 
As a supplement to the 2-D simulations described in Section 3.2.1, 3-D groundwater flow 
simulations were conducted to analyse the effects of truncating LD1 at a depth of 450 m (see 
Figure 3.9(b)).   
 
The difference in hydraulic head values between the cases with and without the truncation of 
fracture zone LDl ranged from -3 to 4 m (see Figure 4.22).  The advective transport paths from 
the vault (a representative set is shown in Figures 4.23(a) and (b)) indicate that groundwater flow 
was slightly altered in the vicinity of the truncated end of LD1.  In this region, water movement 
was more vertical and more directed towards LD1.  The range of advective travel times to the 
surface from the vault when LD1 was truncated was the same as when fracture zone LDl was not 
truncated (see Figure 4.24).  The surface discharge of particles convected from the vault occurred 
in four areas in the case with LD1 truncated rather than in three areas, as was the case with LD1 
not truncated (see Figure 4.25).  
 
Groundwater flow within LD1 was dramatically altered when it was truncated at a depth of 450 
m.  Figure 4.26 shows a plan view of calculated advective transport paths of particles released in 
fracture zone LDl just above the location where it was truncated.  Particles were released from 
evenly spaced locations along a 2-km-long horizontal line (seen as point A in Figure 4.23(b)) 
directly above the vault.  There was a strong focusing of flow in LD1 when it was truncated.  
The truncation of fracture zone LDl also significantly increased the minimum travel time from 
the vault to the surface from 925 to 44 900 years.  
 
 
 



 - 49 - 

4.5 EFFECTS OF A WATER SUPPLY WELL  
 
The effects of a domestic water supply well drawing water continuously from the major low-
dipping LD1 were considered in the version of the local 3-D WRA model described in Section 
4.3 (Reid and Chan 1989).  The well was assumed to intersect fracture zone LDl at a depth of 
200 m.  The well pumping rate was assumed to be constant in each simulation, ranging from  
0 m3/a to the maximum well capacity.  The simulations indicated that  
 

1. The surface area in the biosphere to which contaminated ground water from the vault was 
discharged could be significantly reduced by pumping, especially at higher pumping 
rates.  The well captured flows from a large portion of the advective transport paths 
leading up the fracture zone from the vault to the surface.  

 
2. The minimum advective travel time from the vault to the surface was reduced by 30 to 

50% as a result of pumping, depending on the location of the origin of the path in the 
vault.  The effects of a water supply well were also analysed using the cases with fracture 
zone LDl truncated.  Well depths of 100 and 200 m, and several well demands ranging 
from 120 m3/a to capacity (Ophori et al. 1994), were analysed.  As discussed in the report 
by Ophori et al. (1994) and in Section 5.3.3 of this report, increasing the well demand has 
the effect of reducing the surface discharge areas for particles advected from the vault.  
The minimum travel time from the vault to the well decreased with increased well 
demand (see Table 4.6).  

 
4.6 EFFECTS OF VAULT HEAT  
 
As described in Section 3.1, it was found by 2-D MOTIF simulations that the heat generated 
from the waste in the vault would have only minor effects on convective transport paths and 
travel times from the vault to the biosphere.  This, however, does not preclude the possibility of 
significant thermal convection effects (such as convection cells) in the 3-D system.  Accordingly, 
a series of 3-D MOTIF simulations were performed to investigate the effects of the thermal 
transient in greater detail.  The version of the 3-D local groundwater flow model described in 
Section 4.3 was used in these simulations.  Specific cases examined were cases 10 and 19 of 
Section 4.2, having 10- and 46-m WEDs, respectively, and a case having no WED.  In all cases, 
it was assumed that reference backfill material was used to fill all underground excavations.  
 
Figure 4.27 and Table 4.7 show the heat output of the vault versus time (Baumgartner et al. 
1993; P. Baumgartner, personal communication, 1990) that was used in the 3-D transient 
simulations.  This heat source function is the same as that used in the 2-D simulations (see Table 
3.1), except that in the 2-D simulations the heat output is assumed to have dropped to zero after 
105 years.  This function assumes that the heat is generated uniformly over the entire area of the 
vault, including the rock pillars between the waste emplacement rooms, but excluding the WED 
and low-dipping LD1.  In the model, the nodes representing the bottom plane of the vault were 
assumed to be the heat sources, because in the borehole emplacement concept the waste will be 
located close to the bottom of the vault.   
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Transient groundwater flow and heat transport were simulated for periods of at least one million 
years, with the time steps increasing in a geometric progression from an initial value of 107 s, 
and the ratio of successive times steps being 1.414.  In all cases, the fluid flow equation was 
solved using implicit temporal differencing and the heat transport equation was solved using 
Crank-Nicholson temporal differencing.  
 

4.6.1 Effect on Temperatures in the Vault  
 
Figure 4.28 shows the calculated temperature distributions at various times on a vertical section 
through the centre of the vault for the case with a 46-m WED and with vault heat.  Significant 
changes in the temperature of the surrounding rock were limited to within about 1500 m laterally 
from the edge of the vault.  The overall area having temperature disturbances due to vault heat 
was largest at about 8800 years.  All temperatures returned to their natural geothermal value in 
about 100 000 years.  Figure 4.29 shows calculated isotherms on a horizontal section through the 
heat source at 8800 years.  The approximate maximum extents of temperature perturbations due 
to vault heat were indicated by the 12°C isotherm shown in the figure.  For the case with a 46-m 
WED and vault heat, Figure 4.30 shows the calculated average temperature as a function of time 
at the hottest location in the waste disposal vault.  At this location, the temperature reached a 
maximum of 72°C at 70 years.  It should be noted that the vault temperature calculated by this 
model would be lower than the expected temperature immediately next to the waste container, 
because the heat source in this model was uniformly distributed over the area of the vault.   
 
The calculated temperatures for the cases having smaller WEDs are very similar to the 46-m 
case, except for the expected early-time differences in the vicinity of LDl.   
 
Temperatures calculated using the 2-D model (see Section 3.1) are very close to those calculated 
using the 3-D model.  
 

4.6.2 Effect on Groundwater Velocities  
 
Figure 4.31 shows vertical projections of calculated groundwater velocity vectors in elements 
intersected by vertical section M-M� (see Figure 4.2) in the vicinity of the vault, for steady-state 
conditions without vault heat effects and at 8800 years, when the magnitude of the velocities had 
undergone their maximum change due to vault heat.  These results were for a case similar to case 
19 in Section 4.2; i.e., there is a 46-m WED, and reference backfill material was used to fill all 
underground excavations.   
 
Figure 4.32 shows the distribution of the calculated magnitudes for the velocity vectors shown in 
Figure 4.31 for the case having a 46-m WED.  The same vertical section as that shown in Figure 
4.31 was used.  Without vault heat, the average groundwater velocity in fracture zone LDl was 
about 1.0 m/a (see Figure 4.32(a)).  In the sparsely fractured rock around the vault, the velocity 
was about four orders of magnitude smaller than in fracture zone LDl, i.e., less than 3.0×10-4 
m/a.  Under the influence of vault heat, the velocity in fracture zone LDl increased by a 
maximum of about 0.5 m/a after 2200 years (see Figure 4.32(b)).  The velocity in the sparsely 
fractured rock at the vault level increased by up to an order of magnitude, i.e., to about 1.0×10-3 
m/a.  By 70 000 years, velocity magnitudes have returned to within half an order of magnitude of 
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their steady-state values (see Figure 4.32(c)).  These effects were very similar to those predicted 
by the earlier 2-D simulations.  
 
4.6.2.1  Alternate Description of Groundwater Velocities  
 
MOTIF-calculated groundwater velocities are expressed in terms of the global Cartesian 
coordinate system used in the detailed geosphere models.  In this coordinate system, the 
groundwater velocity v is represented by its three Cartesian components vx, vy and vz.  To more 
easily interpret the velocity perturbations caused by vault heat, it was useful to introduce another 
coordinate system called the (modified) spherical coordinate system (see Figure 4.33).  In this 
coordinate system, the groundwater velocity is represented by its magnitude vmag and two angles 
θ (horizontal) and φ (vertical), which give the orientation of the velocity vector in 3-D space, 
where  
 
 vmag = (vx

2  +  vy
2 + vxz

2)1/2 (4.1) 
 
 θ = tan-1 (vy / vx)               -180o < θ ≤ 180o (4.2) 
 
 φ = sin-1 (vz / vmag)            - 90o ≤ φ ≤  90o (4.3) 
 
It is apparent from Figure 4.33, as well as from Equation 4.3, that water moving upward has a 
velocity vector with an angle φ lying between 0 and 90°, whereas water moving downward has a 
velocity vector with an angle φ lying between 0 and �90°.  
 
4.6.2.2  Groundwater Velocities near the Vault  
 
Near the vault (within 1 km of the vault edge), the calculated groundwater velocity magnitudes 
begin to increase within a few years after the beginning of the simulation.  For the case with a 
46-m WED, the largest increase in magnitude is for the velocity vector in element 5054, which is 
located near the west corner of the vault (see Figure 4.34) and which represents a vault pillar 
with rock layer 3 properties.  For this vector, the velocity magnitude increases to a maximum of 
30 times its steady-state value at 30 years (solid line, see Figure 4.35).  The average increase in 
magnitude for all elements that are within 1 km of the vault edge exceeds 20% at 20 years, peaks 
at 100% at about 2000 years, and drops below 20% at 30 000 years.  
 
In addition to its effect on the magnitudes of the calculated groundwater velocities, vault heat 
also causes time-dependent changes to the spatial orientation of the velocity vectors.  The largest 
change in vertical angle φ occurs for the velocity vector in element 15163, which is located in 
rock layer 2 above the vault, half-way to the surface and abutting LD1 (see Figure 4.34).  For 
this velocity vector, φ undergoes a rapid change from an initial angle of about -87° to a 
maximum angle of about 87° (a rotation of about 174°) in about 2000 years, followed by a 
gradual recovery back to about -87° by about 20 000 years (solid line, see Figure 4.36).  The 
average change in φ calculated over all elements that are within 1 km of the vault edge does not 
exceed 15°.  The largest change in horizontal angle φ occurs for the velocity vector in element 
3277, which is located in vertical fracture zone V0, just beyond the west corner of the vault and 
135 m above the vault level (see Figure 4.34).  For this velocity vector, θ undergoes a rapid 
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change from an initial angle of 90° to a maximum angle of -90° (a rotation of 180°) in about 
3000 years, followed by a gradual recovery back to 90° by about 30 000 years (solid line, see 
Figure 4.37).  It should be noted that this large rotation in θ occurs for a velocity vector that is 
pointing almost vertically upward.  
 
There are no further substantial changes to the calculated groundwater velocities in elements 
near the vault after between l00 000 and 300 000 years.  
 
4.6.2.3  Groundwater Velocities Far from the Vault  
 
The magnitude and orientation angles of the groundwater velocity vectors were also calculated 
for elements that are far from the vault (beyond 1 km of the vault edge).  This was done for the 
case with a 46-m WED.  The velocities were found to vary considerably throughout this region, 
as expected, but not as much as near the vault.  During the first 70 years, the velocity magnitudes 
increase by less than 30% compared to the case without vault heat.  The velocity magnitudes in 
elements as far as 2 or 3 km from the vault edge increase to a maximum of about 30 times their 
steady-state values (the same as in the vault region), but this does not occur until about 3000 
years.  The largest increase in magnitude is for the velocity vector in element 4073, which is 
located 2 km from the west corner of the vault and 200 m beneath it, just below LD1 (see Figure 
4.34).  For this velocity vector, the magnitude increases to a maximum of 33 times it�s steady-
state value, about 4000 years after vault heat was applied (dashed line, see Figure 4.35).  The 
average increase in velocity magnitude for all elements beyond 1 km of the vault edge exceeded 
20% at 100 years, peaks at 50% between 1000 and 5000 years, and drops below 20% at 20 000 
years. 
 
In the region beyond 1 km from the vault edge, the maximum change in horizontal angle θ and 
vertical angle φ after vault heat is applied is less than 20° during the first 70 years, and does not 
exceed 90° after 200 years.  The largest change in φ occurs for the velocity vector in element 
11864, which is located 1 km from the east corner of the vault and 200 m beneath it, just below 
fracture zone LD2 (see Figure 4.34).  For this velocity vector, φ undergoes a rapid change from 
an initial angle of about -78° to a maximum angle of about 67° (a rotation of 145°) at about 3000 
years, and then undergoes a gradual recovery back to about -78° at about 50 000 years (dashed 
line, see Figure 4.36).  The largest change in θ occurs for the velocity vector in element 8527, 
which is located along the northeast boundary of the mesh, about 75 m above the vault horizon, 
and just above LD1 (see Figure 4.34).  For this velocity vector, θ undergoes a rapid change from 
an initial angle of 180° to an angle of 0° (a rotation of 180°) in just 200 years, and a slow change 
to a minimum angle of -180° at about 70 000 years, thereby completing almost a full rotation of 
360° (dashed line, see Figure 4.37).  It should again be noted that this large rotation in θ occurs 
for a velocity vector that is pointing almost vertically downward.   
 
After about l00 000 years, the groundwater velocities in elements located at distances beyond  
1 km from the edge of the vault returned to the steady-state condition.  
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4.6.3 Thermal Convection Cells in Fracture Zone LD1 
 
Particle tracking was used to determine if vault heat could lead to the formation of thermal 
convection cells in LDl.  The case with a 46-m WED was used in this analysis.  Five particles 
were released into the groundwater flow field from initial locations within LD1, beneath the 
recharge area at the surface (see Figure 4.38).  Particles 1 and 2 were located above the vault; 
particle 3 was located along the line of intersection of LD1 with the vault horizon (indicated by 
the dashed line at x = -800 m), and particles 4 and 5 were located below the vault.   
 
Figure 4.38 shows a plan view of the convective transport paths of the five particles.  Solid lines 
represent paths calculated under steady-state conditions, while dotted lines represent paths 
calculated under the influence of vault heat.  Because none of the paths showed any circulatory 
behaviour, we can conclude that thermal convection cells do not form in LD1 when vault heat is 
applied.  This may be because the local surface topography (as reflected in the water table) is 
driving the groundwater flow in the same direction in which it would be driven by vault heat, 
namely, up fracture zone LDl.  
 
Table 4.8 compares convective travel times of the five particles released in LD1, for the cases 
with and without vault heat.  The tabulated travel times were corrected by applying the 
SMOOTH program, described in Appendix A.  This was necessary because of the presence of 
numerical oscillations in the TRACK3D paths that caused the particles to prematurely leave the 
fracture zone.  Table 4.8 shows that the effect of vault heat is to reduce the convective travel 
times of the particles by 12.0% to 23.5%.  
 

4.6.4  Convective Transport from the Vault  
 
For all cases, particle tracking was used to determine the effect of vault heat on the convective 
transport of contaminants from the vault to the surface.  A representative set of 468 particles was 
released in a rectangular grid pattern over the vault into the groundwater flow field.  Most of the 
convective transport paths from the left side of the vault (below fracture zone LDl) (see Figure 
4.23(a)) had travel times to the surface of 107 to 108 years, although a few had travel times of 106 
to 107 years.  For the cases with a 46-m and 10-m WED, some particles travel large distances 
through the sparsely fractured rock before entering the rapid groundwater flow up LD1.  Other 
particles reach the surface by travelling entirely through the sparsely fractured rock.  A few 
particles that are released from locations near the left edge of the vault furthest from LD1, travel 
up vertical fracture V0, which is located to the left of the vault, and reach the surface before 107 
years.  This effect was also observed in the 2-D simulations (e.g., see path A, Figure 3.8).  For 
the case with no WED, some particles enter fracture zone LDl directly and travel almost entirely 
through the fracture zone to the surface.  As expected, these particles have smaller convective 
travel times than any other particles released from the left side of the vault.  
 
Table 4.9 shows the effect of vault heat on the minimum calculated convective travel time to the 
surface from the left side of the vault.  For the cases with a 46-m, 10-m and no WED, the fastest 
contaminant particle from the left side of the vault reaches the surface discharge location 0.6, 27 
and 25% sooner, respectively, in the cases including vault heat.  These travel times are only 
slightly reduced by vault heat because convective travel times through the sparsely fractured 
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rock are orders of magnitude longer than the duration of the groundwater velocity perturbation 
caused by the vault heat.   
 
All of the particles released from the right side of the vault (above fracture zone LDl) reached the 
surface discharge locations by first travelling a short distance through the sparsely fractured rock 
below the vault and then entering the rapid groundwater flow up LD1.  As a result, their 
convective travel times were much shorter (less than 5×106 years) than those for particles 
originating from the left side of the vault.  
 
Table 4.10 shows the effect of vault heat on the minimum calculated convective travel time to 
the surface from the right side of the vault.  For the cases with a 46-m, 10-m, and no WED, the 
fastest contaminant particle released from the right side of the vault reaches the surface discharge 
location 14, 53 and 42% sooner, respectively, in the cases including vault heat.  These travel 
times are somewhat reduced by vault heat because their travel is completed within the duration 
of the groundwater velocity perturbation caused by the vault heat.  
 
Table 4.11 shows the effect of vault heat on the average calculated convective travel time to the 
surface of particles released from the vault.  The average travel time was calculated by taking the 
arithmetic mean of the travel times of the particles that were tracked to the surface.  Not all  of 
the 468 particles reached the surface before the TRACK3D simulation was ended, and only those 
that were tracked completely to the surface (80 to 90% for cases without vault heat, over 90% for 
cases with vault heat) were included in the average.  For the cases with a 46-m, 10-m and no 
WED, the "average" contaminant particle released from the vault reached the surface discharge 
locations 3.7, 14.8 and 21.0% sooner, respectively, in the cases including vault heat.  
 
Histograms of calculated convective travel times from the vault to the surface are shown in 
Figures 4.39a to 4.39c. The plots are for two situations: one for paths originating from the left 
side of the vault (below LD1) and the other for paths originating from both sides of the vault.  
Only paths that were tracked completely to the surface in the TRACK3D simulation were 
included in these histograms.   
 
Figures 4.39(a) to (c) show that for every case considered, convective travel times from the right 
side of the vault (above LD1) are generally much faster than those from the left side of the vault.  
In addition, vault heat had little effect on the distribution of travel times from the vault on the left 
side of' LD1.  For travel times from both sides of the vault, vault heat had little effect on the 
travel time distribution for the case having a 46-m WED, a small effect for the case having a  
10-m WED (a shift toward shorter travel times), and the largest effect for the case having no 
WED (a reduction in the shortest travel times to under 1000 years).  
 
Detailed analysis of the particle tracking results shows that the locations of most of the 
calculated convective transport paths from the vault to the surface were not significantly affected 
by vault heat.  For the case having a 46-m WED, only 16 paths (3.4%) were found to be 
significantly different.  An example is shown in Figure 4.40.  Paths 9 and 10 have adjacent 
locations in the vault.  In the absence of vault heat, both paths are almost identical.  For the case 
including vault heat, the paths are noticeably different.  
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4.6.5 Summary of the Effects of Vault Heat  
 
Although vault heating causes a large perturbation in the groundwater velocity near the 
hypothetical vault that lasts as long as 100 000 years, the majority of the convective transport 
paths leading from the vault to discharge locations at the surface are not significantly affected by 
the vault heat.  The reason the movement of ground water through the sparsely fractured rock is 
usually so slow is because the convective travel time from the vault to the surface is generally 
much longer than the duration of the velocity perturbation.   
 
The effect of vault heat on the rate of convective transport of contaminants from the vault to the 
surface depends on the WED between LD1 and the closest waste emplacement room.  For a 
WED of 46 m, vault heat causes the minimum convective travel time from the vault to the 
surface to be at most 14% lower than if vault heat were not considered.  If the WED was smaller 
than this distance, vault heat caused the minimum convective travel time to be as much as 53% 
lower than if it were not considered.  
 
4.7 PERTURBED NEAR-SURFACE REGION  
 
Scoping calculations have been performed to estimate the effect of a stress disturbance near the 
ground surface directly above the vault.  This disturbance could occur where the tensile thermal 
stress caused by heat from the waste could (hypothetically) negate part (or all) of the in situ 
compressive stress of the rock.  As a result, this region of the rock may undergo extensional 
deformation and/or fracturing, leading to the development of higher permeability.  In the 
technical specifications for the conceptual design study (Simmons and Baumgartner 1994), it has 
been stipulated that this region of permeability alteration due to vault heat should not extend to a 
depth of more than l00 m from the surface.   
 
In our initial sensitivity analysis, we assumed that the top 150-m-thick rock layer 1 in the model 
(see Figure 4.15) had developed an infinite permeability as a result of this process.  In effect, we 
assumed that the time it takes for advective transport from the vault to the bottom of this 
perturbed region of the rock is the same as the time it takes for advective transport from the vault 
to the surface.   
 
The analysis was done using the same version of the 3-D local groundwater flow model that was 
used for the simulations described previously in Section 4.3 of this report.  For this particular 
analysis, we assumed that the vault was filled with reference backfill and a 46-m WED existed.  
No thermal effects on groundwater flow were considered.  The ground water was assumed to 
have the properties of fresh water at 6°C (the mean groundwater temperature near the surface at 
the WRA) and to be at standard atmospheric pressure.   
 
By examining the differences between the calculated advective travel times from the vault to the 
actual ground surface and the travel times to the interface between layers 1 and 2 (see Figure 
4.15), the maximum effect of the near-surface stress-disturbed region of the rock above the vault 
can be estimated.  The differences in travel times range from about 60 to 16 000 years.  The 
travel times for a few typical paths are shown in Table 4.12.  The shortest travel times are for 
paths that follow LD1.  The longer times are for paths that traverse the sparsely fractured rock.  
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In all cases, assuming such a stress-perturbed region has a negligible effect on the advective 
travel time from the vault to the surface.  
 
In our second analysis, we assumed that the top 150-m-thick rock layer 1 in the model developed 
a permeability equal to 10-13 m2 (comparable to the value used for the fracture zones) as a result 
of the stress disturbance.  The analysis was performed using the same 3-D local groundwater 
flow model that was used in the simulation described above.  
 
Figure 4.41 shows the calculated hydraulic head for the cases with and without this perturbed 
near-surface region.  Advective travel times from the vault to the surface were compared for 
these cases.  The change in travel times ranges between a factor of one-half and two.  In general, 
the travel times were reduced by a factor of two for most paths, except for a few paths 
originating to the immediate right of (and below) fracture zone LDl and those originating at the 
extreme left end of the vault.  Histograms of calculated advective travel times for the two cases 
are shown in Figure 4.42.  
 
In conclusion, it appears that, if tensile stress caused by heat from the vault were to substantially 
increase the permeability of the upper 150-m-thick layer of rock, the result would be a minor 
decrease in the advective travel time of water-coincident particles from the vault to the 
biosphere.  
 
4.8 SUMMARY OF THREE-DIMENSIONAL SENSITIVITY ANALYSIS  
 
The results of the sensitivity analyses that were performed with the 3-D groundwater flow 
models are summarised in Table 4.9.  Major findings from this analysis are as follows:  
 

1.  A local 3-D groundwater flow model covering the central 10 km×9 km portion of the 
WRA and extending to a depth of 1.5 km (including only the upper three rock layers) 
predicts about the same groundwater flow paths and travel times from the vault to the 
biosphere as a combination of a regional groundwater flow model and a local flow 
model.  

 
2. For these model conditions, only the part of the groundwater flow field that is within 

about 1000 m of the hypothetical vault location needs to be explicitly considered in 
modelling solute transport from the vault to the groundwater discharge locations in the 
biosphere.  This result, based on particle tracking in the 3-D groundwater flow fields, is a 
function of the topography and fracture zone distribution in the region.  

 
3.  The nature of the local topography in this area focuses the groundwater flow paths from 

the vault into a discharge area that is much smaller than the plan area of the vault.  This 
behaviour is caused by the focusing (or convergence) of the flow paths up low-dipping 
fracture zone LDl, from the depth of the vault to the discharge area.  

 
4.  The major permeable fracture zones exert a major influence on the groundwater flow 

paths and travel times from the vault to the biosphere.  
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5.  Both the groundwater travel times and the area in the biosphere to which groundwater 
flow paths from the vault are predicted to discharge are substantially reduced when the 
effects of pumping from a groundwater supply well located in low-dipping fracture zone 
LDl are considered.  This is especially the case at higher pumping rates.  

 
6.  The size of the WED of low-permeability sparsely fractured rock, between the nearest 

waste emplacement room in the vault and nearby LD1, significantly affects the 
groundwater travel time from the vault to discharge locations in the biosphere.  

 
7.  Anisotropy in rock layers 1 to 3 can affect the groundwater flow pattern, thereby having 

some effect on the area extents of surface discharge and the groundwater travel time from 
the vault to the surface.  

 
8.  The presence of a thermally induced, enhanced permeability near-surface region above 

the vault may have some effect on groundwater flow from the vault to the biosphere.  
 
9.  Thermal convection in the groundwater flow field surrounding the vault as a result of 

heat generated by the fuel waste in the vault may or may not be important, depending on 
the size of the WED.  For a 46-m WED, thermal convection due to waste heat does not 
significantly affect the overall groundwater travel time from the vault to the surface.  For 
a 10-m and no WED, there is some effect, which results in reduced travel times.  

 
10.  In this model, the presence of shafts and tunnels, variations in the hydrogeological 

properties of backfill materials and the existence of an EDZ do not significantly affect the 
overall rate of groundwater flow from the vault to the biosphere.  
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Table 4.1.  Calculated fluid mass balance for the three-dimensional local model simulation 
using the initial mesh. 
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Table 4.2.  Calculated fluid mass balance for three-dimensional local model simulation 
using mesh with narrow elements added to all vertical boundaries. 

 



 - 60 - 

Table 4.3.  Hydrogeological properties used in the various simulations of the backfill, WEZ 
and excavation damage zone. 

 
 

 
 

continued� 
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Table 4.3 (concluded) 
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Table 4.4.  Hydrogeological Properties Used in the Various Simulations of the Shaft Fillings 

 
Table 4.5.  Minimum calculated convective travel times from the vault to the surface for 
various cases. 
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Table 4.6.  Minimum calculated advective travel times from the vault for the cases with 
fracture zone LD1 truncated. 
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Table 4.7.  Vault Heat Output versus Time 
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Table 4.8.  Effect of vault heat on calculated convective transport in LD1. 

 
 
 
 
 

Table 4.9.  Minimum calculated convective travel times to the surface from the portion of 
the vault on the left side of (below) fracture zone LD1 for different WEDs. 
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Table 4.10.  Minimum calculated convective travel times to the surface from the portion of 
the vault on the right side of (above) fracture zone LD1 for different WEDs. 

 
 

Table 4.11.  Average calculated convective travel times from the vault to the surface for 
different WEDs. 
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Table 4.12.  Typical calculated advective travel times from the vault showing the effects of 
the perturbed near-surface region. 
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Table 4.13.  Summary of Three-Dimensional Sensitivity Analysis 
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Figure 4.1.  A top view of the finite-element mesh for the three-dimensional regional model.  
The model is bounded by the Winnipeg River system except in the east, where it is bounded 
by major faults.  The boundaries of the local model and hypothetical vault are indicated. 
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Figure 4.2.  A top view of the finite-element mesh for the three-dimensional local model.  
The region occupied by the hypothetical vault is shaded. 
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Figure 4.3.  A vertical-section view of the finite-element mesh for the three-dimensional 
local model. 

 

 
 

Figure 4.4.  Surface topography for the three-dimensional local model (see Figure 4.1).  The 
elevation is in metres. 
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Figure 4.5.  Calculated head contours (m) on a portion of the vertical section M-M' (see 
Figure 4.2) through the vault vicinity for (a) the case with prescribed-head boundary 
conditions applied along the sides of the three-dimensional local model, and (b) the case 
with no-flow boundary conditions applied along the sides of the three-dimensional local 
model.  The vertical section is through the centreline of the model extending from vertical 
fracture zone VO on the left to vertical fracture zone V2 on the right (see Figure 4.3). 
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Figure 4.6.  Vertical projection of calculated convective transport paths from the vault for 
(a) the case with prescribed-head boundary conditions along the sides of the three-
dimensional local model, and (b) the case with no-flow boundary conditions along the sides 
of the three-dimensional local model.  Particles were released from evenly-spaced locations 
on the surface of the vault and tracked to the ground surface. 
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Figure 4.7.  Surface topographic feature map of the local model, indicating the main causes 
of differences between results from the two- and three-dimensional simulations: 1 the 
Pinawa Channel/Lee River peninsula, 2 the Boggy Creek basin, and 3 the knoll to the 
northeast of the URL (Reid and Chan 1987). 
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Figure 4.8.  Surface discharge areas of calculated convective transport paths from the vault 
under natural steady-state flow conditions. 
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Figure 4.9.  The hypothetical vault layout showing the location of the up- and downcast 
shafts, access and panel drifts, and Disposal Rooms (Simmons and Baumgartner 1994). 
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Lower Rock Zone

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.10.  A vertical section of the vicinity of the intersection of the vault with fracture 
zone LD1, showing how the WED and WEZ are defined. 

 
 
 
 



 - 78 - 

 
Figure 4.11.  Vertical- and horizontal-section view of the finite-element discretisation of the 
vault area for the three-dimensional Whiteshell local geosphere model.  The slashed areas 
represent panels of backfilled waste disposal rooms and the white areas represent rock 
pillars.  Note the WEZs (cross-hatched) on either side of LD1 (black). 
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Figure 4.12.  A vertical-section view of the finite-element mesh in the vault vicinity for the 
three-dimensional local model. 
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Figure 4.13.  Representative histograms of calculated convective transport travel times 
from the vault to the surface, illustrating the effects of backfill properties and the presence 
of a WED.  In case 1, all the underground openings have the same hydrogeological 
properties as those of the undisturbed rock layer 3 of the geosphere.  Case 3 is the same as 
case 1 except that the shafts, tunnels and disposal panels are backfilled with fine crushed 
granite.  Case 9 has a WEZ on either side of the fracture zone and the minimum 
perpendicular distance is 10 m to the nearest disposal panel.  The only excavations in the 
exclusion zone are the access tunnels. 
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Figure 4.14.  Representative histograms of calculated convective transport travel times 
from the vault to the surface, illustrating the effects of backfill properties and the presence 
of a WED.  In case 10, the backfill permeability and porosity are assigned the values 
specified in the conceptual reference vault design.  Cases 13, 15 and 16 study the influence 
of excavation damage to the rock immediately adjacent to the underground openings.  This 
damage was simulated by assigning an increased permeability and porosity to a 3-m-thick 
layer surrounding the vault.  The same damaged rock properties were assigned to the 
entire WED.  The damaged rock is assumed to be 10, 102 or 105 times more permeable 
than rock layer 3 in Cases 13, 15 and 16, respectively. 
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Figure 4.15.  Schematic vertical section of the central portion of the three-dimensional local 
groundwater flow model. 
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Figure 4.16.  Surface discharge areas of calculated advective transport paths from the 
vault.  The various discharge areas are distinguished by different darkness in shading. 
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a). With Fracture Zones

b). Without Fracture Zones

 
 
 
 
 
 
 
 
 
 
 

Figure 4.17.  Calculated hydraulic-head contours on vertical section L-L' (see Figure 4.2) 
through the vault vicinity for (a) the case with fracture zones, and (b) the case without 
fracture zones.  This section is along the approximate centreline of the flow within LD1. 
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a). Case with Fracture Zones 

b).  Case without Fracture Zones 

 

Figure 4.18.  Vertical projection of calculated groundwater velocity vectors in elements 
intersected by vertical section L-L' (see Figure 4.2) through the vault vicinity for (a) the 
case with fracture zones, and (b) the case without fracture zones.  The jagged lines 
represent true (i.e., element) boundaries between the rock layers. 
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a). Case with Fracture Zones 

 
b). Case without Fracture Zones 

 
 
 

Figure 4.19.  Vertical projection of calculated advective transport paths from evenly-
spaced locations on the surface of the vault to ground surface for (a) the case with fracture 
zones, and (b) the case without fracture zones.  The regions appearing as fracture zones in 
(b) are assigned material properties corresponding to the rock layer in which they are 
located. 
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Figure 4.20.  Histograms of calculated advective transport travel times from the vault to 
the surface for (a) the case with fracture zones, and (b) the case without fracture zones. 



 - 88 - 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4.21.  Surface discharge areas of calculated advective transport paths from the vault 
for (a) the case with fracture zones, and (b) the case without fracture zones. 
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Figure 4.22.  Vertical section view (L-L' in Figure 4.2) showing differences in calculated 
hydraulic heads (m) between the cases with and without fracture zone LD1 truncated.  This 
section is along the approximate centreline of the flow within LD1.  The dashed line shows 
the portion of LD1 that was removed by the truncation. 
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a). Case with Fracture Zone L 1 not truncatedD

b). Case with Fracture Zone L 1 truncatedD

 
 
 
 
 
 
 
 
 

Figure 4.23.  Vertical projection of representative calculated advective transport paths 
from the vault for (a) the case with fracture zone LDl not truncated, and (b) the case with 
fracture zone LDl truncated.  The vertical scale is exaggerated is two times. 
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Figure 4.24.  Histograms of calculated advective transport travel times from the vault to 
the surface for (a) the case with fracture zone LDl not truncated, and (b) the case with 
fracture zone LDl truncated. 
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a). Case with Fracture Zone L
      not truncated

D1 b). Case with Fracture Zone L
      truncated

D1

 
 
 
 
 
 
 

Figure 4.25.  Surface discharge areas of calculated advective transport paths from the vault 
for (a) the case with fracture zone LDl not truncated, and (b) the case with fracture zone 
LDl truncated. 
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a). Case with Fracture Zone L
      not truncated

D1 b). Case with Fracture Zone L
      truncated

D1

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.26.  Horizontal projection of calculated advective transport paths in fracture zone 
LD1, originating from a horizontal line (seen as point A in Figure 4.23) just above the 
location where fracture zone LDl is truncated and directly above the vault for (a) the case 
with fracture zone LDl not truncated, and (b) the case with fracture zone LD1 truncated.  
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Figure 4.27.  Vault Heat Output versus Time 
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Figure 4.28.  Calculated temperature distribution (oC) on vertical section M-M' (see Figure 
4.2) at (a) 70, 4400 and 8800 years, and (b) 17 700, 35 000 and 100 000 years. 
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Figure 4.28:  Concluded 
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Figure 4.29.  Calculated Isotherms (oC) on a Horizontal Section through the Heat Source at 
8800 Years 
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Figure 4.30.  Calculated average temperature at the hottest location in the waste disposal 
vault as a function of time. 
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Figure 4.31.  Vertical projection of the calculated groundwater velocity vectors in elements 
intersected by vertical section M-M' (see Figure 4.2) in the vicinity of the vault for the case 
having a 46-m WED: (a) steady state, and (b) at 8800 years.  The length of the arrows is 
proportional to the logarithm of the magnitude of the projection of the velocity vector onto 
the section plane.  The only fracture zones shown on this plot are LDl and V0. 
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Figure 4.31.  Concluded 
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Figure 4.32.  Distribution of calculated groundwater velocity magnitudes (in m/a) in 
elements intersected by vertical section M-M' (see Figure 4.2) for the case having a 46-m 
WED: (a) steady state, (b) at 2200 years, and (c) at 70 000 years. 
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Figure 4.32:  Continued 
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Figure 4.32:  Concluded 
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Figure 4.33.  Spherical coordinate angles θθθθ and φφφφ defining the orientation of the 
groundwater velocity vector in three-dimensional space, where θθθθ is the azimuthal angle  
(-180° ≤ θθθθ < 180°) and φφφφ = 90°minus the polar angle (-90° ≤ φφφφ ≤ 90°), as shown. 
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Figure 4.34.  (a) Top view, and (b) vertical-section view of the finite-element mesh for the 
three-dimensional local model, showing the locations of selected elements. 
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Figure 4.35.  Effect of vault heat on calculated groundwater velocity magnitude.  Element 
5054 has the largest percentage change in velocity magnitude for elements lying within 1 
km of the vault edge.  Element 4073 has the largest percentage change in velocity 
magnitude for elements lying beyond 1 km from the vault edge. 

 

 
 

Figure 4.36.  Effect of vault heat on calculated velocity vector angle φφφφ.  Element 15163 has 
the largest change in φφφφ for elements lying within 1 km of the vault edge.  Element 11864 has 
the largest change in φφφφ for elements lying beyond 1 km of the vault edge. 
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Figure 4.37.  Effect of vault heat on calculated velocity vector angle θθθθ.  Element 3277 has 
the largest change in θθθθ (almost 180°°°°) for elements lying within 1 km of the vault edge.  
Element 8527 has the largest change in θθθθ (almost 180°) for elements lying beyond 1 km of 
the vault edge. 
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Fracture Zone L  - vault intersectionD1

 
 

Figure 4.38.  Horizontal projection of calculated convective transport paths in fracture 
zone LDl for the case having a 46-m WED.  Solid lines represent paths under steady-state 
conditions and dotted lines represent paths under the influence of vault heat.  The shaded 
area represents the portion of the vault that is included in the figure.  The inset is a 
vertical-section view illustrating the geometry of the situation. 
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Figure 4.39.  Histograms of calculated convective travel times from the vault to the surface 
for cases having (a) a 46-m WED, (b) a 10-m WED, and (c) no WED. 
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Figure 4.39:  Continued   
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Figure 4.39:  Concluded 
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Figure 4.40.  A vertical projection of a representative set of calculated convective transport 
paths from the vault to the surface for cases having (a) a 46-m WED and no vault heat, and 
(b) a 46-m WED including vault heat.  Particles were initially located in the vault along a 
line near the centre of the vault. 
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Figure 4.41.  Calculated hydraulic-head contours on vertical section M-M' (see Figure 4.2) 
in the vicinity of the vault for (a) the case without a thermally-induced perturbed near-
surface region, and (b) the case having a thermally-induced perturbed near-surface region. 
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Figure 4.41:  Concluded 
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Figure 4.42.  Histograms of calculated advective travel times from the vault to the surface 
for (a) the case without a thermally-induced perturbed near-surface region, and (b) the 
case having a thermally-induced perturbed near-surface region. 
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5 SIMULATIONS TO FINALISE THE GEOMETRY OF AND INPUTS TO 
 GEONET, THE GEOSPHERE MODEL USED IN SYVAC3-CC3 
 
 
The simulations used to finalise the geometry of and inputs to GEONET (see Section 5.3), the 
geosphere model used in SYVAC3-CC3 for the reference postclosure assessment case study 
(Goodwin et al. 1994) have been formulated considering the nature of the SYVAC/GEONET 
code (Davison et al. 1994) and the results of the various sensitivity analyses described in the 
preceding sections.  The simulations were performed using the version of the 3-D local 
groundwater flow model that was used for the previous sensitivity analyses described in Section 
4.3.   
 
A WED of 46 m between the nearest waste emplacement room in the vault and low-dipping LD1 
was chosen for these simulations after other sensitivity analyses had been completed using 
MOTIF (see Section 4.2) and SYVAC3-CC3 (Goodwin et al. 1994).  
 
No EDZ around the vault was simulated in these cases, as its effect was previously found to be 
negligible for convective transport (see Section 4.2).  All underground shafts, tunnels and 
disposal rooms were assumed to be filled with reference backfill material (see Section 4.2).    
 
The effect of the thermal transient caused by heat from the vault was not considered.  The 
previous sensitivity analysis (see Section 4.6) showed that this approximation does not lead to 
any serious error for the case in which there is a 46-m WED.  The steady-state approximation is 
also necessary, as the GEONET transport code in SYVAC3-CC3 was not able to simulate 
transient groundwater flow.   
 
The effects of the natural geothermal gradient were also not simulated, to maintain consistency 
with the analytical well model (AWM) (Chan and Nakka 1994) that is incorporated into 
GEONET.  This assumption does not introduce a significant error, as is indicated by the 2-D 
sensitivity analysis described in Section 3.1.   
 
The ground water was assumed to have uniform properties equal to those of fresh water at 6°C 
(the mean groundwater temperature near the surface at the WRA) and at atmospheric pressure. 
  
5.1 NATURAL CONDITIONS (No Water Supply Well)  
 
Figure 5.1 shows the steady-state natural groundwater flow field for this model, as described by 
advective transport paths from the vault to the biosphere.  Again, the asymmetrical nature of the 
groundwater flow field as a result of the local topography (Chan et al. 1987) is clearly 
demonstrated.  Under natural steady-state flow conditions, advective transport paths from the 
vault discharge to a total area of about 5×105 m2 at the Pinawa Channel and Boggy Creek (see 
Figure 4.8).  The fastest advective transport paths from the vault to the biosphere (travel time  
< 105 years), which are of particular interest in GEONET simulations, discharge up low-dipping 
fracture zone LDl to an area of about 3×105 m2 in south Boggy Creek.   
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The results of this simulation have recently been compared to hydrogeochemical field data 
collected from this portion of the WRA.  It was found that the discharge areas calculated by the 
groundwater flow model coincided with areas where unusually high concentrations of helium gas 
occurred in overburden, sediments and surface waters (Stephenson et al. 1992) (see Figure 5.2).  
These high helium concentrations in the soil and surface water are associated with the local 
discharge of deep ground water from underlying fracture zones in the rock.  In addition, the 
calculated range of times for water recharging the surface to travel to the intersection of the 
hypothetical vault with LD1, has recently been compared with the range of ages determined for 
groundwater samples collected from this location, as determined by isotopic analysis (Gascoyne 
and Chan 1992).  The time for the recharging ground water to reach this location in the flow 
system as determined by numerical simulation was 3×106 years (see Figure 5.3).  The residence 
time as estimated by isotopic analysis of the ground waters collected from this location was in 
excess of 106 years (see Figure 5.4).  This consistency between the simulated conditions and 
field observations helps to establish the reliability of the results from the 3-D groundwater flow 
simulation.  
 
5.2 PUMPING CONDITIONS (Water Supply Well)  
 
Steady-state groundwater pumping conditions were simulated for a well that was either 30, 100 
or 200 m deep, drawing ground water from low-dipping LD1 at a continuous rate of 120, 1500, 
4000, 10 000, 30 000 or 60 000 m3/a, when feasible.  These well demands and their relationships 
to various domestic requirements are discussed in Davis et al. (1993).  Analyses relating to the 
feasibility of the various wells being able to supply the demands on a continuous basis showed 
that the 30-m-deep well could not meet the 30 000 or 60 000 m3/a demand, the 100-m-deep well 
could not meet the 60 000 m3/a demand and the 200-m-deep well could meet all of these 
demands (Ophori et al. 1994).  
 
Figure 5.5 shows that pumping ground water from such a water supply well can significantly 
distort the natural groundwater flow field (see Figure 5.1).  Depending on the pumping rate, all 
of the advective transport paths leading from the vault may be captured by the pumping well.  It 
was found that the extent of capture depends on the well depth and pumping rate.  
 
Table 5.1 and Figure 5.6 show that the 30-m-deep well diverts advective transport paths that 
naturally reach the surface at the Boggy Creek discharge area, when the pumping rate is greater 
than 1500 m3/a.  At a rate of 4000 m3/a, the influence of pumping is most evident for the 200-m-
deep well, which, being the deepest well, is closest to the hypothetical vault.  In general, the area 
of groundwater discharge at Boggy Creek can be reduced to 47% of the area under natural 
conditions by pumping from a 30-m-deep well, and to zero for high pumping rates from the  
100-m- and 200-m-deep wells.  Advective transport to the Pinawa Channel discharge area is not 
affected by pumping the well at a rate of up to 10 000 m3/a.   
 
Although the thickness of the WED has no significant effect on the size of the discharge areas 
(see Table 5.1), the minimum advective travel time from the vault to the biosphere significantly 
increases with increasing WED (see Table 5.2).  
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Additional discussion on the effects of pumping a groundwater supply well on the groundwater 
flow field of the WRA model may be found in papers by Chan et al. (1991a) and Reid and Chan 
(1989) and in the report by Ophori et al. (1994).  
 
5.3 THE MOTIF-GEONET CONNECTION  
 
The MOTIF groundwater flow model described previously in this section and particle tracking 
were used to determine the geometry of the network of transport pathways from the vault to the 
biosphere, and the hydraulic-head distribution to be used as input to GEONET, under natural 
steady-state flow conditions.   
 
An AWM, derived using complex potential theory and the method of images (Chan and Nakka 
1994) has been incorporated into GEONET to calculate the drawdown in hydraulic head LD1 , 
the contaminant capture fractions by the well in the fracture zone, the maximum well capacity 
and the quantity of surface water captured by induced infiltration, as a function of the pumping 
rate.  
 
Other 3-D MOTIF groundwater flow simulations (Davison et al. 1994), which include the effects 
of pumping from the well, as described briefly in Section 5.2, have been used to determine the 
following:  
 

1.  The changes in advective transport paths from the vault as a result of the presence of a 
well;  

 
2.  Empirical equations for estimating the hydraulic-head drawdown in the vault as a result 

of pumping at the well;  
 
3.  An empirical equation relating the size and location of the main discharge area, where 

advective transport paths from the vault emerge at the surface, to the pumping rate of the 
well;  

 
4.  Several empirical equations for estimating the capture by the pumping well of some 

advective transport paths outside of low-dipping LD1; and 
 
5.  Scaling factors for adjusting various quantities determined from the AWM.  

 
These calculations are part of a manual interface or linkage between the MOTIF finite-element 
groundwater flow model and its simplified representation, GEONET, in the SYVAC3-CC3 
assessment code.  This linkage has been termed the "MOTIF-GEONET connection" by Davison 
et al. (1994).  
 
It is necessary to use an analytical model within GEONET, in conjunction with scaling factors 
and empirical equations determined by means of numerical experiments with MOTIF 
groundwater flow models that include a well with various intake positions and pumping rates.  
The reason for this approach is as follows.  In GEONET, both the well depth and pumping rate 
are sampled parameters, with their variability represented by probability distribution functions.  
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By contrast, within each MOTIF simulation all of the input parameters, including the model 
geometry and pumping rate, are deterministic quantities.  Consequently, the hydraulic heads 
calculated in a MOTIF groundwater flow model that includes a well cannot be used directly in a 
SYVAC3-CC3 probabilistic assessment simulation.  
 

5.3.1 The Network Geometry  
 
The geometry of the GEONET network is constructed using the results from MOTIF modelling 
and particle tracking.  Where advection is estimated to be the predominant contaminant transport 
mechanism, the GEONET pathways are constructed to match the 3-D advective transport paths 
predicted by the MOTIF groundwater flow simulation and particle tracking functions (see Figure 
5.1).  Groundwater travel times obtained by particle tracking are not transferred to GEONET.  In 
rock layer 3, where the groundwater velocity is very low, contaminant transport is dominated by 
molecular diffusion.  In these cases, the GEONET pathways are constructed to give the shortest 
diffusion paths from the vault to the nearest locations that have significantly higher groundwater 
velocities.  These paths are in the direction of the concentration gradient and may be significantly 
different than the paths for advective transport in this layer.   
 
To determine whether diffusive or advective transport dominates, a dimensionless parameter 
known as the diffusive Peclet number is calculated (Bear 1972).  A description of this parameter, 
how it is calculated and how it is used is given in the report by Davison et al. (1994).  
 
Each transport pathway in the GEONET network consists of a number of linear segments, the 
end points of which are referred to as nodes.  In locating these segments, care is taken to ensure 
that the entire segment lies within a single material property class and that the linear groundwater 
velocity does not vary excessively over the volume of rock represented by the segment.  The 
GEONET network is defined geometrically by a set of nodal Cartesian coordinates and tables of 
connectivities defining which transport segments connect which pair of nodes.  Details are given 
in the report by Davison et al. (1994).  Figure 5.7(b) shows a vertical projection of the network 
that was developed from the MOTIF results for the WRA, superimposed onto a corresponding 
view of the calculated convective transport paths from the vault.  Figure 5.7(a) shows a 
horizontal projection of the same results.  Most of the network segments fairly closely follow the 
asymmetrical shape of the flow field, as mapped by the advective transport paths.   
 
The GEONET network has also been constructed to account for the influence on the advective 
transport paths of a water supply well of variable depth and demand.  This was done by 
comparing the calculated advective transport paths obtained from the series of MOTIF flow 
simulations that considered differing well depths and demand (see Section 5.2).  Additional 
transport segments were introduced into the network to allow for the increase in the capture of 
advective transport paths outside LD1 by the pumping well.  The well depth in GEONET is 
variable.  To achieve a particular well depth, the locations of nodes defining the well are moved 
along the central flow line of the well, as discussed in Davison et al. (1994).  
 
Table 5.3 compares advective travel times calculated by GEONET and TRACK3D particle 
tracking, for nine transport segments leading from source nodes on the portion of the vault above 
LD1 to connection nodes in LDl (see Figure 5.7(b)).  The transport segments are numbered 4, 5, 
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6, 13, 14, 15, 19, 20 and 21 (see Table 5.3), and the corresponding source nodes in the vault are 
numbered 7, 9, 11, 25, 27, 29, 37, 39 and 41, respectively (see Figure 5.7(a)).  These calculations 
are for the case without a water supply well.  The GEONET travel time, which is equal to the 
time required for ground water to flow through the segment from the source node in the vault to 
the connection node in LD1, is calculated by dividing the segment length by the groundwater 
velocity calculated by GEONET.  GEONET calculates a groundwater velocity along a segment 
by the first-order finite difference method assuming Darcy's law, and by using the MOTIF-
calculated heads at nodes terminating the segment.  The ratio between the GEONET travel time 
and particle tracking travel tune varied from 0.740 to 1.633 for these nine segments.  The 
maximum difference between the segment length and the particle tracking path length was only 
5%.  Thus, the GEONET representation appears to be adequate.  
 

5.3.2 Drawdowns in the Vault near Fracture Zone LDl  
 
Pumping ground water from the well causes a drawdown that reduces the hydraulic head in 
fracture zone LDl near the vault.  The drawdown in the fracture zone is calculated by the AWM 
incorporated into GEONET, as described by Davison et al. (1994).  However, in view of the 
proximity of the vault to LD1, pumping on the well may also draw down the head in the vault.  
To estimate this drawdown in the vault, we have devised a series of empirical vault head 
equations (EVHE) by combining specific results of the AWM with a corresponding MOTIF 
finite-element model.  
 
The EVHE consist of three equations, one applicable to each of the three regions shown in 
Figure 5.8.  The first region is in the vault above fracture zone LDl; the second and third regions 
are in the vault below LD1, and up to and beyond the distance Xe, respectively.  The EVHE 
contain four fitting parameters, el, e2, e3 and e4, which are determined empirically from the 
numerical modelling results from MOTIF simulations.  Each equation is linear in the form of a 
first-order Taylor series expansion, and includes a fitting parameter, eS, where s =1, 2, 3, for the 
slope of the drawdown at the vault-fracture zone LDl intersection.  Parameters el and e2 are 
applied to the positive slope of the drawdown at the intersection in regions 1 and 2 respectively, 
whereas parameter e3 is applied to the negative slope of the drawdown at the intersection.  This 
procedure is necessary to be consistent with MOTIF-simulation results, which show that the 
drawdown in the vault decreases in region 3 after having reached a maximum in region 2.  
 
The equations are  
 
 ∆hv1 =  ∆hr + e1Lv(∂∆r/∂ξ) (5.1) 
 
 ∆hv2 = ∆hr + e2Lv(∂∆r/∂ξ) (5.2) 
 
 ∆hv3 = ∆he � e3(Lv � xe)(∂∆hr/∂ξ) (5.3) 
 
where ∆hv1 is the drawdown in the vault for region 1,  
 ∆hv2 is the drawdown in the vault for region 2,  
 ∆hv3  is the drawdown in the vault for region 3,  
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 ∆hr  is the drawdown calculated by the AWM at the vault-fracture zone LDl 
intersection,  

 ∂∆hr / ∂ξ  is the slope of the drawdown calculated by the AWM at the vault-fracture zone 
LDl intersection, and 

 ξ is the Cartesian coordinate measured along LD1 in the dip direction.  
  
 ∆he = ∆hr + e2xe(∂∆hr / ∂ξ) (5.4)  
 
where ∆he is the drawdown calculated at the end of region 2.  
 
 xe = e4(xw � xr) (5.5) 
  
where xe   is the displacement of the maximum drawdown from the vault-fracture zone 

LDl intersection, which determines the end of region 2,  
 e4   is the empirical distance scaling factor that determines xe,  
 xr   is the x-coordinate of the vault-fracture zone LDl intersection,  
 xw   is the x-coordinate of the well, and 
 xv   is the x-coordinate of the GEONET vault node.  
 
 Lv = xv- xr   (5.6)  
 
where Lv   is the displacement of the vault node from the vault-fracture zone LDl 

intersection.  
 
It was determined that suitable values for the four fitting parameters are  
 
 el  = 1.4 for the empirical slope fitting factor for region 1,  
 e2  = 0.5 for the empirical slope fitting factor for region 2,  (5.7) 
 e3  = 1.0 for the empirical slope fitting factor for region 3, and 
 e4  = 0.36 for the empirical distance scaling factor that determines xe.  
 
Details of the EVHE, including a discussion of the above parameters and their values, are given 
in Appendix C.  These equations together with these parameter values provide a good 
approximation of the drawdown at vault nodes near LD1.  
 
 

5.3.3 Drawdowns in the Vault Far from LD1 or Outside the Vault or LD1  
 
During simulations with GEONET in SYVAC3-CC3, drawdowns in hydraulic head as a result of 
pumping ground water from the well are not calculated at the three GEONET nodes in the vault 
that are far from LD1, or at any other nodes that are outside the vault and LD1 (see Figure 5.9).  
This is based on the assumption that the drawdowns at these nodes do not have a significant 
effect on the annual dose to man, as predicted by SYVAC3-CC3.  
 
The validity of the above assumption is examined in greater detail in Appendix D.  Briefly, to 
test the assumption, drawdowns at these GEONET nodes of interest were examined for a MOTIF 
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simulation in which a 200-m-deep well was pumped at 10 000 m3/a (see Section 5.2).  The 
simulation included a 46-m WED.  This relatively high pumping rate was chosen so that a 
general conclusion could be reasonably drawn.  
 
This simulation demonstrated that significant drawdowns at the GEONET nodes of interest, 
ranging from 0.15 to 5.0 m, resulted from pumping the well.  At some nodes of interest, 
drawdowns were comparable to those calculated at nodes in LD1 or the vault near fracture zone 
LDl.  
 
Because drawdowns at some nodes of interest are significant, simulations were performed using 
GEONET and SYVAC to determine the effect on the SYVAC-CC3 predictions.  These 
SYVAC3-CC3 simulations were done deterministically using the median values (Goodwin et al. 
1994) for the other model parameters.  Nodes usually not adjusted in GEONET had their head 
values adjusted to match the MOTIF values.  The change in the annual dose to man determined 
from the SYVAC-CC3 simulation was negligible.  The largest change occurred for 14C.  The 
peak of the 14C annual dose increased by less than 1%, and it occurred 2% sooner than the 
median case.  For other nuclides, including 129I, no difference was noticeable.   
 
Therefore, it is concluded that not accounting for the drawdown at nodes in GEONET that are in 
the vault but far from LD1, or outside the vault and fracture zone LDl, does not have a 
significant effect on the contaminant transport calculations of the GEONET model.  
 

5.3.4 Main Discharge Area of Advective Transport Paths from the Vault  
 
The fastest advective transport pathways from the vault, up LD1 to the surface discharge areas, 
are of particular interest in the postclosure assessment calculation.  Under natural steady-state 
groundwater flow conditions, the discharge from these pathways is restricted to an area of 
2.9×105 m2 in south Boggy Creek (see Figure 4.8).  
 
With the groundwater supply well pumping, some of the transport pathways from the vault up 
the fracture zone can be captured by the well, while others can bypass the capture zone of the 
well and discharge at the surface of the Boggy Creek South discharge area.  The effects of well 
demand and well depth on the size of this main discharge area are tabulated in Table 5.1 and 
illustrated in Figure 5.6.  To represent this behaviour in GEONET, we define a reduction factor, 
fd, to the main area where pathways from the vault discharge at the surface.  For wells of depth 
less than 30 m, the size of this surface discharge area is unaffected; for wells of depth greater 
than 100 m, a quadratic equation with coefficients fitted to MOTIF simulation results is used to 
determine the reduced size of the discharge area.  For wells of intermediate depth, a linear 
interpolation is used.  Thus, fd is given as  
 

 
 
where  dw is the well depth and f100 is given by a fitted quadratic equation:  
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 f100 = Co + C1Qdem + C2Q2

dem  (5.9)  
 
where  Qdem = well demand,  
 C0  = 1.00,  
 C1   = -2.28×10-4,  
 C2   = 1.27×10-8, and  
 f100  = discharge area for the 100-m-deep well.  
 
 

5.3.5 Advective Transport Paths Outside Fracture Zone LDl  
 
The effects of well depth and well demand on the amount of contaminants from the vault 
captured from pathways in the rock mass outside the main LD1 pathway is given in this section.  
The effects on the discharge areas are also included.  A set of empirical relationships was 
determined by comparing the groundwater flow fields and advective transport paths calculated 
by MOTIF and TRACK3D for various well demands and depths to the �no well� case.  If these 
calculations showed that the well captured contaminants transported along pathways other than 
the main fracture zone, then new GEONET segments were introduced to reroute these pathways 
to the well and away from the discharge area where they would otherwise emerge.   
 
The path from vault sector 3 to Boggy Creek South has such a segment�segment 62 in Figure 
5.10�, which can divert a fraction of the contaminant mass flow from this vault sector to the 
well.  At the outlet node of segment 9, the contaminant mass flow branches into two fractions.  
One fraction, 1-Wb3, migrates through segment 62 to the well, while the other fraction, Wb3, 
migrates through segment 51 and, subsequently, segment 52 to the Boggy Creek South discharge 
area.  In calculating the branching fractions, it has been assumed in accordance with Davison et 
al. (1994) that advective transport dominates, so that the fractional contaminant mass-flow rate is 
proportional to the groundwater flow rate.  The fraction, Wb3, of the contaminant mass flow that 
bypasses the well and continues on through segments 51 and 52 to the Boggy Creek South 
discharge area, is given by  
  
 Wb3 = 1 for any well depth and well demands less than 1500 m3/a;  
 Wb3 = 0.25 for any well depth and a well demand of 4000 m3/a, with linear interpolation 

between 1.0 and 0.25 for well demands between 1500 and 4000 m3/a; and 
   (5.10)  
 Wb3  = 0 for any well depth and a well demand of 6000 m3/a or more, with linear 

interpolation between 0.25 and 0.0 for well demands between 4000 and 6000 
m3/a.  

 
The discharge volume and area of contaminated ground water at Boggy Creek South are 
modified by the factor, fd, as determined by Equation (5.8) in the preceding section.  
 
In a similar manner, the path from vault sector 2 to the Boggy Creek North discharge area also 
has a segment (63) that can divert a fraction of the contaminant flow from this pathway to the 
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well.  The fraction, Wb2, of the flow in this pathway bypassing the well and continuing on to the 
Boggy Creek North discharge area is given by  
 
 Wb2 = 1 for a well depth less than or equal to 100 m and any well demand,  
 Wb2  = 1 for a well depth greater than 100 m and well demand less than 10 000 m3/a,  
 Wb2  = 0.9 for a well depth greater than 100 m and well demand of 30 000 m3/a, with 

linear interpolation between 1.0 and 0.9 for well demands between 10 000 and 
30 000 m3/a; and 

   (5.11)  
 Wb2 = 0 for a well depth greater than 100 m and well demand of 60 000 m3/a or more, 

with linear interpolation between 0.9 and 0.0 for well demands between 30 000 
and 60 000 m3/a.  

 
The fraction of the flow in this pathway that is captured by the well is given by the complement, 
1 -Wb2. To account for the capture by the well, the amount of contaminants discharging from this 
pathway at the Boggy Creek North discharge area and the size of the discharge area are also 
modified by the reduction factor, Wb2.   
 
The pathway leading from vault sector 1 to the Pinawa Channel discharge area also has a 
segment (64) that can divert a fraction of the flow to the well.  The fraction, Wbl, of the flow in 
this pathway that can bypass this segment and continue on to the Pinawa Channel discharge area 
is given by  
 
 Wbl  = 1 for a well depth less than or equal to 150 m and any well demand;  
 Wbl  = 1 for a well depth greater than 150 m and well demand less than 30 000 m3/a; and 
   (5.12)  
 Wbl = 0 for a well depth greater than 150 m and well demand of 80 000 m3/a, with linear 
interpolation between 1.0 and 0.0 for well demands between 30 000 and 80 000 m3/a.  
 
The fraction of the flow in this pathway that is captured by the well is given by the complement, 
1 -Wbl.  As in the other cases, the amount of ground water discharging through this pathway and 
the area of the discharge at the Pinawa Channel discharge area are also modified by the reduction 
factor, Wbl.  
 

5.3.6 Scaling Factors Applied to the Well Model  
 
GEONET applies the AWM to calculate the fraction of the contaminant pathways from the vault 
up LD1 that are captured by the well, and the hydraulic-head drawdown in LD1 that is caused by 
pumping on the well.  Contaminant capture fractions and drawdowns based on the AWM can 
differ from those obtained from MOTIF because of the different approximations and boundary 
conditions that are inherent in the two models.  To more closely align analytical predictions with 
MOTIF results, empirical relationships between them have been considered.  The scaling factors 
for capture fraction and drawdown express these relationships.  
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5.3.6.1  Comparison of Capture Fractions in Fracture Zone LD1  
  
The contaminant capture fraction is one of the most important quantities from the AWM in terms 
of its predicted effect on the final dose to man (Goodwin et al. 1994).  In GEONET, the 
contaminant capture fraction is calculated along the GEONET capture line.   
 
To determine the location and length of the GEONET capture line, MOTIF modelling and 
TRACK3D particle tracking were used.  Advective transport paths were calculated from origins 
along the intersection of LD1 with the vault horizon.  The advective plumes for two different 
well depths (100 and 200 m) for the well intake position in LD1 and five different pumping rates 
(120, 1500, 4000, 10 000 and 30 000 m3/a) were examined to locate a region between the well 
and the vault horizon where the groundwater flow field was reasonably symmetrical.  These sets 
of advective transport paths were then used to define the GEONET capture line.   
 
It was found that the case with no well demand (i.e., the simulated natural flow field) had the 
broadest plume in this symmetrical region.  Figure 5.11 shows a horizontal projection of the 
calculated advective transport paths in LD1 for this case.  Figure 5.11 also shows possible well 
intake positions near the centreline of the advective plume.  The GEONET capture line lies at a 
depth of 287 m.  The length of the capture line was determined from the length that was required 
to bound the entire width of the contaminant plume originating from the entire width of the 
intersection of LD1 with the vault horizon.  A capture line having a length of 1300 m provides 
almost complete capture.  The length of the capture line is less than the width of the vault (2000 
m) because of the natural convergence of the groundwater flow field in LD1 between the 
location of the well and the vault horizon.  The small difference between the centre of the capture 
line and the centre of the advective plume can be explained by the fact that the capture line is 
symmetrical about the line of possible well intake positions, whereas the advective plume is 
asymmetrical due to the local topography of the region (Chan et a1. 1987).  
 
MOTIF capture fractions were calculated from MOTIF modelling and TRACK3D particle 
tracking.  Advective transport paths were calculated from evenly distributed origins along the 
GEONET capture line to the surface or well.  This was done for groundwater flow fields 
corresponding to two well depths (100 and 200 m) and four pumping rates (120, 1500, 4000 and 
10000 m3/a).  The MOTIF capture fraction (CFG) is the proportion of the total length of the 
GEONET capture line that contributes to capture by the well.  Analytical capture fractions (GF�

G 
s) were obtained by simply evaluating an expression from the AWM.  Comparison of the results 
in Table 5.4 and Figure 5.12 shows that the capture-fraction ratio (GF�

G/CFG) varies from about 
0.64 to 1.8 for this wide range of well depths and pumping rates.  For pumping rates exceeding 
this range (>10 000 m3/a), both models predict complete capture.  In comparison with the large 
uncertainties in some other SYVAC3-CC3 input parameters, these ratios are relatively close to 
unity (Davison et al. 1994).  Thus, the AWM is adequate for estimating contaminant capture 
fractions, i.e., the scaling factor for capture fraction equals unity.  
 
5.3.6.2  Comparison of Drawdowns in Fracture Zone LDl  
 
The AWM assumes that groundwater flow to the well is confined entirely to LD1, whereas the 3-
D MOTIF model allows groundwater flow to be induced from the bulk rock surrounding the 
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fracture zone.  The differences in the approximations and boundary conditions in the two models 
lead to different drawdowns in hydraulic head being calculated for the same well demand.  In 
general, drawdowns predicted by the MOTIF model are smaller than those predicted by the 
AWM because of leakage from the bulk rock into the fracture zone.   
 
To avoid overestimating the effects of the well, the pumping rate used in the AWM should 
perhaps be scaled relative to that used in the MOTIF model.  Drawdowns from MOTIF 
simulations and the AWM were compared for several simulations, and it was found that about 
equal drawdowns could be obtained if the pumping rate used in the AWM is between 0.5 and 0.7 
of that used in the MOTIF model (see Figure 5.13).  Again, the scaling factor is not much 
different from unity and could have been closer to unity if the finite-element mesh used in the 
MOTIF model had been more refined near the well.  A scaling factor of unity leads to 
conservative travel times in the vicinity of the well for nonsorbing contaminants transported by 
advection in LD1 since the AWM overestimates the groundwater velocities in LD1.  In addition, 
this travel time is very short compared to the overall travel time for contaminants from the vault 
to the biosphere, so even a large difference in the velocities near the well as a result of the 
scaling factor will not significantly affect the calculated doses (Davison et al. 1994).  Therefore, 
the AWM is adequate for estimating drawdowns in LD1, i.e., the scaling factor for drawdown 
equals unity.  
 

5.3.7 GEONET Network for the Postclosure Assessment Case Study  
 
The work described in the preceding sections assumes that a portion of the hypothetical vault lies 
above fracture zone LDl (e.g., see Figure 5.7).  GEONET simulations of contaminant 
breakthrough time to the biosphere suggested the need to also study a network in which the 
portion of the vault above fracture zone LDl is excluded.  For this purpose, a revised GEONET 
network was constructed using the methodology previously described.  Advective transport paths 
to the surface from the portion of the vault below fracture zone LDl were calculated using 
MOTIF and TRACK3D for the case without a well.  Figure 5.14 shows the resulting 
contaminant discharge area at the surface.  Figure 5.15 shows projections of the advective 
transport paths onto projections of the revised GEONET network.  A 3-D view of the revised 
GEONET network is also shown in Figure 5.16.  The GEONET network shown in Figures 5.15 
and 5.16, in which the portion of the vault above fracture zone LDl is removed, is the network 
used in the postclosure assessment case study presented in the EIS.  The values used for all the 
previously-discussed empirical parameters and scaling factors are the same as those used for the 
previous GEONET network.  
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Table 5.1.  Influence of various wells and WEDs on the extent of the Boggy Creek South 
surface discharge area for calculated advective transport paths from the vault. 

 
 

Table 5.2.  Minimum calculated advective travel times from the vault for various wells and 
WEDs. 
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Table 5.3.  Comparison of advective travel times obtained from the GEONET model with 
those obtained from TRACK3D particle tracking, for nine transport segments with source 
nodes on the portion of the vault above fracture zone LD1. 
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Table 5.4.  MOTIF Capture Fraction versus Analytical Capture Fraction 
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Figure 5.1.  Calculated advective transport paths from the vault to the surface in a system 
without a well: (a) horizontal projection, and (b) vertical projection. 
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Figure 5.2.  The surface discharge areas for calculated advective transport of ground water 
and the helium gas anomaly in the Boggy Creek area.  The predicted discharge area in 
Boggy Creek South overlaps with the area of high He gas in bottom water in winter. 
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FIGURE 5.3.  Histogram of calculated times for ground water to travel from the surface to 
the intersection of the hypothetical vault with fracture zone LD1. 
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Figure 5.4.  Groundwater Residence Time at the URL Site as Inferred from Isotope 
Abundance 
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Figure 5.5.  Calculated advective transport paths from the vault to the surface in a system 
having a 200-m-deep well pumping at 60 000 m3/a: (a) horizontal projection, and (b) 
vertical projection. 
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Figure 5.6.  Surface discharge areas of calculated advective transport paths from the  
vault due to pumping: a, b, c: well depth -30 m, 100 m, 200 m; 1, 2, 3, 4: pumping rate - 
120, 1500, 4000, 10 000 m3/a; 4* pumping rate -8750 m3/a  
(maximum well pumping capacity) 
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Figure 5.7.  Selected representative calculated advective transport paths from the vault 
(dotted lines) and equivalent GEONET network (solid lines) for the SYVAC3-CC3 
simulation: (a) horizontal projection, and (b) vertical projection. 
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Figure 5.8.  Vertical section showing regions where the three empirical vault head 
equations apply. 
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Figure 5.9.  Vertical projection of the portion of the GEONET transport network used in 
SYVAC3-CC3, showing the nodes (blacked-out circles) where drawdowns are not 
calculated. 
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Figure 5.10.  Vertical projection of the portion of the geosphere transport network used in 
SYVAC3-CC3, showing branching pathways leading contaminants from vault sectors 1, 2 
and 3 to the well along segments 64, 63 and 62, or to the surface discharge areas along 
segments 49, 50, and 51 respectively. 
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Figure 5.11.  Horizontal projection of the calculated advective transport paths within LD1.  
The location and size of the segment transfer length used in the calculation of the mass 
transfer coefficient are shown. 
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Figure 5.12.  The capture-fraction ratio (analytical vs. MOTIF) for well depths ranging 
from 100 to 200 m and well demands ranging from 120 to 10 000 m3/a. 

 
Figure 5.13.  Comparison of calculated hydraulic-head drawdowns in fracture zone LDl for 
the 200-m-deep well.  The pumping rate is 120 m3/a in the MOTIF simulation and 60 m3/a 
in the AWM. 
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Figure 5.14.  The surface discharge areas of calculated advective transport paths from the 
portion of the vault below fracture zone LDl. 
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Figure 5.15.  Selected representative calculated advective transport paths (dotted lines) 
from the portion of the vault below LD1, and an equivalent revised GEONET network 
(solid lines) used in the postclosure assessment case study presented in the EIS: (a) 
horizontal projection, and (b) vertical projection. 
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Figure 5.16.  A three-dimensional view of the GEONET network used in the postclosure 
assessment case study presented in the EIS (see Figure 5.15). 
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6 MODELLING THE EFFECTS OF AN OPEN BOREHOLE IN THE VICINITY 
 OF THE VAULT  
 
 
Another situation that has been considered involves an open site-evaluation borehole located 
near the waste emplacement area of the vault.  Such a borehole could be open either because it 
has been missed during the sealing operation, or because the seal fails some time after borehole 
closure.  In our analyses, we assumed that the borehole was drilled from the surface, that it 
passed through LD1 and that it intersected the hypothetical vault horizon within a rock pillar 
between two waste emplacement rooms.  We performed a series of simulations with the WRA 
model to evaluate the sensitivity of the contaminant transport along groundwater flow lines from 
the vault to the biosphere to the presence of such an open borehole.  We considered how the 
groundwater flow within the open borehole could be influenced by an active water supply well 
that penetrates the fracture zone some distance downgradient of the point at which the open 
borehole penetrates the fracture zone.  Two- and 3-D finite-element simulations were performed 
to study the advective, dispersive and diffusive transport of a contaminant (e.g., 129I) from an 
emplacement room in the vault to the open borehole.   
 
Details of the methodology and results of these simulations are presented in Appendix E.  The 
main conclusion is that an open borehole passing through a rock pillar near a waste emplacement 
room in the vault can be a significant pathway for contaminant transport from the vault to the 
biosphere, given the hydrogeological conditions and vault layout assumed in our postclosure 
assessment case study.  The amount of contaminants reaching such an open borehole can be 
small if no water supply well is drawing ground water from the nearby low-dipping fracture 
zone.  However, if a water supply well pumping at a high rate is considered to be located 
sufficiently close to such an open borehole, transport via the borehole can increase the amount of 
contaminants from the vault that are drawn to the water supply well.  
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7 TWO-DIMENSIONAL CONTAMINANT TRANSPORT SIMULATIONS  
 
 
This section describes the 2-D simulations that were done to evaluate the validity of the 
approximations made in describing contaminant transport using GEONET, to further analyse the 
relative importance of convection and diffusion, and to analyse the sensitivity of the model 
results to the WED and the permeability and porosity of rock layer 3.  
 
7.1 COMPARISON OF CALCULATIONS USING MOTIF WITH THOSE USING GEONET  
 
To evaluate the validity of the approximations made in using GEONET to describe contaminant 
transport, we have compared GEONET calculations for contaminant transport over a portion of 
the WRA geosphere with those using the corresponding MOTIF finite-element model.  In 
principle, MOTIF 3-D transport modelling could have been performed.  In practice, however, to 
properly model contaminant transport in the complex hydrogeological environment of the WRA 
would require hundreds of thousands of 3-D finite elements.  The estimated computational effort 
would be prohibitive.  In the comparison presented here, a 2-D representation has been adopted.  
A corresponding 2-D transport network is used in GEONET for this comparison.   
 
The MOTIF 3-D model described previously in Section 4.3 was used to simulate steady-state 
groundwater flow under the influence of the natural geothermal gradient.  Figure 7.1 shows a 
vertical section of the conceptual model in the vicinity of the hypothetical vault that illustrates 
the main hydrogeological features.  No EDZ around the vault was simulated in these cases. All 
underground shafts, tunnels and disposal rooms were assumed to be filled with reference backfill 
material.  In this analysis, the WED is 10 or 46 m.  The model also includes a 100-m-deep 
groundwater supply well pumping at 10 000 m3/a from LD1.  From the flow simulations for the 
case with a 10-m WED, it was determined that groundwater flows through the portion of the 
vault located on the right side of (above) fracture zone LDl (see Figure 7.1) downward, towards 
LD1, with an average linear velocity of between 1.0×10-4 and 3.0×10-4 m/a.  To the left of 
(below) LD1, groundwater flows more or less parallel to the vault and then upward, towards the 
ground surface, with a velocity of the order of 1.0×10-5 m/a.  Within LD1 and in the absence of 
any pumping of the well, the water velocity is about 1 m/a along the fracture zone, upwards, 
towards the ground surface.  Water velocities within LD1 are larger when water is withdrawn 
from the well.  With these groundwater velocities, the transport of contaminants from the right 
side of the vault to LD1 occurs by convection, dispersion and diffusion, whereas the transport of 
contaminants from the left side of the vault to LD1 is diffusion-dominated.  The minimum 
convective travel time from the vault to LD1 exceeds 30 000 years.  In either case, once the 
contaminants enter LD1, transport is convection-dominated and contaminants reach the well or 
ground surface relatively quickly.  Thus, the geometry and flow regime in this model are such 
that the significant factors that control the time for contaminants to be transported from the vault 
to the biosphere are the thickness and hydraulic properties of the sparsely fractured rock 
separating the vault from LD1.   
 
The MOTIF 2-D transport model was located perpendicular to the strike of the major fracture 
zone in the vicinity of the hypothetical vault (see Figure 7.1), and was roughly in the general 
direction of natural groundwater flow in the vicinity.  The model was located to intersect the 
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well.  The model, in fact, consisted of two separate parts, as LD1 is not part of the modelled 
domain.  Once the contaminants reach LD1, they were very quickly diluted and swept to the 
surface as a result of the relatively high velocities in the fracture zone.  It is, therefore, possible 
to simply represent LD1 as a zero-concentration boundary condition. 
 
Using the analytical solution to the 1-D diffusion equation, it was found that only a small amount 
of contaminants from the vault (less than 2% of the input mass) diffused a distance of more than 
150 m from the vault within the time scale of interest (100 000 years).  The model was therefore 
extended only 150 m vertically below the vault and 150 m above and to the right of the right side 
of the vault.  The location of the left boundary of the model is not crucial because of its 
remoteness from fracture zone LDl; it was chosen to be somewhat to the left of the vault (see 
Figure 7.1).  The values of the transport properties used are listed in Table 7.1.   
 
Figure 7.2 illustrates the mesh used for this transport analysis.  Small elements were used in the 
region near the fracture zone and vault, to ensure accurate calculations near the boundary and 
contaminant source.  The mesh consisted of a total of 10136 quadrilateral elements and 10453 
nodes.  With this discretisation, the grid Peclet number was less than 2 everywhere, except for 
those elements near the water supply well.  The grid Peclet number for each element in the mesh 
was calculated according to the following expression:  
 
 Pe  = Lku/D  (7.1)  
 
where  Lk  =  length of the element (i.e., element size),  

u  =  max | u i |, where u i is the ith Cartesian component of the average linear 
groundwater velocity within the element, and where  

i =  l or 2, and  
D  =  coefficient of hydrodynamic dispersion.  

 
The small grid Peclet number obtained with our mesh ensured that there was minimal numerical 
dispersion in the MOTIF solution.  The region with a larger Peclet number near the well was 
sufficiently far from the source that the calculated concentration was essentially zero within the 
simulation time of 100 000 years.   
 
The boundary conditions for the MOTIF transport model are shown in Figure 7.2.  Zero-
concentration boundary conditions were applied to the fracture zone along the right boundary of 
the portion of the model to the left of (below) fracture zone LDl and along the left boundary of 
the portion of the model to the right of (above) LD1.  These boundary conditions were applied 
because contaminants are quickly diluted or swept away upon reaching these points.  The 
remaining boundaries were of the Neumann type with zero dispersive flux.   
 
For the contaminant source function, a constant flux of 10-4 mass-units/m2·a1 was imposed at the 
vault location for times from 0 to 10 000 years.  After 10 000 years, the source flux was turned 
off.  Application of this contaminant source at the vault boundary facilitates a comparison 
between the MOTIF and GEONET transport models, without the complications of having to 
model processes that occur within the vault.  This is not, however, a realistic representation of 
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the release of contaminants from the vault, since it does not take into account the effects of the 
engineered barriers on contaminant transport in the vault.   
 
Contaminant transport was simulated for a period of 100 000 years, with the time steps 
increasing in a geometric progression from an initial value of 104 s to a maximum value of 5×109 
s, with the ratio of successive time steps being 1.15.  In all cases, the contaminant transport 
equation was solved using Crank-Nicholson temporal differencing.  A total of 720 time steps 
were required for the simulation to reach 100 000 years.   
 
The nodal hydraulic-head distribution in the MOTIF 2-D transport model was calculated by 
interpolation from the corresponding nodal head distribution calculated using the MOTIF 3-D 
groundwater flow model.  The water velocity in each element in the 2-D transport model was 
then calculated from the interpolated heads using finite-element differentiation, i.e., by 
differentiating the shape function.  
 
For comparison with results from the 2-D MOTIF transport model, a simplified version of the 3-
D GEONET network described in Section 5.3 was used.  This network consisted of only the 
relevant transport segments in the plane containing the water supply well (see Figure 7.1).  The 
transport property values (see Table 7.1) and hydraulic-head distribution used in GEONET 
simulations were the same as for the MOTIF simulations.  However, since each transport 
segment in GEONET is 1-D, transverse dispersion could not be modelled.   
 
Figures 7.3(a), 7.3(b) and 7.3(c) show the total contaminant flow into fracture zone LDl and the 
separate contributions to the total contaminant flow from the right and left sides of the vault, 
respectively, as calculated by the MOTIF and GEONET transport models having a 10-m WED.  
The overall shapes of the curves, as well as the peak total contaminant flow calculated by the two 
models, are quite similar.  However, the breakthrough curve calculated by GEONET is shifted to 
later times in comparison to that calculated by MOTIF.  The breakthrough curves from the two 
models differ, depending on whether contaminants are being transported from the left or right 
side of the vault.  The main reason for the difference is related to the geometric approximations 
that are inherent in the GEONET network.  In the network used to obtain the results shown in 
Figure 7.3(b) for transport from the right side of the vault, the segment representing the shortest 
flow tube from the vault to fracture zone LDl has a length of 15 m, and this portion of the vault is 
represented by three segments 15, 25 and 36 m in length.  On the left side of the vault (see Figure 
7.3(c)), a coarser segment density is used, with the shortest segment having a length of 27 m and 
the next two segments having lengths of 62 and 278 m.  These segments represent a larger 
portion of the vault and have a larger contaminant inventory associated with them.  In the 
MOTIF model, for both sides of the vault, the contaminant source is distributed over many 
nodes, with the transport distances distributed uniformly over a range of distances as small as  
10 m (the WED).  Use of these shorter distances leads to earlier contaminant arrival times being 
calculated by the MOTIF model.  For transport from the right side of the vault, MOTIF 
calculated a slightly higher contaminant flow than GEONET over the duration of the simulation 
(see Figure 7.3(b)).  The two curves converge, however, and actually cross at later times.  For 
transport from the left side of the vault, the larger amount of contaminant inventory associated 
with the shortest segments leads GEONET to calculate a higher contaminant flow than MOTIF 
after about 20 000 years (see Figure 7.3(c)).   
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Figure 7.4 shows comparisons of the spatial distribution of the calculated contaminant flux 
(mass-units/m2a) into fracture zone LDl at 10 000 and 100 000 years, for the case with the 10-m 
WED.  Throughout the simulation period of 100 000 years, only five GEONET segments, two to 
the left and three to the right of LD1, contribute any contaminant into LD1.  On the right side of 
the vault, because of the former discretisation (smaller spacing) of the GEONET transport 
segments, agreement with the MOTIF results is good at both times (see Figure 7.4).  At 10 000 
years, only one GEONET segment from the left side of the vault contributes any contaminant 
into LD1; this contribution is very small (see Figure 7.4(a)).  According to the MOTIF transport 
model, much of the contaminant from the left side of the vault that reaches LD1 at 10 000 years 
comes from that portion of the vault between the location of the shortest GEONET segment and 
the edge of the WEZ.  At l00 000 years, the spatial distributions of the contaminant flux into 
LD1 that are calculated by the two models are in better agreement (see Figure 7.4(b)), but again, 
the larger contaminant inventories associated with the GEONET segments are evident.  
 
Since the difference between the GEONET and MOTIF results is largely a result of the 
geometric approximations, the difference can be adjusted by shifting the positions of some 
segments.  Figure 7.5 shows the contaminant flow into the fracture zone from the right side of 
the vault as calculated by GEONET, after each of the three segments on the right side of the 
vault has been shifted to the extreme left edge of the vault area that it represents.  In this case, the 
shortest segment is 10 m in length, the same as the WED in the MOTIF model; in GEONET, 
though, all of the contaminant associated with this segment has this single transport distance.  
This adjustment leads to an overcorrection, as expected.  GEONET now calculates a higher 
contaminant flow than MOTIF at early times, with a peak value 50% larger than the MOTIF 
value.  Also shown is a GEONET calculation with an intermediate position for the transport 
segments on the right side of the vault, with the shortest segment being 12 m in length.   
 
For the case with a 46-m WED, the differences between the MOTIF and GEONET results are 
less significant.  Figure 7.6 shows a comparison of the total contaminant flow into LD1 within a 
simulation time of 100 000 years for this case for the two modelling codes.  The GEONET 
segments have been adjusted to provide a shortest segment length of 46 m.  The agreement is 
excellent, with the GEONET results being slightly conservative.  Other reasons for the observed 
discrepancies between the MOTIF and GEONET results may include  
 

a. the absence of transverse diffusion or dispersion in GEONET, and 
 
b. the fact that groundwater velocities in GEONET are directed along the axis of each 

transport segment.  However, the extent to which these other factors contribute to the 
overall discrepancies is likely far less than the geometrical effects discussed previously.  

 
In summary, given the very different idealisations and solution methods adopted by these two 
models, the overall agreement in the calculated contaminant transport values is good.  
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7.2 CONVECTION OR DIFFUSION DOMINANCE ON TRANSPORT  
 
Simulations to determine the relative importance of convective and diffusive transport were 
performed using the MOTIF models and approach described in the previous section.  Only a  
10-m WED was considered.  Simulations were performed in which (a) convection, dispersion 
and diffusion were considered (case A), and (b) diffusion only was considered (case B).   
 
Figure 7.7 shows the concentration contours (mass-units/m3) calculated for case A at various 
times.  The contaminant plume spreads both upward and downward on both the left and right 
sides of the vault.  On the right side of the vault, the leading edge of the plume moves downward 
faster and the concentration gradient is larger than on the left side of the vault.  This 
demonstrates that convective, dispersive and diffusive transport are all significant on the right 
side of the vault.   
 
Figure 7.8 shows the calculated total contaminant flow entering fracture zone LDl from each side 
of the vault for both cases.  Diffusion dominates the transport from the left side of the vault, 
while convection, dispersion and diffusion are responsible for transport from the right side of the 
vault.  The contribution of convection to transport from the right side of the vault results in the 
peak occurring about 6000 years earlier than it would if diffusion were the sole transport 
mechanism.  
 
7.3 SENSITIVITY OF CONTAMINANT TRANSPORT TO THE WASTE-

EXCLUSION DISTANCE  
 
A series of MOTIF simulations were performed to determine the effect of the WED on 
contaminant transport from the vault to fracture zone LDl.  Waste exclusion distances of 5, 10, 
30, 46 and 70 m were simulated.  The simulations were done using the MOTIF models and the 
approach described in Section 7.1, except that (a) the effects of the natural geothermal gradient 
were not simulated, and (b) a groundwater flow simulation was not done for the case with the  
5-m WED.  For the latter case, it was assumed that the groundwater velocity field could be 
adequately approximated by that of the 10-m WED case.  The difference between these cases is 
in the proximity of the contaminant source to LD1.   
 
Figure 7.9 shows a comparison of the calculated total contaminant flow into LD1 from the entire 
vault for WEDs of 5, 10, 30, 46 and 70 m.  With a 5-m WED, the peak occurred at about 11 000 
years.  With a 10-m WED, the peak occurred at about 15 000 years.  As the WED increases, the 
peak decreased rapidly and the time when the peak occurs shifts to 100 000 years and beyond.  
 
7.4 SENSITIVITY OF CONTAMINANT TRANSPORT TO THE PERMEABILITY 

AND POROSITY VALUES OF ROCK LAYER 3  
 
In the GEONET/SYVAC-CC3 simulations for the reference postclosure assessment case study 
(Goodwin et al. 1994), the permeability and porosity of rock layer 3, which surrounds the vault 
(see Figure 3.8), are assigned values of 10-19 m2 and 0.003, respectively.  Field data (Davison et 
al. 1994) indicate that the permeability and porosity of layer 3 have a spatial variability that 
could range over two orders of magnitude.  To assess the effect of this variability on contaminant 
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transport calculations, a sensitivity analysis was performed using MOTIF, in which the 
permeability was increased and the porosity decreased in rock layer 3 by an order of magnitude.  
The simulations were done using the general approach and MOTIF groundwater flow model 
described in Section 7.1, except that the effects of the natural geothermal gradient and a water 
supply well were not included.  Only a 46-m WED was considered.  The transport parameters 
were changed slightly from those shown in Table 7.1.  The transverse dispersivity in rock layer 3 
was changed from 5.05 to 1.05 m, to make the ratios between the longitudinal and transverse 
dispersivities in the three rock layers the same.   
 
In the contaminant transport simulations discussed previously, in which permeability and 
porosity had reference values of 10-19 m2 and 0.003, respectively, the grid Peclet numbers were 
acceptable (about 2 or less).  However, when the permeability and porosity were modified in 
these sensitivity calculations, the grid Peclet numbers became unacceptably large (close to 10) 
when using the previous transport mesh.  This necessitated a refinement in the mesh to ensure 
that there would be minimal numerical dispersion in the MOTIF solution.  The results described 
below are based on the use of this refined mesh.   
 
Table 7.2 summarises the cases that were analysed.  In case 1, the permeability was increased by 
one order of magnitude compared to the reference case, and the porosity was the same as the 
reference case.  Case 2 was the same as case 1, except that the porosity was decreased by one 
order of magnitude.   
 
Figure 7.10 and Table 7.3 show the calculated contaminant flow from the left side of the vault 
(below LD1) into LD1.  When the permeability was increased by one order of  magnitude (case 
1), there was little difference in the contaminant flow into the fracture zone for times less than 
100 000 years.  Between 100 000 and 1 million years, the contaminant flow in case 1 increased 
to almost one order of magnitude more than that of the reference case.  When the permeability 
was increased by one order of magnitude and the porosity was decreased by one order of 
magnitude (case 2), contaminant flow into the fracture zone began about 50% sooner.  
Contaminant flow was consistently larger than in the reference case (by over one order of 
magnitude), except near 1 million years, when the value is about half an order of magnitude 
larger than in the reference case.  The peak contaminant flow into LD1 in case 2 occurred at 
about 400 000 years.  For the other two cases, the contaminant flow was still increasing at 1 
million years.  
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Table 7.1.  Transport Property Values 

 
 

 

Table 7.2.  Permeabilities and Porosities of Rock Layer 3 for the Cases Considered 
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Table 7.3.  Calculated Contaminant Flow from the Left Side of the Vault into Fracture 
Zone LD1 versus Time 
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Figure 7.1.  Vertical section of the conceptual model in the vicinity of the hypothetical 
vault.  The surface topography is exaggerated by a factor of ten for illustrative purposes.  
Arrows represent segments of the GEONET transport network used in the comparison.  
The well depicted is 100 m deep.  The area outlined by �─ · ─ · ─� is the area covered by 
the transport calculations in this study. 

 

 
Figure 7.2.  Finite-Element Mesh and Boundary Conditions for the MOTIF Two-
Dimensional Contaminant Transport Model (Chan et al. 1991b) 
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Figure 7.3.  Calculated contaminant flows (mass-units/a) into fracture zone LDl for a WED 
of 10 m.  The shortest GEONET segment length is 15 m.  (a) shows the total flow rate, while 
(b) and (c) show the separate contributions from the right and left sides of the vault, 
respectively (Chan et al. 1991b). 
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Figure 7.4.  Contaminant fluxes (mass-units/m2·a) into fracture zone LD1 as a function of 
distance along the fracture zone, as calculated by MOTIF and GEONET for a WED of  
10 m at times of (a) 10 000, and (b) 100 000 a.  Distances are measured down fracture zone 
LD1 from the intersection of the vault horizon with the fracture zone. 
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Figure 7.5.  Contaminant flow into fracture zone LDl as a function of time from the right 
side of the vault, as calculated by MOTIF and GEONET, for a 10-m WED and various 
lengths of the shortest GEONET segment. 
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Figure 7.6.  Total contaminant flow into fracture zone LDl as a function of time, as 
calculated by MOTIF and GEONET, for a 46-m WED. 
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Figure 7.7.  Concentration contours (mass-units/m3) calculated considering convection, 
dispersion and diffusion at times of (a) 2025, (b) 9952, (c) 25 100, and (d) 100 300 a. 
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Figure 7.7.  Concluded 
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Figure 7.8.  Comparison of calculated total contaminant flow into LD1 as a function of time 
from the left and right sides of the vault for two cases.  In the first case, transport occurs by  
convection, dispersion and diffusion; in the second case, transport occurs by diffusion only. 
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Figure 7.9.  Calculated total contaminant flow into fracture zone LDl as a function of time 
from the entire vault for five different WEDs (5, 10, 30, 46 and 70 m). 
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Figure 7.10.   The effects of modifying the properties of rock layer 3 on the calculated 
contaminant flow into fracture zone LD1 from the left side of the vault for the case having 
a 46-m WED.  In case 1, the permeability is increased by an order of magnitude from the 
reference value.  In case 2, the permeability is increased by an order of magnitude and the 
porosity is decreased by an order of magnitude from the reference values. 
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8 SUMMARY AND CONCLUSIONS  
 
 
This report has presented details of the thermohydrogeological modelling that was done to 
support the development of the simplified geosphere model (GEONET), which was used in the 
postclosure assessment case study presented in the EIS on the proposed concept for the disposal 
of Canada 's nuclear fuel waste.  
 
Two-dimensional modelling of groundwater flow in the WRA was used to show that the 
occurrence and orientations of major fracture zones can strongly influence groundwater flow in 
plutonic rocks.  These fracture zones have high groundwater velocities and large flows.  The 2-D 
analysis also showed that a 9- by 1.5-km local model would be adequate for detailed 3-D 
modelling.  
 
In accordance with the results of the 2-D modelling, a 3-D analysis was performed over a 10- by 
9- by 1.5-km central portion of the WRA.  We simulated steady-state groundwater flow under 
the natural geothermal gradient with a water table that was assumed to coincide with the surface 
topography.  We then evaluated several factors relating to the construction, operation and closure 
of a hypothetical disposal vault located in the vicinity of the URL.   
 
The shape of the topography and the presence of a major low-dipping fracture zone focuses 
ground water passing through the hypothetical vault into a discharge area that is much smaller 
than the area of the vault.  A domestic water supply well drawing water continuously from 
fracture zone LDl will reduce the plan area in the biosphere to which contaminated groundwater 
from the vault is discharged.  The reduction could be significant depending on the well pumping 
rate.  The minimum convective travel time to the surface can also be reduced by 30 to 50%, 
depending on the position of the well relative to the vault. 
  
Incorporating a WED to isolate vault disposal rooms from a major fracture zone can be an 
effective method of retarding convective transport of contaminants from the vault.  Tunnels and 
shafts, constructed during vault operation, filled with reference backfill material does not 
necessarily provide preferential paths for fast convective transport from the vault.  Excavation-
induced damage of the rock surrounding underground openings associated with the vault does 
not appear to have any detrimental effects on the long-term performance of the hypothetical 
waste disposal system.   
 
The effect of heat generated by vault operation depends on whether a WEZ is present (and on its 
thickness, if it is present).  With a WEZ of 10 m thickness, the earliest arrival time of 
contaminants from the vault to the surface is reduced by as much as 50% of the time without 
vault heating.  When the thickness of the WEZ is increased to 46 m, vault heating causes the 
earliest appearance of contaminants to be at most 15% sooner.    
 
A perturbed fissure zone, i.e., a zone of high permeability near the surface, caused by 
deformation and fracturing resulting from vault heating, does not have any significant effect on 
contaminant travel times from the vault to the surface.   
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An open borehole penetrating the vault area may create a significant pathway for the transport of 
contaminants from the vault to the biosphere.  The amount of contaminants reaching the 
borehole (and thus the biosphere) depends on whether a well is operating in the system and on its 
hydraulic connection to the borehole.   
 
It has been possible to construct a simplified contaminant transport model (GEONET) for use in 
an overall systems variability assessment of the waste disposal system.  This model replaces the 
3-D geometry of the real system by a simplified network of 1-D transport segments connected 
together in 3-D space.  The GEONET network was realised in a two-step process by (a) 
performing detailed 3-D groundwater flow modelling using the finite-element code MOTIF, and 
(b) calculating major advective transport paths from the vault using the particle tracking code 
TRACK3D and the velocity field calculated in step (a).  The reliability of the GEONET network 
was established by comparing the results of contaminant transport simulations using GEONET 
and MOTIF.  Agreement between the two sets of model predictions was good.  
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A.1 INTRODUCTION  
 

In our analyses with the models of the WRA, the numerical particle tracking code TRACK3D 
(Nakka and Chan 1994) was used to simulate advective/convective groundwater transport 
(pathways and travel times) from the location of the hypothetical vault to surface discharge 
locations, based on the groundwater velocity distributions calculated using MOTIF (Chan et al. 
1987).  In some cases, close inspection of path lines calculated by TRACK3D revealed the 
presence of aberrations (numerical oscillations) that are a result of the MOTIF approximation of 
the velocity field and the tracking algorithm.  Usually, the amplitudes of the oscillations were 
quite small in comparison with the overall linear movement of the particle along its path line.  
Nevertheless, their presence invariably increased the calculated travel time and path length.  The 
significance of this effect is situation-dependent.  Assuming that there is sufficient justification to 
conclude that the oscillations are spurious, it may be desirable to remove them.  The SMOOTH 
program has been designed to remove suspected spurious oscillations from TRACK3D path lines 
and to correct their travel times and path length.  
 
This appendix provides only a brief overview of the SMOOTH program.  A more detailed 
description of the program, including the flow charting, a listing of the FORTRAN source code 
and a sample run, is given in an appendix of the report by Nakka and Chan (1994).  
 
 
A.2 THE CAUSE OF OSCILLATIONS  
 
 
MOTIF employs first-order elements in its finite-element formulation, so that only the primary 
independent variables (e.g., hydraulic head) are continuous across element boundaries.  The 
linear groundwater velocity calculated in MOTIF (by evaluating derivatives at the Gaussian 
integration points and subsequently taking the arithmetic mean) is constant within an element at 
a fixed time but discontinuous across an element boundary.  
 
Discontinuities in the velocity components across element boundaries can lead to spurious 
oscillations in the path line.  Sometimes, two adjacent elements have velocity vectors that almost 
oppose each other.  If this occurs, a small net tangential velocity component exists along the 
shared boundary that allows incremental progress in that direction.  The net result is that the 
particle will jump back and forth (oscillate) between the two elements repeatedly.  
 
Oscillation also occurs when the simulated flow in a fracture zone is directed slightly toward an 
edge, along which there is inflow from the surrounding rock mass.  The situation is illustrated 
schematically in Figure A.1.  The water velocity in the fracture zone is assumed to be much 
greater than in the surrounding rock mass.  A particle moving inside the fracture zone but very 
near its edge would repeatedly cross the fracture zone-rock mass boundary and be spuriously 
delayed in its travel.  Such oscillations have been detected in our investigation of the formation 
of thermal convection cells in LD1, as described in Section A.4.  
 
 
A.3 THE SMOOTH PROGRAM  
 
 
SMOOTH is a post-processing program, written in FORTRAN, for eliminating numerical 
oscillations that are sometimes present in TRACK3D path lines.  Our development of SMOOTH 
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has focused on removing oscillations that occur in major fracture zones, which can act as rapid 
groundwater pathways to the surface.  Such oscillations could potentially cause significant errors 
in the travel time, because the groundwater velocities in the rock outside the fracture zone are 
typically several orders of magnitude smaller than inside the fracture zone.  The corresponding 
error in the path length is usually much less significant.  In principle, SMOOTH can be used to 
remove oscillations from any region in a finite-element mesh.  
 
Briefly, SMOOTH operates by analysing the TRACK3D path line to detect any oscillations that 
have caused the particle to prematurely leave the fracture zone.  The fracture zone from which 
spurious oscillations are removed is specified by the user via input parameters.  The test criterion 
implemented in SMOOTH, which is based on experience, is that if a particle leaves the fracture 
zone for a maximum of 10 consecutive locations before returning to it, the oscillation is spurious.  
SMOOTH then creates a corrected ("smoothed") path line by reproducing every location on the 
original path line, except those outside the fracture that comprise the spurious oscillation (see 
Figure A.1).  Lastly, SMOOTH corrects the travel time and path length by replacing the values 
accumulated during each excursion outside the fracture zone with corrected values, calculated by 
assuming that the particle does not leave the fracture zone.  
 
 
A.4 APPLICATIONS  
 
 
SMOOTH was used to remove numerical oscillations from TRACK3D path lines calculated in 
various sensitivity analyses described in the main body of this report.  Examples include the 
investigation of the formation of thermal convection cells in low-dipping LD1 as a result of vault 
heat (see Section 4.6.3 in the main body) and the effects of vault heat on convective transport 
from the vault (see Section 4.6.4 in the main body).  SMOOTH was used to remove oscillations 
of particles between major low-dipping fracture zone LD1 and the surrounding rock, where 
groundwater velocities are typically four orders of magnitude lower.  
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Figure A.1.  Schematic Illustration Showing How a Spurious Oscillation Can Occur in a 
TRACK3D Path 
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B.1 INTRODUCTION 
 
 
When groundwater advective/convective transport path lines cross a boundary between two 
homogeneous regions with different values of permeability, they undergo refraction (i.e., a 
deviation from a straight path).  The pathline refraction obeys the tangent law in hydraulic 
theory, which can be derived on the basis of continuity of flow across the boundary and Darcy's 
law.  The tangent law for refraction at a boundary between two regions having isotropic 
permeabilities in their respective regions is (Freeze and Cherry 1979)  
 

 a a

b b

tanθ k = 
tan θ k

                                                                                                                (B.1)  

 
where the path line travels from a medium with permeability ka to a medium with permeability 
kb, θa is the angle between the normal to the boundary and the path line before it crosses the 
boundary (angle of incidence), and θb is the angle between the normal to the boundary and the 
path line after it crosses the boundary (angle of refraction).  Knowing angle θa and the 
permeability ratio ka/kb allows angle θb to be calculated.  
 
A more general case is the one that involves homogeneous but anisotropic permeabilities in the 
respective regions.  We assume that both media have transversely isotropic permeabilities ka and 
kb, represented by second-rank tensors, with x, y and z being the principal directions of both ka 
and kb, and with the z-axis (directed vertically upward) being the axis of symmetry.  In this case, 
the permeability values in the x-, y- and z-directions satisfy kax = kay ≠ kaz and kbx = kby ≠ kbz.  
We also assume that the refracting boundary coincides with the xy-plane.  It can then be shown 
that the tangent law takes the following form (Bear 1972):  
 

 ayax

bx by

ktan  θ k =  =  
tanθ k k

a

b

 (B.2)  

 
Note that the tangent law depends only on the permeability parallel to the refracting plane, i.e., 
the horizontal permeability.  A more complicated expression would result if the refracting 
boundary were not horizontal; that situation is not considered here.  
 
Path lines that are calculated analytically necessarily refract in accordance with the tangent law.  
In most practical situations, however, path lines cannot be determined analytically and numerical 
methods must be used to approximate them.  Examples of using numerical (Runge-Kutta) 
integration to estimate path lines (streamlines) from steady-state, 2-D groundwater velocities are 
given in the report by Chan and Nakka (1994).  The same report also gives examples of using the 
analytical groundwater stream function to estimate streamlines.  Because the resulting path lines 
are only estimates, their refraction at a material boundary may deviate somewhat from that 
predicted by the tangent law.  Indeed, any departure from the tangent law is one measure of how 
accurately the estimated path lines approximate the real path lines.  In general, any reduction in 
the integration time step (or some other convergence criterion) leads to numerical path lines that 
are better estimates of the real path lines and that more closely obey the tangent law.  
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Numerical particle tracking codes such as TRACK3D (Nakka and Chan 1994) can also estimate 
path lines.  As a first step to applying TRACK3D, groundwater flow is simulated using the 3-D 
finite-element hydrogeological code MOTIF (Guvanasen 1985, Chan et al. 1986, Guvanasen and 
Chan 1991).  In MOTIF, it is assumed that the groundwater velocity is constant within an 
element at a fixed time.  This element velocity is obtained by evaluating derivatives at the 
Gaussian integration points and subsequently taking the arithmetic mean.  TRACK3D temporally 
integrates the velocity in the element containing the water particle, in conjunction with the model 
geometry and by using small time steps, to track the movement of the particle.  Because of the 
assumptions and approximations inherent in the MOTIF groundwater flow model tracking 
algorithm, the refraction of a TRACK3D path line at a material boundary could deviate from that 
predicted by the tangent law.  This deviation should be largest when there is a high permeability 
contrast (ka/kb) across the refracting boundary.  The objective in this appendix is to show, by 
analysing some of our 3-D modelling results, that the refraction of TRACK3D path lines satisfies 
the tangent law to an acceptable degree of accuracy.  
 
 
B.2 REFRACTION OF PATHLINES  
 
 
B.2.1 Qualitative Agreement with the Tangent Law  
 
Figure B.l shows a vertical projection of a typical set of TRACK3D path lines of water particles 
released from the hypothetical disposal vault in the 3-D local groundwater flow model of the 
WRA.  This figure was reproduced from Figure 5.5.15 in the Geosphere Primary Reference 
Document (Davison et al. 1994), one of the primary references that was used to supplement the 
information in the EIS (AECL 1994).  The conceptualised boundaries between the three rocks 
layers with different values of permeability are illustrated.  The two upper layers (1 and 2) are 
homogeneous but anisotropic, with their vertical permeability being five times higher than the 
horizontal.  The lower layer (3) is homogeneous and isotropic.  A high permeability contrast 
exists between these layers, with the horizontal permeability of layer 1 being 100 times that of 
layer 2 and the horizontal permeability of layer 1 being 100 times that of layer 3.  The vertical 
permeability of layer 1 is 100 times that of layer 2 and the vertical permeability of layer 2 is 500 
times that of layer 3.  
 
To qualitatively confirm that refraction occurs, we examined one group of path lines above the 
hypothetical vault in the region of interest shown in Figure B.1.  Several path lines (about 20 in 
all) cross the boundary between rock layers 2 and 3 as they progress upward toward the surface.  
Because of the high permeability contrast between the layers, they undergo a significant 
refraction as they cross the boundary, such that, after refraction, they are almost parallel to the 
layer boundary.  This behaviour is in qualitative agreement with the tangent law in hydraulic 
theory and can be compared that the behaviour shown in Figure 5.5 in Freeze and Cherry (1979), 
where the tangent law is discussed.  
 
In fact, Figure B.l shows only the approximate layer boundaries�the true boundaries are 
irregular�although they coincide for the region of interest discussed above.  Because our 
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analysis requires a layer boundary that is essentially horizontal at the point of refraction (so that 
Equation (B.2) is applicable), we will now consider an example where the true layer boundaries 
are accurately shown.  
 
Figure B.2 shows a vertical projection of another set of TRACK3D path lines of water particles 
released from the vault for the same EIS postclosure assessment case model.  The small 
differences between the path lines in Figures B.l and B.2 occur because the particles are released 
from slightly different locations in the vault.  To aid in visualising refraction at the layer 
boundaries, Figure B.3 shows a vertical projection of the MOTIF-simulated velocity vectors in 
elements intersected by a vertical section through the centre of the vault.  We reproduced Figures 
B.2 and B.3 from Figures 4.19 and 4.18 in the main text; a discussion of the associated 
modelling work is given in Section 4.4.1 in the main text.  The jagged lines seen in both Figures 
B.2 and B.3 are the true (i.e., element) boundaries between adjacent rock layers.  
 
Inspection of the path lines in Figure B.2 and the velocity vectors in Figure B.3 in the region of 
interest shown in Figure B.1 reveals that the velocity vectors and path lines are undergoing the 
same significant refraction that was seen in Figure B.1.  This behaviour is again in qualitative 
agreement with the tangent law discussed above.  The next section describes a quantitative check 
that was performed to determine how accurately a representative set of path lines satisfies the 
tangent law at each layer boundary.  
 
B.2.2 Quantitative Agreement with the Tangent Law  
 
To demonstrate quantitative agreement with the tangent law, we analysed the refraction of eight 
of the TRACK3D path lines shown in Figure B.2.  Three of them, labelled A, B and C, are 
shown in Figure B.4.  A blow-up of the path lines, showing details of their refraction at 
horizontal boundaries between layers 1 and 2 and layers 2 and 3, is shown in Figure B.5.  
Although each refracts at both layer boundaries, we only analyse refractions occurring at 
locations where the refracting boundary is horizontal or nearly horizontal.  This is done so that 
Equation (B.2) can be applied.  
 
The inset in Figure B.4 illustrates the refraction of A at the interface between rock layers 2 and 3.  
We denote the horizontal permeabilities of rock layers 2 and 3 by kbx and kax, respectively, and 
the angles of incidence and refraction by θa and θb, respectively.  Because of the high 
permeability contrast between these rock layers, A is highly refracted and the angle of refraction 
is close to 90°.  
 
To quantitatively analyse the refraction of a path line, we (a) calculate the angles of incidence 
and refraction from the pathline coordinates, (b) calculate an angle of refraction from the tangent 
law, using Equation (B.2) and the angle of incidence determined in (a), and (c) compare the 
angles of refraction determined in (a) and (b).  The angle of incidence is calculated from the 
angle between the unit normal vector to the refracting plane and the unit vector along the 
incident path line, while the angle of refraction is calculated from the angle between the unit 
normal vector to the refracting plane and the unit vector along the refracted path line.  
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Denoting Pa(xa,ya,za), Pb(xb,yb,zb) and Pc(xc,yYc,zc) as three points (usually element nodes) on the 
refracting boundary, the equation of the refracting boundary can be expressed as  
 

 
a a a

b a b a b a

c a c a c a

x - x       y - y      z - z
x  - x     y  - y    z  - z  F(x,y,x) = 0
x  - x     y  - y     z  - z

=  (B.3) 

 
A unit normal vector to the refracting boundary is ± ∇ F/ | ∇ F | = nxi + nyj + nzk, where ∇  = i∂ / ∂ 
x + j∂ / ∂ y + k∂ / ∂ z, and i, j and k are mutually orthogonal unit vectors along the three 
coordinate axes.  In most of our examples, the refracting plane is simply a horizontal plane.  
 
Denoting the unit vectors along the incident and refracted path lines by  
 
 ninc = (ninc)x i + (ninc)y j + (ninc)z k (B.4) 
 
 nref = (nref)x i + (nref)y j + (nref)z k (B.5) 
 
the angles of incidence (θa) and refraction (θb) are given by 
 
 θa = arccos [nx (ninc)x + ny (ninc)y + nz (ninc)z] (B.6) 
 
 θb = arccos [(-nx)(nref)x + (-ny)(nref)y + (-nz)(nref)z] (B.7) 
 
where we have chosen the unit normal vector pointing toward the incident subdomain in 
Equation (B.6) and toward the refracted subdomain in Equation (B.7).  The angle of refraction 
predicted from the tangent law, denoted by θb, is calculated from Equation (B.2).  
 
Sample calculations are shown below for path lines A and B.  The results for all eight path lines 
are tabulated in Table B.l.  The permeability values used in Equation (B.2) are the horizontal 
permeabilities of layers 2 and 3 for the base-case groundwater flow models for the WRA (see 
Table 2.l(a) in the main text).  
 

a. Refraction of Path Line A at the Layer 2/Layer 3 Interface 
 

Horizontal permeability of rock layer 3, kax = 10-19 m2 (incident subdomain).  
 
Horizontal permeability of rock layer 2, kbx = 10-17 m2 (refracting subdomain).  
 
Three points on the refracting plane:  xa = -945.64 m, ya = 350.0 m, za = -42.625 m, 
  xb = -854.33 m, yb = 350.0 m, zb = -42.625 m, and 
  xc  = -945.64 m, yc =   50.0 m, zc = -42.625 m.  
 
 
Equation of the refracting plane: z = -42.625 m.  
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Components of the unit vector normal to the refracting plane: nx = 0, ny = 0, nz = -1. 
 
Components of the unit vector along the incident path line:  
 
 (ninc)x = 0.246962, (ninc)y = -0.00741757, (ninc)z = -0.968997  
 
 (Check: (ninc)x

2  +  (ninc)y
2 + ninc)z

2 = 1.000000) . 
 
Components of the unit vector along the refracted path line:  
 
 (nref)x = 0.981002, (nref)y = 0.0448870, (nref)z = 0.188735 
 
 (Check: (nref)x

2 + (nref)y
2 + (nref)z

2 = 1.000000) . 
 
Angle of incidence calculated from the numerical path line (choosing a unit normal vector 
pointing toward layer 3):  
 
 θa = arccos [nx (ninc)x + ny (ninc)y + nz (ninc)z]  
 
     = arccos (0.968997) = 14.3 deg.  
 
Angle of refraction calculated from the numerical path line (choosing a unit normal vector 
pointing toward layer 2):  
 
 θb = arccos [(-nx)(nref)x + (-ny)(nref)y + (-nz)(nref)z]  
 
      = arccos (0.188734) = 79.1 deg.  
 
Angle of refraction predicted from the tangent law, Equation (B.2):  
 
 θ�b  = arctan (kbx/kax tan θa) = arctan (l00tan 14.3) = 87.8 deg.  
 

  . 
 

b. Refraction of Path Line A at the Layer l/Layer 2 Interface 
 
Horizontal permeability of rock layer 2, kax =10-17 m2 (incident subdomain).  
 
Horizontal permeability of rock layer 1, kbx =10-15 m2 (refracting subdomain).  
 
Three points on the refracting plane:  xa = -1056.80 m, ya = 350.0 m,  za = 942.625 m, 
  xb = -1056.80 m, yb =   50.0 m,  zb = 94.625 m, and 
  xc = -1032.98 m, yc =   350.0 m, zc = 94.625 m.  
 
Equation of the refracting plane: z = 94.625 m.  
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Components of the unit vector normal to the refracting plane: nx = 0, ny = 0, nz = -1 . 
 
Components of the unit vector along the incident path line:  
 
 (ninc)x = 0.115599, (ninc)y = -0.230308, (ninc)z = -0.966227  
 
 (Check: (ninc)x

2 + (ninc)y
2 + (ninc)z

2 = 1.000000) .  
 
Components of the unit vector along the refracted path line:  
 
 (nref)x = -0.333953, (nref)y =  0.928460, (nref)z = 0.162593  
 
 (Check: (nref)x

2 + (nref)y
2 + (nref)z

2 = 1.000000) . 
 
Angle of incidence calculated from the numerical path line (choosing a unit normal vector 
pointing toward layer 3):  
 
 θa = arccos [nx (ninc)x + ny (ninc)y + nz (ninc)z]  
 
     = arccos (0.966227) = 14.9 deg.  
 
Angle of refraction calculated from the numerical path line (choosing a unit normal vector 
pointing toward layer 2):  
 
 θb = arccos [(-nx)(nref)x + (-ny)(nref)y + (-nz) (nref)z]  
 
     = arccos (0.162593) = 80.6 deg.  
 
Angle of refraction predicted from the tangent law, Equation (B.2):  
 
 θ�b = arctan (kbx/kax tan θa) = arctan (l00tan 14.9) = 87.9 deg.  
 

 
'

b b
'
b

θ  - θ 80.6 - 87.9Percent Error = 100  = 100  = -8.2
θ 87.9

 . 

 
c. Refraction of Path Line B at the Layer 2/Layer 3 Interface  

 
Horizontal permeability of rock layer 3, kax = 10-19 m2 (incident subdomain).  
 
Horizontal permeability of rock layer 2, kbx =10-17 m2 (refracting subdomain).  
 
Three points on the refracting plane:  xa = -477.18 m, ya =    50.0 m,  za = -42.625 m, 
  xb = -477.18 m, yb =  350.0 m,  zb = -42.625 m, and 
  xc = -417.63 m, yc =    50.0 m, zc  =  -42.625 m.  
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Equation of the refracting plane: z = 42.625 m.  
 
Components of the unit vector normal to the refracting plane: nx = 0, ny = 0, nz = -1 . 
 
Components of the unit vector along the incident path line:  
 
 (ninc)x = 0.311763, (ninc)y = -0.00362515, (ninc)z = -0.950153  
 
 (Check: (ninc)x

2 + (ninc)y
2 + (ninc)z

2 = 1.000000) . 
 
Components of the unit vector along the refracted path line:  
 
 (nref)x = -0.998000, (nref)y =  0.0631781, (nref)z = 0.950153 
 
 (Check: (nref)x

2 + (nref)y
2 + (nref)z

2 = 1.000000) . 
 
Angle of incidence calculated from the numerical path line (choosing a unit normal vector 
pointing toward layer 3): 
 
 θa = arccos [nx (ninc)x + ny (ninc)y + nz (ninc)z]  
 
     = arccos (0.950153) = 18.2 deg.  
 
Angle of refraction calculated from the numerical path line (choosing a unit normal vector 
pointing toward layer 2):  
 
 θb = arccos [(-nx)(nref)x + (-ny)(nref)y + (-nz) (nref)z]  
 
     = arccos (0.00199886) = 89.9 deg.  
 
Angle of refraction predicted from the tangent law, Equation (B.2):  
  
 θ'b = arctan (kbx/kax tan θa) = arctan (l00tan 18.2) = 88.2 deg.  
 

 . 
 
 

B.3   SUMMARY AND CONCLUSIONS  
 
 
Groundwater path lines crossing a boundary between two homogeneous regions with different 
values of permeability undergo refraction that obeys the tangent law from hydraulic theory.  The 
form of the tangent law depends on whether the regions are isotropic or anisotropic.  Path lines 
calculated using numerical groundwater flow simulation codes and particle tracking codes 
similarly refract at boundaries, but their refraction may not be in strict accordance with the 
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tangent law.  The reason for this behaviour is that there are various assumptions and 
approximations inherent in both the groundwater flow simulation codes and the tracking 
algorithm that cause estimated path lines to be only approximations of theoretically exact path 
lines.  TRACK3D uses mean element velocities output by MOTIF to calculate the path line right 
up to the region boundary, whereas the tangent law applies to velocities along the region 
boundary, i.e., on the faces or edges of an element.  
 
The refractions of several TRACK3D path lines calculated from the EIS postclosure assessment 
case model were analysed both qualitatively and quantitatively, to check their adherence to the 
tangent law.  This was done at locations where the refracting boundary was horizontal or nearly 
horizontal, so that an available form of the tangent law could be used.  The refractions were in 
qualitative agreement with the tangent law.  When the refractions of eight of these path lines 
were subjected to a full 3-D analysis, it was found that the maximum error in the refracted angle 
was 14% at the layer 1/layer 2 interface and 9.8% at the layer 2/layer 3 interface.  Errors of this 
magnitude are considered acceptable in view of the finite-element discretisation that was used 
for the groundwater flow simulations.  
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Table B.1.  Comparison of the angle of refraction calculated from the numerical path line 
to the angle of refraction predicted by the tangent law for TRACK3D path lines crossing a 
boundary between two layers with a high permeability contrast. 

 
 
 
 

continued� 
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Table B.1 Concluded 
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Figure B.l.  Vertical projection of a typical set of TRACK3D path lines of water particles 
released from locations in the vault for the three-dimensional Whiteshell local groundwater 
flow model used in the EIS postclosure assessment case study (Davison et al. 1994).  The 
boundaries shown between the layers are approximate, in that the true boundaries are 
irregular.  The horizontal permeability of rock layer 1 (layer 2) is 100 times that of layer 2 
(layer 3).  The vertical permeability of layer 1 is 100 times that of layer 2, and the vertical 
permeability of layer 2 is 500 times that of layer 3. 

 
Figure B.2.  Vertical projection of another set of TRACK3D path lines of water particles 
released from locations in the vault for the same model used in Figure B.l.  The jagged lines 
represent true (i.e., element) boundaries between adjacent rock layers. 
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Figure B.3.  Vertical projection of MOTIF-simulated groundwater velocity vectors in 
elements intersected by vertical section L-L' (see Figure 4.2, main text) through the vault 
vicinity for the EIS postclosure assessment case model used in Figures B.l and B.2.  The 
jagged lines represent true boundaries between adjacent rock layers (see Figure B.2). 
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Figure B.4.  Refraction of typical TRACK3D path lines A, B and C at the boundaries 
between layers with a horizontal permeability contrast of 100.  The inset shows the angle of 
incidence (θθθθ a) and angle of refraction (θθθθ b), both taken with respect to the normal to the 
refracting boundary (shown horizontal in the inset). 
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Figure B.5.  Enlarged view of the path lines in Figure B.4 showing their refractions at three 
locations where the layer boundary is horizontal. 
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C.1   INTRODUCTION 
 
Pumping ground water from a well that intersects a highly-permeable fracture zone such as LD1 
causes a significant drawdown in the hydraulic head in the fracture zone.  In the GEONET 
transport model, the head drawdown in the fracture zone, ∆h, caused by pumping the well was 
determined by using the analytical well model equations (AWME) described by Chan and Nakka 
1994.  The AWM is a 2-D model that describes the steady-state flow of ground water in an 
idealized, confirmed aquifer intersected by a single withdrawal well that is pumped continuously 
at a fixed rate of discharge.  The model assumes that LD1 behaves as a confirmed aquifer, in 
which case there is negligible inflow from the adjacent rock mass to the fracture zone as a result 
of groundwater withdrawal from the well.  Simulations using MOTIF for various combinations 
of well depths and pumping rates of interest indicated that, although this inflow is negligible, 
significant head drawdowns could occur in the rock mass adjacent to LD1.  
 
MOTIF simulations showed that a significant drawdown could also occur in the vicinity of the 
vault.  In GEONET, if the drawdown at nodes in the vault were to be disregarded, potentially 
large head differences could result across segments leading from the vault to the fracture zone.  
These drawdowns could cause substantial and unwarranted changes to the groundwater velocity 
in these segments of the GEONET transport network.  This effect is particularly important when 
the WED is small, such as 10 or 15 m.  Therefore, head drawdowns due to pumping on the well 
should also be considered at the vault side of these transport segments.  In GEONET we used a 
set of EVHE to estimate the pumping-induced drawdown at nodes in the region of the vault near 
the fracture zone.  The drawdown at these vault nodes depends on the well position and well 
demand.  
 
By applying the EVHE, the head difference across transport segments connecting a node in the 
vault to a node in the fracture zone was adjusted to be about equal to the MOTIF-calculated head 
difference.  Heads at nodes located in other regions of the network, such as in the vault but not 
near LD1, and outside both the fracture zone and the vault, were not adjusted for pumping on the 
well.  It was assumed that the drawdown at these nodes caused by pumping on the well would 
not have any significant effect on the overall contaminant transport from the vault to the 
biosphere.  The validity of this assumption is examined in Appendix D.  
 
This appendix gives the mathematical expressions that comprise the EVHE, the empirical 
parameters on which the EVHE depend and the parameter values used in the SYVAC3-CC3 
calculations.  It is shown that these parameter values are suitable for values of the well scaling 
factor (QSCALE) from 1.0 to 2.0, well depths from 0 to 200 m and pumping rates as large as 
60 000 m3/a.  
 
The EVHE are formulated with respect to the 2-D coordinate systems shown in Figure C.1: The 
ξη system (the coordinate system used in the AWM); and the x'y' system, described below.  
Figure C.1 also shows the 3-D xyz coordinate system used in the MOTIF groundwater flow 
modelling.  
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The ξη coordinate system is positioned in the plane of LD1 and has coordinate axes ξ and η 
along the dip and strike directions, respectively.  The origin of the ξ-axis is along the constant-
head boundary at the ground surface, and the origin of the η-axis is along the central flow line of 
the well, i.e., along the line of possible well locations.  
 
The x'y' coordinate system is positioned in the plane of the vault.  It differs from the xyz system 
used in the MOTIF geosphere modelling by the location of its origin.  Thus, the x'-axis is parallel 
to the x-axis and the y'-axis is parallel to y-axis.  The origin of the x'-axis is at the intersection of 
the bottom plane of LD1 with the top plane of the vault (i.e., the plane of the vault nodes).  The 
origin of the y'-axis is at the intersection of the top plane of the vault with the vertical plane 
through the line of possible well locations.  
 
The AWM was used to calculate values for the hydraulic-head drawdown ∆hr (∆hr is the 
difference in head between the no-well case and the case with a pumped well) and the slope of 
the drawdown ∂∆hr/∂ξ, at a reference node located at the intersection of the fracture zone with 
the vault horizon.  The reference node may be a node in the GEONET network or an extra 
unconnected node, and there may be more than one reference node.  Each was located so that the 
line joining the vault node to the corresponding reference node is parallel to the projection of the 
central flow line of the well onto the vault plane, i.e., parallel to the x'-axis in Figure C.2.  Since 
the projection of the central flow line of the well onto the vault plane is parallel to each row of 
source nodes in the GEONET WRA model, we need only use the coordinate parallel to the 
central flow line of the well (i.e., x') to define locations for these empirical equations.  
 
 
C.2 THE EMPIRICAL VAULT HEAD EQUATIONS  
 
 
The EVHE are a set of three equations, one equation of which is applicable to each of the three 
regions shown in Figure C.3.  The first equation applies to region 1, where the vault is above the 
fracture zone; the second equation applies to region 2, where the vault is near to, but below the 
fracture zone; and the third equation applies to region 3, which is further from the fracture zone.  
The boundary between regions 2 and 3 is determined by a distance xe, which depends on a 
parameter e4, described below.  The EVHE contain a total of four parameters, denoted by el to e4, 
which were determined empirically by comparison with numerical results from the modelling 
done with MOTIF.  
 
Each of the three equations is linear in the form of a first-order Taylor series expansion with a 
scaling parameter, es, (s = 1 to 4) applied to the slope at the intersection.  
 
The first equation, applicable to the region of the vault above the fracture zone (i.e., region 1, 
where x' ≥ 0), is 
 
 ∆hv1 = ∆hr + e1 Lv (∂∆hr/∂ξ) (C.1)  
 
where ∆hv1 is the (positive) drawdown in the vault for region 1,  

∆hr is the (positive) drawdown calculated from the AWM at the vault-LD1 
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intersection, and 
e1 is an empirical slope scaling factor for region 1.  
 
Lv = xv � xr (C.2)  
 

where xv is the x-coordinate of the GEONET vault node,  
xr is the x-coordinate of the vault-LD1 intersection, and  
∂∆hr/∂ξ is the slope of the drawdown at the vault-LD1 intersection.  

 
The second equation, applicable to the region of the vault below the fracture zone (i.e., region 2, 
where x' ≤ 0), is  
 
 ∆hv2 = ∆hr + e2 Lv (∂∆hr/∂ξ) (C.3) 
 
where ∆hv2 is the (positive) drawdown in the vault for region 2, and  

e2 is an empirical slope scaling factor for region 2.  
 
The second equation is applicable to the distance, xe, of maximum drawdown from the vault-
LD1 intersection, which is determined by the following equation:  
 
 xe = e4 (xw � xr)  (C.4) 
  
where e4 is an empirical distance scaling factor to determine xe, and  

xw is the x-coordinate of the well.  
 
The third equation, applicable to the region of the vault below the fracture zone and further than 
xe metres from the vault-LD1 intersection (i.e., region 3 where | x' | > xe), is  
 
 ∆hv3 = ∆he = e3 Lv (∂∆hr/∂ξ) Lv � xe) (C.5)  
 
where ∆hv3 is the (positive) drawdown in the vault for region 3,  

∆he is the (positive) drawdown calculated from xe, the end of region 2 and the vault-
LD1 intersection, and 

e3  is an empirical slope scaling factor for region 3.  
 
 ∆he = ∆hr � e2 xe (∂∆hr/∂ξ) (C.6) 
  
The empirical parameters in the EVHE are described next.  
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C.3 PARAMETERS IN THE EVHE  
 
 
The EVHE contain the following four empirical parameters:  
 

a. e1, an empirical scaling factor for region 1, applied to the slope of the drawdown 
calculated by the AWM at the vault-LD1 intersection (calculated using the AWM 
equations).  Parameter e1 must be greater than unity.  

 
b. e2, an empirical scaling factor for region 2 of the vault, applied to the slope of the 

drawdown at the vault-LD1 intersection (calculated using the AWM equations).  
Parameter e2 must be less than unity.  

 
c. e3, an empirical scaling factor for region 3 of the vault, applied to the slope of the 

drawdown at the vault-LD1 intersection (calculated using the AWM equations).  
 
d. e4, an empirical distance scaling factor used to determine xe, the horizontal boundary 

location demarcating region 2 from region 3.  This parameter is applied to scale the 
horizontal distance between the well and the vault-fracture zone intersection in 
accordance with Equation (A.4).  

 
 
C.4  PARAMETERS VALUES FOR THE EVHE  
 
 
Figure C.2 shows the location of the vault nodes in the GEONET network that had their 
drawdowns adjusted by the EVHE to account for pumping on the well.  Twenty-one vault nodes 
were adjusted and these are grouped into three rows as follows: six nodes along the line 
y' = 1000 m, nine nodes along the line y' = 300 m, and six nodes along the line y' = 300 m.  The 
line y' = 0 m (i.e., the x'-axis) corresponds to the well centreline.  The EVHE were initially 
developed with a well scaling factor (QSCALE) value equal to 2.0, but they have been shown to 
be valid with QSCALE equal to 1.0.  
 
To be conservative, the application of the EVHE should not result in flow reversal in the vault-
LD1 system, i.e., flow from LD1 to the vault, although flow reversal may still occur there as a 
result of other features in the MOTIF and GEONET models.  Flow reversal in the vault-LD1 
system is not conservative, because it would prevent vault contaminants from reaching the 
surface in the shortest possible time.  In some cases, the MOTIF-calculated drawdown in the 
vault was actually larger than the MOTIF-calculated drawdown in the fracture zone, making 
flow reversal there a possibility.  One such example is given in Section C.7.  In developing the 
EVHE and, in particular, when evaluating the empirical parameters, the guideline followed was 
that the drawdown in the vault calculated from the EVHE should always be less than the 
corresponding drawdown in the nearby fracture zone calculated from the AWME, at least within 
the range of application in GEONET.  This guideline was adhered to even when MOTIF results 
predicted the opposite behaviour. The guideline was implemented by a judicious selection of 
values for the empirical parameters in the EVHE.  
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C.5 COMPARISON OF RESULTS  
 
 
There are features that are common to many of the plots presented in Figures C.4 to C.8, which 
compare the results of MOTIF simulations to predictions based on application of the EVHE in 
the vault and the AWME in LD1.  These results are as follows:  
 

a. MOTIF simulation results are based on a geosphere model with a 46-m WEZ.  
 

b. The quantity plotted along the abscissa is the coordinate x', the horizontal distance from 
the intersection of the top plane of the vault to the bottom plane of LD1.  

 
c. MOTIF-calculated drawdowns are either in the vault or in LD1, as indicated.  

Drawdowns calculated from the EVHE are in the vault and drawdowns calculated from 
the AWME are in the fracture zone.  

 
d. Drawdowns calculated from the EVHE at equidistant locations in the vault on opposite 

sides of the well centreline (i.e., at y' and -y' for a specified x') are equal, because the 
EVHE and AWME are symmetrical about the variable y'.  In the MOTIF model, the 
symmetry is less exact, and different drawdown curves may occur on each side of the 
well centreline.  

 
e. In GEONET, the EVHE are only applied to vault nodes lying between x' = 500 m and x' 

= 325 m.  This range of application in GEONET is shown in Figures C.4 to C.8.  
 
 
C.5.1  Case 1: Well Depth = 200 m, Well Demand =10 000 m3/a, QSCALE = 2.0  
 
Figure C.4 plots the MOTIF-calculated drawdowns in the vault and in LD1, the drawdown in the 
vault calculated from the EVHE and the drawdown in LD1 calculated from the AWME, at 
distances of ± 300 and 1000 m from the well centreline, respectively.  The well depth is 200 m 
and the MOTIF well demand is 10 000 m3/a.  The parameter values in the EVHE are the same as 
in Section C.4.  The well scaling factor, QSCALE, has a value of 2.0, meaning that the well 
demand used in the EVHE and in the AWME is one-half the well demand used in MOTIF, i.e., 
5000 m3/a.  
 
Figure C.4(a) shows that, at distances of ± 300 m from the well centreline, the analytical and 
empirical models approximate the MOTIF-calculated drawdowns in the fracture zone and in the 
vault quite well within the range of application in GEONET.  The maximum difference between 
the MOTIF-calculated drawdown in the fracture zone and the drawdown calculated from the 
AWME is about 0.7 m.  In the vault, the maximum difference between the MOTIF-calculated 
drawdown and the drawdown calculated from the EVHE is about 0.6 m.  
 
Figure C.4(b) is a similar comparison at a distance of 1000 m from the well centreline.  Again, 
the same conclusions can be drawn as before.  The maximum difference between the MOTIF-
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calculated drawdown in the fracture zone and the drawdown calculated from the AWME is only 
about 0.25 m, and this occurs at the extreme end of the range of application in GEONET.  The 
maximum difference between the MOTIF-calculated drawdown and the drawdown calculated 
from the EVHE is about 0.35 m.  
 
Figure C.4 also shows that the drawdown in the vault calculated from the EVHE is always less 
than the drawdown in the fracture zone calculated from AWME, at least within the range of 
application in GEONET.  The same statement holds for the MOTIF-calculated drawdowns in 
Figure C.4(a), but not for the MOTIF-calculated drawdowns in Figure C.4(b).  
 
C.5.2 Case 2: Well Depth = 200 m, Well Demand = 10 000 m3/a, QSCALE = 1.0  
 
In this case, the value of the well scaling factor, QSCALE, is changed from 2.0 to 1.0.  In effect, 
no scaling of the well demand is performed and the well demand used in the EVHE and the 
AWME is the same as the well demand used in MOTIF, i.e., 10 000 m3/a.  Figure C.5(b) plots 
the MOTIF-calculated drawdown in the vault and fracture zone, the drawdown in vault 
calculated from the EVHE and the drawdown in the fracture zone calculated from the AWME, at 
a distance of 1000 m from the well centreline.  The MOTIF-calculated drawdown curves are 
identical to those in Figure C.4(b) (any apparent difference is a result of the use of different 
vertical scales), because MOTIF simulation results are not affected by scaling the well demand.  
However, the drawdowns calculated from the EVHE and the AWME are considerably larger 
than those in Figure C.4(b), with the result that there is a significant divergence between the 
drawdown curves calculated by the two different methods.  The difference between the MOTIF-
calculated drawdown in the fracture zone and the drawdown calculated from the AWME is about 
1.2 m over the entire range of application in GEONET.  In the vault, the maximum difference 
between the MOTIF-calculated drawdown and the drawdown calculated from the EVHE is about 
1.3 m.  The reason for the divergence is that the scaled well demand used in the EVHE and the 
AWME to calculate the drawdowns in the vault and fracture zone is much larger (10 000 m3/a) 
when QSCALE has a value of unity than when QSCALE has a value of 2.0.  In the latter case, 
the scaled well demand is only 5000 m3/a.  As expected, the analytical and empirical models 
predict larger drawdowns in the vault and fracture zone when the scaled well demand is larger.  
 
Figure C.5(b) also shows that the MOTIF-calculated drawdown in the vault can be larger than 
the MOTIF-calculated drawdown in fracture zone LDl, at least within part of the range of 
application in GEONET.  However, the drawdown in the vault calculated from the EVHE is 
always less than the drawdown in the fracture zone calculated from the AWME, at least within 
the range of application in GEONET.  This example illustrates the guideline used to determine 
values for the parameters in the EVHE, namely, that regardless of whether or not the MOTIF 
results predict a reversal in the direction of flow between the vault and fracture zone, the EVHE 
should not lead to such a flow reversal, at least not within the range of application in GEONET.  
 
Figure C.5(a) presents a comparison that is similar to the one in Figure C.5(b), at distances of ± 
300 m from the well centreline.  The MOTIF-calculated drawdown curves are identical to those 
in Figure C.4(a) for the same reasons as described earlier in this section.  Similarly, the 
drawdowns calculated from the EVHE and the AWME are again larger than those in Figure 
C.4(a).  The difference between the MOTIF-calculated drawdown in the fracture zone and the 
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drawdown calculated from the AWME is about 1.8 m over the entire range of application in 
GEONET.  In the vault, the maximum difference between the MOTIF-calculated drawdown and 
the drawdown calculated from the EVHE is about 1.7 m.  The drawdown differences are larger 
than those in Figure C.4(a), because the scaled well demand is 10 000 m3/a rather than 5000 
m3/a.  
 
Using the same values for the empirical parameters in the EVHE, we obtained similar 
relationships between MOTIF, EVHE and AWME results for cases in which the MOTIF well 
demand was changed from 10 000 to 4000 and 120 m3/a, and the well scaling factor was changed 
from 2.0 to 1.0.  This is expected, because the MOTIF, EVHE and AME results all scale about 
linearly with respect to well demand.  
 
C.5.3 Case 3: Well Depth = 100 m, Well Demand = 10 000 m3/a, QSCALE = 1.0  
 
The purpose of this case is to show that the parameter values in the EVHE obtained from the 
200-m-deep well are also valid for well depths below 200 m.  In particular, a well depth of 100 
m in this case was used in the simulations in this section.  The parameter values in the EVHE are 
the same as those in the previous cases considered.  The well scaling factor was given a value of 
1.0, so that the well demand used in the EVHE and the AWME is the same as the well demand 
used in MOTIF, i.e., 10 000 m3/a.  
 
Figure C.6 compares the drawdown in the vault calculated from the EVHE to the drawdown in 
fracture zone LDl calculated from the AWME, at distances of 1000 and ± 300 m from the well 
centreline, respectively.  The results are qualitatively the same as those obtained for the 200-m-
deep case, shown in Figure C.5.  The magnitudes of the drawdowns in Figure C.6 are less than in 
Figure C.5, because the 100-m-deep well is located further from the vault-LD1 intersection that 
the 200-m-deep well.  Figure C.6 displays the same relationship between the drawdown in the 
vault and the drawdown in the fracture zone as the 200-m-deep well case, namely, that the 
drawdown in the vault calculated from the EVHE is always less than the drawdown in the 
fracture zone calculated from the AWME, at least within the range of application in GEONET.  
Thus, the parameter values derived for the EVHE from the 200-m-deep well case are sufficiently 
adequate to describe the drawdowns in the vault when the well depth is 100 m.  That is, the 
EVHE have a similar fit for wells that are 100 m deep, as well as 200 m deep.  
 
C.5.4 Case 4: Well Demand = 60 000 m3/a  
 
In Section C.4, we presented a set of values for the parameters in the EVHE that are suitable to 
describe the drawdowns in the vault for well demands from 120 to 10 000 m3/a and for well 
depths as large as 200 m.  A further analysis was performed to determine if these values for the 
empirical parameters would still be valid for well demands as large 60 000 m3/a.  We performed 
this analysis for the 200-m-deep well case only, because such a large well demand would exceed 
the capacity of the 100-m-deep well.  Our tests show that the drawdowns in the vault calculated 
from the EVHE, the drawdowns in the fracture zone calculated from the AWME and the 
MOTIF-calculated drawdowns scale about linearly with well demand from 0 to 60 000 m3/a.  It 
follows that the same set of values for the empirical parameters are valid for well demands from 
120 to 60 000 m3/a.  
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C.5.5 Comparison of Head Differences Calculated by MOTIF and GEONET  
 
As a further check on the parameter values used in the EVHE, head differences calculated by 
MOTIF and GEONET were compared.  It is the head difference across transport segments rather 
than the drawdowns in the vault or in the fracture zone that determines the head gradient, and 
thus, the groundwater velocity in the segment.  The head difference is defined here as being 
positive when the head at the vault node exceeds the head at the node in the fracture zone.  
 
Figure C.7(a) compares head differences calculated by MOTIF and GEONET across transport 
segments, with one node located in the vault and the other node located in LD1.  The 
independent variable in this comparison is the x'-coordinate of the vault node, where x' 
represents the horizontal distance from the vault-fracture zone intersection (see Figure C.1).  The 
vault node in each of these segments is located at a distance of 300 m from the well centreline 
(see Figure C.2).  Head differences at only six of the nine nodes shown in Figure C.2 were 
compared, three to the left and three to the right of the vault-LD1 intersection.  The remaining 
three nodes furthest from the vault-LD1 intersection were not compared, because they are 
connected to the nearby fracture zone through more than one transport segment.  Based on our 
experience, it was felt that the drawdown at these three nodes as a result of pumping the well 
would be insignificant compared to the drawdowns at the other six nodes.  
 
Figure C.7 shows that the head differences calculated by GEONET for nodes 300 m from the 
well centreline are very close to the MOTIF-calculated values for well demands of 10 000 and 60 
000 m3/a, except for the node that is 500 m from the vault-LD1 intersection (i.e., the node at x' = 
500 m and y' = 300 m, see Figure C.2).  For this node, the head difference calculated by 
GEONET is about 0.50 m larger than the MOTIF-calculated value at a well demand of 10 000 
m3/a, and is about 3.0 m larger than the MOTIF-calculated value at a well demand of 6000 m3/a.  
This higher head difference would cause faster groundwater flow from the vault to the fracture 
zone, and thus, this assumption is conservative.  
 
Figure C.8 compares head differences calculated by MOTIF and GEONET at vault nodes located 
at a distance of 1000 m from the well centreline.  The six nodes compared lie along the line 
y' = 1000 m in Figure C.2.  Figures C.8(a) and C.8(b) give the results for well demands of 10 
000 and 60 000 m3/a, respectively.  
 
Figure C.8 shows that the head differences calculated by GEONET for nodes 1000 m from the 
well centreline are reasonably close to the MOTIF-calculated values for well demands of 10 000 
and 60 000 m3/a, except for the node that is 500 m from the vault-LD1 intersection (i.e., the node 
at x' = 500 m and y' = 1000 m, see Figure C.2).  For this node, the head difference calculated by 
GEONET is about 0.25 m larger than the MOTIF-calculated value at a well demand of 10 000 
m3/a, and is about 1.5 m larger than the MOTIF-calculated value at a well demand of 60 000 
m3/a.  There are also significant deviations (about 1.0 m) between the head differences calculated 
by GEONET and MOTIF for the three nodes to the right of the vault-LD1 intersection (i.e., the 
nodes satisfying x' > 200 m and y' -1000 m, see Figure C.2) at a well demand of 60 000 m3/a.  
This is not a concern, because the segments corresponding to these three vault nodes were not 
included in the final SYVAC-CC3 model.  
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Figure C.8 shows that the head differences calculated by MOTIF and GEONET can be negative 
for some segments.  A negative head difference is of concern, because it leads to flow reversal in 
the segment leading from the vault node to the nearby fracture zone, opposite to the direction 
required for contaminants to escape by advection or convection.  For example, Figure C.8 shows 
that the head differences calculated by MOTIF and GEONET for the three segments with vault 
nodes to the left of the vault-LD1 intersection (i.e., the nodes satisfying x' < 0 m and y' = 1000 
m, see Figure C.2) are all negative.  However, because the head differences calculated by 
GEONET are smaller in magnitude than the head differences calculated by MOTIF, the 
groundwater velocities calculated by GEONET in these segments will be less than those 
predicted by MOTIF; this situation is conservative.  
 
 
C.6 CONCLUSIONS  
 
 
A set of values have been selected for the empirical parameters in the EVHE, which are used to 
calculated the head drawdown in the hypothetical vault as a result of pumping on the well.  The 
set of parameter values given in this report has been shown to be satisfactory over the entire 
range of application in the SYVAC3-CC3 model, the model for postclosure assessment for the 
EIS.  The same set of parameter values is also valid when the well scaling factor (a parameter 
used to modify the MOTIF well demand before it is used in the EVHE) varies from 1.0 to 2.0, 
and when the MOTIF well demand is as large as 60 000 m3/a.  
 
 
C.7 REFERENCES  
 
 
Chan, T. and B.W. Nakka.  1994.  A two-dimensional analytical well model with applications to 

groundwater flow and convective transport modelling in the geosphere.  AECL Report, 
AECL-I0880, COG-93-215.  
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Figure C.1.  The Cartesian coordinate systems in which the EVHE are formulated: the xyz 
system is used in the MOTIF geosphere model and the ξξξξηηηη system is used in the AWM.  Also 
shown is the x'y' system, which is positioned in the plane of the vault and is used when 
evaluating the EVHE in the vault.  The abscissa x' represents the distance of a point from 
the intersection of the bottom plane of fracture zone LD1 with the top plane of the vault, 
measured horizontally in the x-direction.  The ordinate y' represents the distance of a point 
from the central flow line of the well measured along the strike direction. 
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Figure C.2.  Horizontal projection of the vault showing the locations of GEONET source 
nodes in the vault (solid circles).   Also shown are the projections of the ξξξξηηηη coordinate axes 
(see Figure C.1) and the line of possible well locations (central flow line of the well) onto the 
vault plane.  Although 21 nodes are shown in the vault, only 18 of those closest to LD1 are 
connected to nodes in the fracture zone via a single transport segment (see Figure 5.7(b) in 
the main text).  
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Figure C.3.  Regions in the vault where the EVHE apply.  The first region is in the vault 
above LD1; the second and third regions are in the vault below LD1, up to and beyond the 
distance ����xe����, respectively.  The parameter e4 determines the boundary between regions 2 
and 3; xw is the x-coordinate of the well; and xr is the x-coordinate of the EVHE reference 
node in LD1. 
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Figure C.4.  MOTIF-calculated drawdowns in the vault and in fracture zone LD1, the 
drawdown in the vault calculated from the EVHE and the drawdown in fracture zone LD1 
calculated from the AWME, at a distance of (a) ±±±±300, and (b) 1000 m from the well 
centreline, as a result of pumping the 200-m-deep well at a rate of 10 000 m3/a.  The well 
scaling factor is 2.0. 
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Figure C.5.  MOTIF-calculated drawdowns in the vault and in LD1, the drawdown in the 
vault calculated from the EVHE and the drawdown in fracture zone LD1 calculated from 
the AWME, at a distance of (a) ±±±± 300, and (b) 1000 m from the well centreline, as a result of 
pumping the 200-m-deep well at a rate of 10 000 m3/a.  The well scaling factor is 1.0. 
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Distance from Vault-Fracture Zone L 1 Intersection (m)D
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Figure C.6.  Comparison between the drawdown in the vault calculated from the EVHE 
and the drawdown in fracture zone LD1 calculated from the AWME, at a distance of (a) 
±±±±300, and (b) 1000 m from the well centreline, as a result of pumping the 100-m-deep well 
at a rate of 10 000 m3/a.  The well scaling factor is 1.0. 
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Figure C.7.  Head differences calculated by MOTIF and GEONET across transport 
segments having one node located in the vault at a distance of 300 m from the well 
centreline and the other node in fracture zone LDl, as a result of pumping the 200-m-deep 
well at a rate of (a) 10 000, and (b) 60 000 m3/a.  The well scaling factor is 1.0.  The vertical 
scale factor in (b) is six times larger than in (a). 
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Figure C.8.  Head differences calculated by MOTIF and GEONET across transport 
segments having one node located in the vault at a distance of 1000 m from the well 
centreline, and the other node in fracture zone LDl, as a result of pumping the 200-m-deep 
well at a rate of (a) 10 000, and (b) 60 000 m3/a.  The well scaling factor is 1.0.  The vertical 
scale factor in (b) is six times larger than in (a). 
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D.1 INTRODUCTION  
 
 
Pumping ground water from a water supply well that intersects a low-dipping fracture zone can 
potentially cause a significant drawdown in hydraulic head in the fracture zone.  In the GEONET 
model, the drawdown at GEONET nodes in low-dipping LD1 was calculated using the AWM, 
described by Chan and Nakka (1994).  
 
Because of the proximity of this major fracture zone to the hypothetical disposal vault, pumping 
on the well can also lead to a reduction in hydraulic heads within the disposal vault itself.  A set 
of equations called the EVHE, described in Appendix C, were used to calculate the drawdown at 
vault nodes that are close to LD1, and for which only one transport segment connects the vault 
nodes to a node within LD1.  The remaining nodes in the transport network, where drawdowns 
were not calculated by GEONET, are shown in Figure D.l.  These include three nodes in the 
vault (13, 15 and 17) that are not near fracture zone LDl, and several other nodes that are neither 
in LD1 nor in the vault.  GEONET did not calculate drawdowns at these nodes, because it was 
assumed that any possible drawdowns there due to well pumping would be too small to have a 
significant effect on the model's overall results.  To verify this assumption, the results of 
previous MOTIF flow simulations were examined with the objective of determining values for 
drawdowns.  We then included these previously ignored drawdowns in SYVAC3-CC3 
simulations to determine their effect on the model's overall results.  
 
 
D.2 METHOD AND RESULTS  
 
 
MOTIF simulation results were analysed for the case of a 200-m-deep well withdrawing 
10 000 m3 of ground water per year from LD1 (see Section 5.2).  The WED for this simulation 
was 46 m.  This relatively high pumping rate was chosen so that a general conclusion could be 
reasonably made.  
 
The MOTIF-calculated drawdowns at nodes in the vault that have their heads adjusted in 
GEONET to account for pumping on the well are between 1 and 2 m.  The MOTIF-calculated 
drawdowns at nodes that do not have their heads adjusted in GEONET are given in Table D.1.  
The largest drawdowns, at nodes 17, 18 and 45, are 1.8, 3.5 and 5.0 m, respectively.  Smaller 
drawdowns of 0.15 and 0.62 m occur at nodes 13 and 15, respectively.  These drawdowns seem 
to of possible significance.  However, the largest drawdown of 5.0 m at node 45, which leads 
ultimately to the surface at the Boggy Creek South discharge area, has no effect on the model's 
overall results, because contaminant flow does not occur through node 45.  The effect of the high 
pumping rate is that contaminant flow is directed to the well through nodes 17, 18 and 44 (see 
Figure D.1).  If the head at node 45 is adjusted to account for pumping by adding a drawdown of 
5.0 m, the GEONET model predicts a reversal in the direction of flow through node 45.  This is 
in agreement with MOTIF, and is consistent with the capture of infiltrated surface water by the 
high-pumping-rate well; i.e., there is no discharge of contaminants via node 45.  
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To evaluate the effects of including these previously ignored drawdowns on predictions made by 
the overall assessment model, test simulations were performed using GEONET and SYVAC3-
CC3.  Since MOTIF-calculated heads were known for the case of a 200-m-deep well 
withdrawing 10 000 m3/a of ground water from LD1, we used them to determine the required 
drawdowns to use in the GEONET model.  Two simulations of a nuclide group that included 14C, 
135Cs, 129I, 59Ni, 107Pd, 79Se and 99Tc were performed.  The first simulation was a standard 
GEONET model application, in which none of the nodes listed in Table D.1 had their heads 
adjusted to correct for pumping on the well.  In preparation for the second GEONET simulation, 
MOTIF-calculated heads were used to calculate the corresponding drawdowns.  It was found that 
the drawdowns calculated by GEONET by applying the AWM equations in LD1 and the EVHE 
in the vault are about twice as large as the MOTIF drawdowns.  Hence, to be conservative, we 
doubled the MOTIF drawdowns at nodes 13, 15, 17 and 18, to obtain estimates of the 
drawdowns that GEONET would calculate at these same nodes.  The estimated drawdowns were 
then used to adjust the heads at nodes 13, 15, 17 and 18 after pumping the well.  Only these four 
nodes in Table D.1 had their heads adjusted; the other five nodes either had insignificant 
drawdowns or, in the case of node 45, did not affect the flow of contaminants from the vault to 
the well.  Thus, the second GEONET model simulation was identical to the first, except for the 
above changes to the heads at the four indicated nodes.  
 
Table D.2 compares the results of the two SYVAC3-CC3 simulations.  The peak of the 14C 
annual dose to man increased by less than 1%, occurring about 2% sooner.  There were no 
differences in the annual dose-to-man values for the other nuclides in this group, including 1291.  
Regarding the discharges from the geosphere model to the biosphere model, the peak of the 14C 
mass-flow rate from the well was less than 1% higher, but the time-integrated 14C mass-flow rate 
was almost the same.  For 129I, the peak of the mass-flow rate from the well was the same, but 
the time-integrated mass-flow rate was lower by less than 1%.  
 
Table D.2 shows that the groundwater velocity calculated by GEONET through segments 
leading directly or indirectly from the vault increased or decreased, depending on their location 
in the GEONET network.  In segment 9 (see Figure D.1), which connected nodes 17 to 18, the 
groundwater velocity increased by 2.9 times.  In segment 62 (the next segment in the same flow 
path leading to the well), which connected nodes 18 to 44, the groundwater velocity decreased 
by 2.3 times.  In segments 7 and 8, which connected nodes 13 to 14 and 15 to 16, respectively, 
the groundwater velocity decreased by 1.27 and 2.63 times, respectively.  In segment 51, which 
connected nodes 18 to 45, the groundwater velocity increased by 3.0 times, and its direction 
reversed; however, this segment is not a pathway for contaminant transport from the vault to the 
well at this pumping rate.  No significant changes in the groundwater velocity were found for 
any of the other segments.  
 
 
D.3 CONCLUSIONS  
 
 
Several nodes in the GEONET model that usually do not have their hydraulic heads adjusted to 
account for drawdowns caused by pumping the well were found to have significant drawdowns 
in the case examined.  These drawdowns can cause substantial changes in the groundwater 
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velocity through some segments in the GEONET network.  However, for the high pumping rate 
case analysed, involving a 200-m-deep well supplying 10 000 m3 of water per year, the annual 
doses to man and the discharges from the geosphere model to the biosphere model were not 
significantly affected by ignoring the drawdowns at these nodes.  
 
 
D.4 REFERENCES  
 
 
Chan, T. and B.W. Nakka.  1994.  A two-dimensional analytical well model with applications to 

groundwater flow and convective transport modelling in the geosphere.  AECL Report, 
AECL-10880, COG-9 3-215.  
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Table D.1.  Drawdowns calculated by MOTIF at nodes that do not have their heads 
adjusted in GEONET. 
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Table D.2.  Results from SYVAC3-CC3 simulations, showing the consequences of including 
drawdowns at GEONET nodes that are not near LD1. 
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Figure D.1.  Vertical projection of the portion of the geosphere transport network used in 
SYVAC3-CC3, showing the nodes (blackened-out circles) where drawdowns are not 
calculated. 
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E.1 INTRODUCTION 
  
 
In this appendix, we consider a situation involving an open site-evaluation borehole located near 
a waste emplacement area of the hypothetical vault.  Such a borehole could be open either 
because it had been missed during the sealing operation, or because the seals failed at some time 
after borehole closure.  In our analyses, we assumed that the borehole was drilled from the 
surface, that it passed through low-dipping LD1 and that it intersected the vault horizon within a 
rock pillar between two waste emplacement rooms.  A series of simulations was performed with 
the models of the WRA to evaluate the sensitivity of contaminant transport along groundwater 
flow paths from the vault to the biosphere to the presence of such an open borehole.  
Groundwater flow and contaminant transport through the geosphere were simulated using the 
MOTIF finite-element computer code (Guvanasen 1985, Chan et al. 1987, Guvanasen and Chan 
1991).  Particle tracking was done using TRACK3D (Nakka and Chan 1994).  The contaminant 
considered in our analysis was the radionuclide 129I.  We also considered how the groundwater 
flow to such an open borehole could be influenced by a water supply well that penetrates the 
fracture zone some distance downgradient of the point at which the open borehole penetrates the 
fracture zone.  The situation is illustrated schematically in Figure E.l.  
 
This appendix describes the methodology used in our sensitivity analysis and presents some 
results from both 2-D and 3-D finite-element simulations.  This work was preliminary and 
exploratory in nature.  
 
 
E.2 VAULT-SCALE MODELLING  
 
 
A 3-D MOTIF finite-element model, henceforth called the vault-scale model, was created by 
modifying the local 3-D groundwater flow model used to finalise GEONET (see Section 5.3.7 of 
the main text) to include a borehole, which extends from the ground surface to a depth of 550 m.  
This borehole intersects both low-dipping LD1 and the vault horizon (see Figure E.2).  The 
borehole was positioned so that it would intersect the plume of any contaminants from the vault 
moving up groundwater flow paths along LD1.  Figure E.3 shows a horizontal-section view of 
the finite-element mesh for the vault-scale model in the vicinity of the borehole/vault 
intersection.  
 
The borehole was represented by line elements whose properties correspond to an open pipe of 
either 76 or 165 mm diameter, the sizes of most boreholes that have been drilled for site 
characterization purposes in the Canadian Nuclear Fuel Waste Management Program.  
Groundwater flow through the borehole was assumed to be non-turbulent (Massey 1970) and the 
ground water was assumed to be a homogeneous fluid with constant viscosity and density.  Table 
E.1 summarises the material properties that were used in the vault-scale modelling.  Further 
details of the vault-scale flow model used in this analysis are given by Chan and Stanchell 
(1992).  
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Groundwater flow modelling followed by convective particle tracking was used to investigate 
several quantities that were of interest in this study.  These were (a) the minimum advective 
travel time from the vault to the surface, (b) the vertical infiltration of ground water (leakage 
rates) from other parts of the hydrogeological regime into LD1 through the open borehole, and 
(c) the area of the vault from which ground water flowed to the open borehole, as a function of 
well depth and well pumping rate in the fracture zone.  The borehole diameter had minimal 
effect on the results, so in the remainder of this report, we only give the results for the 76-mm 
borehole cases.  
 
For the case with the open borehole, the minimum advective travel time from the vault to the 
surface is about 700 years.  For the case without the open borehole (the base case), the minimum 
advective travel time for transport paths from the portion of the vault above LD1 that lead up the 
fracture zone to the surface is 37 600 years (Chan and Stanchell 992).  
 
Table E.2 summarises the calculated leakage rates into LD1 through the open borehole, from the 
rock above and below, for various well depths and well pumping rates.  The results show that the 
water leaking into the fracture zone through the open borehole from the rock above as a result of 
pumping the water supply well is less than 3% of the well demand for the l00- and 200-m-deep 
wells, and is negligible for the 30-m-deep well.  For all cases the leakage from below is 
negligible.  Consequently, the dilution by this leakage water of any contaminants moving up 
groundwater flow paths along LD1 would be insignificant.  
 
Over the range of head gradients induced by pumping ground water from a nearby water supply 
well at rates of 0 to 60 000 m3/a, the open borehole could capture groundwater flow from less 
than 4.0×10-4 percent of the total vault area in 10 000 years (the time of the AECB's quantitative 
estimate of risk).  If the simulation time was increased to 100 000 years, the area in the vault 
from which capture occurred increased by factors of 10 and 20 for cases having no well and a 
100-m-deep well, respectively.  For the case having a 200-m-deep well, drawdowns induced by 
pumping the well were sufficiently large that flow paths with travel times exceeding 75 000 
years were captured directly by the well.  
 
Figure E.4 shows calculated travel-time contours for cases with and without well pumping water 
from LD1.  The contours are created by connecting all locations in the vault from which flow 
paths captured by the borehole would have the same travel time to the surface.  For the no-well 
case (see Figure E.4(a)), any flow path that originates at a location in the vault within about  
3.0 m of the borehole would reach the surface within 10 000 years.  For the case having a 200-m-
deep well with an annual demand of 30 000 m3/a (see Figure E.4(b)), any flow path originating 
at a location in the vault within about 5.0 m of the borehole would reach the surface within 10 
000 years.  
 
 
E.3 ROOM-SCALE ADVECTIVE-DISPERSIVE TRANSPORT MODELLING  
 
 
Individual waste containers or emplacement rooms were not explicitly modelled in the vault-
scale model.  Therefore, to investigate the effects of contaminant transport at the scale of 
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individual waste emplacement rooms, detailed 2-D and 3-D finite-element models were created.  
The room-scale models represent a unit cell of the conceptual disposal vault, consisting of one 
emplacement room 220 m long, 8 m wide and 5.5 m high, plus half a rock pillar on each side of 
the room.  Vertical and horizontal sections through the room-scale model are shown 
schematically in Figures E.5 and E.6, respectively.  A total of 270 waste containers, each placed 
in a 1.25-m-diameter borehole in the floor of the emplacement room and surrounded by buffer 
material, were assumed.  The buffer and backfill materials and the vault layout were as specified 
in the conceptual reference vault design (Simmons and Baumgartner 1994).  Table E.1 
summarises the material properties used in these models.  In the 2-D models and the detailed 3-D 
flow model, the individual waste containers and surrounding buffer and/or backfill material were 
represented explicitly.  However, the individual waste containers were not represented explicitly 
in the detailed 3-D transport model, but were modelled as a smeared contaminant source that was 
bounded by the perimeter of the containers.  
 
The open borehole was assumed to fall within a rock pillar between two emplacement rooms 
(see Figures E.5 and E.6).  Two cases were considered for the distance between the open 
borehole and the nearest wall of the emplacement room.  In the midpoint case, the borehole was 
assumed to be located at the midpoint between two rooms, i.e., dr = 11 m in Figure E.5.  In the 
minimum-separation case, the borehole was assumed to be located 3 m from the nearest edge of 
the emplacement room, i.e., dr = 3 m in Figure E.5.  It was assumed that any borehole closer to 
the wall than 3 m could be detected by a thorough geophysical survey program, such as one that 
would be used in the waste emplacement areas of the vault to detect any nearby open boreholes 
(Davison et al. 1994).  For this study, it was also assumed that a 200-m-deep water supply well 
intersects LD1 at a distance of 180 m downgradient (along a groundwater flow line from the 
vault) of the open borehole (see Figure E.1).  
 
The modelling methodology we chose was to use the vault-scale flow model to predict the far-
field hydraulic-head distribution.  These heads were then used to determine the boundary 
conditions for the room-scale flow model.  A flow simulation was preformed using the room-
scale flow model to determine the steady-state groundwater velocity field.  This steady-state 
velocity field was subsequently used in simulations with the room-scale transport model.  The 
transport boundary conditions consisted of zero nodal integrated dispersive and diffusive flux 
along the perimeter of the model, and either a fixed or time-dependent contaminant concentration 
at the buffer/container interface.  
 
Initially, a constant contaminant source concentration was simulated at the container/buffer 
interface.  The source concentration that was used was based on the initial inventory of 
contaminant (about 20.8 moles of 129I) in an individual waste emplacement room in the 
conceptual vault for the EIS postclosure assessment case study (Johnson et al. 1994).  Further 
simulations were done in which a time-dependent contaminant source concentration was used.  
This was based on the �cooping�d instantaneous release rate of 129I from the waste containers 
versus time (see Figure E.7) in the EIS case study (Johnson et al. 1994).  
 
A series of simulations was performed with the room-scale models to investigate the sensitivity 
of contaminant transport from the waste emplacement room to the drawdown in hydraulic head 
within the open borehole induced by the pumping well, and to the distance between the open 
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borehole and the nearest wall of the waste emplacement room (Chan and Stanchell 1992).  Well 
pumping rates of 0, 10 000, 30 000 and 60 000 m3/a were considered.  
 
In the case of the detailed 3-D room-scale model, only a few �cooping simulations were done 
because of computational limitations.  
 
E.3.1 Two-Dimensional Modelling  
 
Figures E.8 and E.9 show the finite-element meshes for the 2-D vertical- and horizontal-section 
models, respectively.  The vertical-section model, which covers a 60- by 50-m area, is in a 
vertical plane through the open borehole and perpendicular to the waste emplacement room, 
passing through three waste containers.  The finite-element mesh contains a total of 1433 nodes 
and 1368 quadrilateral elements.  The horizontal-section model, which covers a 223- by 60-m 
area, is perpendicular to the borehole and in a horizontal plane through the waste containers 
beneath the waste emplacement room.  All 270 waste containers in the emplacement room are 
included.  This finite-element mesh contains a total of 15 696 nodes and 15 464 planar elements.  
 
E.3.1.1  Midpoint Case  
 
In this case, the borehole intersects a rock pillar at the midpoint between two waste emplacement 
rooms, 11 m from the nearest edge of either room (see Figure E.5).  Figure E.10 shows the 
calculated hydraulic-head contours for the 2-D vertical-section room-scale model.  This head 
difference between the borehole and the nearest containers is small if no well is present�
typically less than 0.5 m (see Figure E.10(a))�but large (almost 15 m) in the case of a 200-m-
deep well pumping water from LD1 at a rate of 60 000 m3/a (see Figure E.10(b)).  Figure E.11 
shows the calculated percentage of the source concentration at the open borehole as a function of 
time, for the cases with a constant source concentration.  Table E.3 gives the calculated time for 
the concentration at the borehole to reach 1% of the source concentration for various well 
pumping rates.  As expected, the time decreases as the pumping rate increases.  Figure E.12 
shows the advancement of the calculated 1% concentration contour with time for the no-well 
case.  
 
The results described in the preceding paragraph are from simulations done using the vertical-
section model.  When the same simulations were done using the horizontal-section model, the 
resulting times required for concentrations at the borehole to reach 1% of the source 
concentration were very close to those given in Table E.3.  
 
The relative importance of advection versus dispersion in the transport of contaminants from the 
container/buffer interface to the open borehole can be compared.  Table E.4 compares the 
calculated advective and dispersive fluxes at the container/buffer interface using the 2-D vertical-
section, room-scale model.  When ground water is not pumped from LD1, the transport of 
contaminants is dispersion controlled.  When a well pumps ground water from LD1, the 
advective term increases as the pumping rate increases.  At a well pumping rate of 10 000 m3/a, 
the advective and dispersive fluxes are almost equal.  For well pumping rates exceeding 10 000 
m3/a, the transport of contaminants is dominated by advection.  
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E.3.1.2  Minimum-Separation Case  
 
In this case, the borehole intersects a rock pillar at a distance of 3 m from the nearest wall of the 
waste emplacement room.  Assuming a constant contaminant concentration at the 
container/buffer interface, the calculated time for the concentration at the borehole to reach 1% 
of the source concentration when the well is not pumping is 275 years (see Table E.3).  This is 
about 10% of the time for the case where the borehole intersects the pillar at the midpoint 
between two disposal rooms (see Figure E.13).  
 
Figure E.14 shows the calculated normalized contaminant mass-flow rate (the contaminant mass 
flow divided by the contaminant inventory of a single container) into the open borehole versus 
time.  This rate was obtained from simulations using the 2-D vertical-section model.  Two 
assumptions were made, namely a constant source concentration at the container/buffer interface, 
and the well was not pumping.  The calculated normalized contaminant mass flow into the 
borehole is much greater and begins much sooner than in the midpoint case, and it remains 
greater until about 15 000 years, when the two curves cross (see Figure E.14).  The double peak 
in the minimum-separation curve is an artefact that is caused by simulating transport to the 
borehole in only two dimensions.  The first peak is a result of transport from the container 
nearest the borehole, while the second peak is a result of delayed transport from the other two 
containers.  The delay occurs because the shorter transport paths from the two farther containers 
are partially blocked by the first container.  This situation does not occur for either the 2-D 
horizontal-section model or the detailed 3-D model, because the larger number of containers 
represented there allows for more transport paths to the borehole.  
 
E.3.1.3  Time-dependent Contaminant Source  
 
When the simulations described in the preceding sections were done using the time-dependent 
source at the container/buffer interface instead of the constant concentration source, the 
contaminant concentration at the borehole did not reach 1% of the initial concentration of the 
source at any simulation time.  The calculated time for the contaminant concentration at the 
borehole to reach its peak varied from 4500 years for the no-well case to about 250 years for the 
case having a 200-m-deep well pumping at a rate of 60 000 m3/a (see Figure E.15).  The 
contaminant peak arrival time at the open borehole decreased as the well pumping rate increased.  
 
Figure E.16 shows that the calculated normalized contaminant mass transported into the 
borehole, calculated by integrating the contaminant mass inflow to the borehole over a 
simulation time of 100 000 years, increases as the well demand increases.  Even when the well is 
not pumping, the borehole still captures about 10% of the total contaminant inventory of the 
modelled emplacement room after 100 000 years.  
 
E.3.2 Three-Dimensional Modelling  
 
The finite-element mesh for the detailed 3-D room-scale model contains a total of 46 977 nodes 
and 44 184 solid hexahedral and line elements.  The line elements are used to represent the open 
borehole.  The region covered by the detailed 3-D model is about 223 m long, 60 m wide and  
50 m deep.  
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The results from scoping calculations with the detailed 3-D room-scale model were comparable 
to those obtained from the 2-D room-scale models.  The calculated head difference between the 
borehole and the nearest row of containers in the modelled emplacement room was again small, 
typically less than 0.5 m for the no-well case.  
 
Assuming a constant contaminant source concentration at the container/buffer interface and no 
well, the calculated time for the concentration at the borehole to reach 1% of the contaminant 
source concentration was within 10% of the values calculated using the 2-D vertical- or 
horizontal-section models.  
 
When the time-dependent source was simulated at the container/buffer interface, the contaminant 
concentration at the borehole did not reach 1% of the initial concentration of the contaminant 
source at any simulation time.  This result is the same as that found with the 2-D models in 
Section E.3.1.3.  For the detailed 3-D model, the calculated normalized total contaminant mass 
transported into the borehole for the no-well case was comparable to that calculated in the 
corresponding 2-D cases.  
 
 
E.4 CONCLUSIONS  
 
 
Given the hydrogeological conditions and vault layout assumed in the postclosure assessment 
case study for the EIS, an open site-evaluation borehole intersecting a nearby low-dipping 
fracture zone and passing through a rock pillar near a waste emplacement room in the vault can 
be a significant pathway for contaminant transport from the vault to the biosphere.  The amount 
of contaminant reaching such an open borehole can be small if no water supply well is drawing 
ground water from the low-dipping fracture zone.  However, if a water supply well pumping at a 
high rate is considered to be located sufficiently close to such an open borehole, then transport 
via the borehole can increase the amount of contaminants from the vault that are drawn to the 
water supply well.  The contaminant arrival time at the open borehole is about proportional to the 
square of the distance between the borehole and the nearest waste container.  
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Table E.1.  Material Properties Used in the Open Borehole Simulations 

 
 

 

Table E.2.  Groundwater Leakage Rates into Fracture Zone LD1 through an Open 76-mm-
Diameter Borehole 
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Table E.3.  Calculated time required for the concentration at the open borehole to reach 
one percent of the source concentration. 

 
 

Table E.4.  Comparison of dispersive and advective fluxes calculated at the 
container/buffer interface for the midpoint case. 
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Figure E.l.  A Schematic Illustration of the Geometry of the Open Borehole Study 

 

 
 

Figure E.2.  Schematic vertical section of the central portion of the vault-scale groundwater 
flow model.  This model, which covers a 10- by 9- by 1.5�km region, consists of three 
background layers of rock (designated 1, 2 and 3) and a few low-dipping and vertical 
fracture zones (designated LD and V, respectively).  The locations of the domestic water 
supply wells (only one of which is implemented at a time) and the open borehole are shown. 
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Figure E.3.  A horizontal-section view of the finite-element mesh for the three-dimensional 
vault-scale groundwater flow model in the vicinity of the borehole/vault intersection. 
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Figure E.4.  Calculated advective travel-time contours for (a) the no-well case, and (b) the 
case having a 200-m-deep well supplying 30 000 m3 of water annually.  The contours are 
created by connecting all locations in the vault from which transport paths captured by the 
borehole would have the same travel time to the surface.  The 10 000 years contour is 
plotted, this time corresponds to the time frame for quantitative estimate of risk, as stated 
by the AECB.  

 
continued� 
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Figure E.4.  Concluded 
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Figure E.5.  Schematic vertical section of the room-scale model.  The details of a typical 
waste emplacement room are shown.  A 3-m standoff region, which represents an area of 
possible rock bolting and the possible extent of an excavation damage zone, is highlighted. 
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Figure E.6.  Schematic horizontal section of the room-scale model.  The extent of the waste 
emplacement room has been truncated for illustrative purposes.  The emplacement 
boreholes (only 141 of the 270 are shown) are represented by the open circles. 
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Figure E.7.  Normalized Instantaneous Release Rate of 129I (mol/a) from Waste Containers 
(Johnson et al. 1994) 



 - 234 - 

 

 
 
 
 
 

Figure E.8.  Finite-element mesh for the two-dimensional, vertical-section model in a plane 
through the borehole and perpendicular to the waste emplacement room (see Figure E.5).  
The borehole is represented by the vertical line O-O' along the left edge of the mesh.  
Shown are the regions occupied by the rock (white), waste containers (yellow), buffer 
material (pink), backfill material (light blue) and the EDZ (dark blue). 
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Figure E.9.  Finite-element mesh for the two-dimensional, horizontal-section model 
through the waste containers and perpendicular to the borehole, showing the location of 
the borehole.  Because of space limitations, only seven of the 90 rows of waste containers 
are shown in this illustration.   
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Figure E.10.  Calculated hydraulic-head contours for the two-dimensional, vertical-section 
model for (a) the no-well case, and (b) the case having a 200-m-deep well supplying 30 000 
m3 of water annually (see Figures E.5, E.8).  The borehole is located along the vertical line 
O-O'. 

 
 
 
 
 
 
 

continued� 
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Figure E10:  Concluded 
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Figure E.11.  Calculated percentage of source concentration at the open borehole versus 
time, assuming a constant source concentration.  These results are based on simulations 
with the vertical-section model (see Figure E.8). 
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Figure E.12.  Advancement of the calculated 1% concentration contour with time (in years) 
for the no-well case, from simulations with the vertical-section model (see Figure E.8).  The 
borehole is located along the vertical line O-O'. 
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Figure E.13.  Calculated time for the concentration at the open borehole to reach 1% of the 
source concentration as a function of the well pumping rate, assuming a constant 
contaminant concentration at the container/buffer interface.  For the minimum-separation 
case, only the value for the case with the well not pumping is shown (see Figure E.5). 
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Figure E.14.  Calculated normalized contaminant mass-flow rate into the open borehole as 
a function of time, assuming a constant contaminant concentration at the container/buffer 
interface and no well pumping (see Figure E.5). 
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Figure E.15.  Calculated time of contaminant peak at the open borehole as a function of the 
well pumping rate, assuming a time-dependent contaminant source at the container/buffer 
interface. 
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Figure  E.16.  Calculated normalized total contaminant mass transported into the open 
borehole as a function of the well pumping rate, assuming a time-dependent contaminant 
source at the container/buffer interface. 
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