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REGIONAL-SCALE GROUNDWATER FLOW MODELLING
OF GENERIC HIGH LEVEL WASTE DISPOSAL SITES
A report prepared by D. Metcalfe, Wastes and Impacts Division, Directorate of
Fuel Cycle and Materials Regulation.

ABSTRACT
Regional-scale groundwater flow modelling analyses are performed on generic
high level waste (HLW) disposal sites to assess the extent to which a large
crystalline rock mass such as a pluton or batholith can be expected to contain
and isolate HLW in terms of hydraulic considerations, for a variety of
geologic and hydrogeologic conditions. The two-dimensional cross-sectional
conceptual models of generic HLW disposal sites are evaluated using SWIFT III,
which is a finite-difference flow and transport code.
All steps leading to the final results and conclusions are incorporated in
this report. The available data and information on geologic and hydrogeologic
conditions in plutons and batholiths are summarized. The generic conceptual
models developed from this information are defined in terms of the finite
difference grid, the geologic and hydrogeologic properties and the hydrologie
boundary conditions used. The modelled results are described with contour
maps showing the modelled head fields, groundwater flow paths and travel times
and groundwater flux rates within the modelled systems,
The results of the modelling analyses are used to develop general conclusions
on the scales and patterns of groundwater flow in granitic plutons and
batholiths. The conclusions focus on geologic and hydrogeologic
characteristics that can result in favourable conditions, in terms of
hydraulic considerations, for a HLW repository.
RÉSUMÉ
Les sites génériques d'évacuation de déchets à haute activité sont soumis à
des analyses de modélisation régionale des débits d'eaux souterraines pour
évaluer jusqu'à quel point un vaste massif de roches cristallines, comme un
pluton ou un batholite, peut contenir et isoler des déchets à haute activité
du point de l'hydraulique, dans diverses conditions géologiques et
hydrogéologiques. L'évaluation des modèles bidimensionnels en coupe de sites
génériques de déchets à haute activité est faite à partir du code SWIFT III,
qui est un code de débit et de transport en différences finies.
Toutes les étapes menant aux résultats finals et aux conclusions ont été
intégrées au rapport. Les données et renseignements disponibles sur les conditions géologiques et hydrogéologiques des plutons et des batholites sont
résumés. Les modèles théoriques génériques élaborés à partir de ces données
sont définis en fonction de la grille en différences finies, des propriétés
géologiques et hydrogéologiques et des conditions des barrières hydrologiques
utilisées. Les résultats modélisés sont décrits et illustrés par des cartes
de courbes de niveau montrant les champs de potentiels hydrauliques, les
directions d'écoulement des eaux souterraines, ainsi que les délais et les
débits d'écoulement des eaux souterraines à l'intérieur des systèmes
modélisés.
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Les résultats des analyses de modélisation sont utilisés pour mettre au point
des conclusions générales sur l'amplitude et la direction de l'écoulement des
eaux souterraines dans les plutons et batholites granitiques. Les conclusions
s'attachent surtout aux caractéristiques géologiques et hydrogéologiques qui
pourraient entraîner des conditions favorables, du point de vue de
l'hydraulique, pour un dépôt souterrain de déchets à haute activité.

Foreword

In 1989 a Federal Environmental Assessment Review Panel was struck to review
the Canadian concept for the disposal of nuclear fuel waste (NFW). After
public consultation, they issued "Final Guidelines for the preparation of an
environmental impact statement on the nuclear fuel waste management and
disposal concept" in 1992. In October 1994, Atomic Energy of Canada Limited
(AECL) released their "Environmental Impact Statement (EIS) on the Concept for
Disposal of Canada's Nuclear Fuel Waste" for public review.
As the regulatory authority for the nuclear industry in Canada, the Atomic
Energy Control Board (AECB) was expected to participate in the review of the
EIS.
To prepare for this review, beginning in 1989 AECB staff initiated
research contracts and undertook independent calculations in-house, to obtain
a better appreciation of the magnitude and complexity of the problems of NFW
disposal. The intent of this work was co explore independently the types of
calculations and reasoned arguments that AECB staff expected to find in the
EIS, and to help identify sensitive and important aspects of the assessment of
the disposal concept.
The in-house work resulted in a series of largely autonomous internal reports
produced by AECB staff from 1991 through 1993, including this one. These
reports, being published as AECB INFO documents, are:
An Overview of Potential Isotopic Techniques for Dating Groundwaters in
Crystalline Rocks
D. Bottomley, 1991
A Review of Theories on the Origins of Saline Waters and Brines in the
Canadian Precambrian Shield
D. Bottomley, 1991
The Geochemical Immobilization of Uranium in a Spent Fuel Repository in the
Canadian Shield: Evidence from Natural Analogue Investigations
D. Bottomley, 1992
Regional-Scale Groundwater Flow Modelling of Generic High Level Waste Disposal
Sites
D. Metcalfe, 1992
Reference Used Fuel for the Canadian Nuclear Fuel Waste Disposal Concept
P. Flavelle, 1993
Source Term for the Bounding Assessment of the Canadian Nuclear Fuel Waste
Disposal Concept
P. Flavelle, 1993
Perspectives of the Scale of the Canadian Nuclear Fuel Waste Disposal Concept
P. Flavelle, 1993
Impacts of Disturbed Rock Zones and Backfill Material on Ground Water Flow
Through a Generic HLW Repository
S. Lei and D. Metcalfe, 1993
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EXECUTIVE SUMMARY
The Nuclear Fuel Waste & Special Assessment Section of the Wastes and Impacts
Division is conducting a Micro-Assessment of the Canadian Concept for High
Level Radioactive Waste (HLW) Disposal. A series of scoping and bounding
calculations are being performed in support of the Micro-Assessment to assess
the extent to which the various natural and engineered barriers and processes
can potentially isolate and contain HLW, and thereby contribute to safety. It
is hoped that it will be possible to define ranges of benefits for the various
isolation and containment possibilities under conservative yet realistic
assumptions. The results of the Micro-Assessment will also be useful in
developing design and siting criteria and identifying key data and analytical
needs and areas for further research.
This status report focuses on the geosphere barrier. Regional-scale
groundwater flow modelling analyses were performed on generic HLW disposal
sites to assess the extent to which a large crystalline rock mass (eg.
batholith, pluton) can be expected to contain and isolate HLW in terms of
hydraulic considerations, for a variety of geologic and hydrogeologic
conditions. No credit was taken for radioactive decay or the potential for
retardation of radionuclides and other contaminants. It was assumed that
fractured crystalline rock can be represented as an equivalent porous medium
at the regional scale, and that groundwater flow occurs under steady-state
conditions over the range of depths that are being considered for a HLW
repository of 500 m to 1000 m. Also, the modelling results are for pre-wasteemplacement conditions.
To form a basis for the development of conceptual models for generic HLW
disposal sites, relevant geologic and hydrogeologic data and information for
the Canadian Shield and other crystalline rock environments are discussed in
the report. Factors that affect the nature of groundwater flow systems in
porous media are described, as some of the basic principles are relevant to
groundwater flow in plutons and batholiths. Published information and
theories on the nature of groundwater flow systems in fractured crystalline
rock are discussed.
This information was used to develop a series of two-dimensional, crosssectional conceptual models of generic HLW disposal sites. All of the models
were 50 km long and had a depth of 2 km. The more detailed conceptual models
included networks of horizontal and vertical fracture zones superimposed on a
decreasing-hydraulic-conductivity-with-depth profile. Distributions of
pressures (piezometric heads) were assigned to the top boundary of the model
to represent a variety of different regional and local water table
configurations.
The conceptual models of generic HLW disposal sites were analyzed with the
SWIFT III code (Sandia Waste Isolation Flow and Transport), which is a fully
transient, three-dimensional finite-difference code for solving the coupled
equations for flow and transport in geologic media. STLINE (STream LINE).
which is a post-processor code for SWIFT III, was used to calculate average
travel paths and travel times for particles released at various points in the
modelled flow systems. The results of the SWIFT III and STLINE analyses are
described in the report with contour maps showing the modelled head fields,
groundwater flow paths and travel times and groundwater flux rates within the
modelled systems.
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The current phase of the Canadian Nuclear Fuel Waste Management Program
(NFWMP) is generic in nature; in that specific candidate sites for a HLW
repository are not being considered. As such, general conclusions on
groundwater flow conditions in the Canadian Shield are appropriate for this
phase of the NFWMP. The report conclusions can be considered "general" or
"generic" because they are expected to be applicable to many plutons and
batholiths. Due to the wide variety of geologic and hydrogeologic conditions
that occur in the Canadian Shield, the conclusions are not applicable to all
plutons and batholiths. General conclusions can be used as an aid in the
development of siting and design criteria for a HLW repository, and to assist
in the identification of key data needs and important areas for future
research.
In total, seventeen generic HLW disposal site models were evaluated. The
results of these evaluations were augmented with published information on the
nature of groundwater flow systems in porous media and fractured rock
environments to develop general conclusions on the scales and patterns of
groundwater flow in granitic plutons and batholiths. The modelling work was
also used to identify geologic and hydrogeologic characteristics that can
result in favourable conditions for a HLW repository.
The Nature of Groundwater Flow in Granitic Plutons and Batholiths
Generally, a zone of active groundwatcr circulation exists In the upper
sections of most plutons and batholiths. The zone is typically 300 m to 400 m
deep, and it contains a highly interconnected network of open faults,
fractures and other discontinuities. The groundwater flux through the zone of
active flow is generally sufficient to maintain low values of total dissolved
solids. Typically, local scale groundwater flow systems dominate in this
zone.
Beneath the zone of active groundwater circulation, the fault and fracture
zones that cut the relatively intact rock blocks are the major conduits of
groundwater flow, and they typically control groundwater flow patterns at
depth. Major sub-horizontal and/or sub-vertical fracture zones have been
encountered in all four plutons investigated under the Canadian NFWMP, and
such features have been typically found in crystalline rock study areas in
other countries. At depth, regional scale flow systems can only exist within
sub-horizontal fracture zones and-fracture zone networks. Groundwater flow
patterns within networks of fracture zones can be complex, and will be a
function of the transmissivity fields of the individual fracture zone legs or
segments and the piezometric heads at the fracture zone outcrops and subcrops.
The nature of groundwater flow in the relatively intact rock that underlies
the zone of active groundwater flow and surrounds the deep fault and fracture
zones is poorly understood. Groundwaters in the depth range of 500 m to
1000 m are often saline, and brines are common at depths greater than 1000 m.
The ages of the brines are often inferred to be many million years old. Flow
conditions in the relatively intact rock blocks might not be in equilibrium
with flow in the more transmissive overlying or surrounding units.
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Favourable Geologic and Hydrogeologic Conditions for a HLW Repository
Figure ES-l shows several favourable geologic and hydro^eologic conditions for
a HLW repository that were identified with the modelling work, and these
conditions are briefly summarized below:
1.

A host rock that is largely unfractured, or that contains few sections
with open, interconnected fractures is preferred. Unfractured rock
provides significant additional containment over that provided by
slightly fractured rock.
Priority in the Canadian NFWMP should be given to developing and testing
screening techniques for identifying plutons and batholiths with large
blocks of unfractured rock, and techniques that can be used to verify the
existence of such blocks of rock during detailed site characterization
work.

2.

Areally-extensive, transmissive sub-horizontal fracture zones at depth
that are connected to near-surface rock by sub-vertical fracture zones
tend to contain the impacts of local relief on groundwater flow patterns
to the region above the sub-horizontal segment of the fracture zone.
Also, the deepest transmissive sub-horizontal fracture zone at a site
will tend to impose the gradient in the fracture zone on the underlying,
lower-hydraulic-conductivity rock.
Thus, the low-hydraulic-conductivity rock beneath the deepest areallyextensive, transmissive sub-horizontal fracture zone could provide a
suitable horizon for a HLW repository at many sites, based on geologic
and hydrogeologic considerations. In particular, fracture zones that
impose a low hydraulic gradient on the underlying rock are favoured. Two
or more layers of sub-horizontal fracture zones can provide for increased
smoothing of groundwater flow patterns below the deepest fracture zone.
Typically, the rock above the shallowest areally-extensive, transmissive
sub-horizontal fracture zone will represent a poor or less desirable host
rock for a HLW repository. Groundwater flow patterns in such rock can be
complex, and local relief can cause travel paths and times to discharge
points to be relatively short.
At many sites in the Canadian Shield, transmissive, areally-extensive
sub-horizontal fracture zones occur at various depths. Based on the
simulation runs that are presented in this report, it is expected that
the impacts of local relief on groundwater flow patterns will often be
largely contained above the shallowest sub-horizontal, transmissive
fracture zone. Thus, any zones of low-hydraulic-conductivity rock in
between sub-horizontal fracture zones could also represent suitable
repository horizons. However, such horizons would have to be carefully
investigated, as any differences in head between the overlying and
underlying fracture zones or adjacent sub-vertical fracture zones could
result in short travel times through the low-hydraulic-conductivity rock.
While low hydraulic gradients across such blocks of low-hydraulicconductivity rock can result in long travel times, low hydraulic
gradients can result in variable flow directions across the block, and
the actual flow direction may be difficult to predict based on field
data.
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Generally, fracture zones are of limited value as a barrier to
groundwater flow.
3.

From a hydrogeological perspective, recharge areas are generally
preferred for HLW repository sites over discharge areas, as the flow
paths in recharge areas have a downward as opposed to an upward
component. Also, HLW repositories in recharge areas will tend to have
longer flow paths to the biosphere than those in discharge areas.

4.

To provide an additional safety factor for the unlikely occurrence of
significant, premature degradation of several engineered and natural
barriers, it would be desirable to select a site with a potential to
considerably dilute any radionuclide releases from the repository along
the flow paths through the geosphere. The simulation runs presented in
this report demonstrated that a decreasing-hydraulic-conductivity-withdepth geologic profile with a large hydraulic conductivity contrast
between the near-surface rock/overburden and the rock at the repository
horizon has a large potential for diluting any radionuclide releases
prior to discharge at ground surface.

5.

The depth range for a HLW repository in Canada is typically stated as
being between 500 m and 1000 m. The hydraulic conductivity in plutons
and batholiths generally decreases with depth, and thus the construction
of a HLW repository at the lower end of the above range would provide for
added containment at many sites (ie., a host rock with fewer rock
sections containing open, interconnected fractures, and a larger
thickness of low-hydraulic-conductivity rock above the repository
horizon). Also, construction of the HLW repository at depth would
provide for added isolation of the waste, as the waste would be separated
from land surface by a greater thickness of rock.

A final, general comment can be made regarding the usefulness of generic
studies of the Canadian Concept for High Level Radioactive Waste Disposal.
This study has demonstrated that useful information can be obtained by
studying generic HLW disposal sites and using data representative of CanadianShield-wide conditions as opposed to site-specific data. The regional-scale
groundwater flow modelling analyses that were conducted for this report have
been successfully used to identify favourable geologic and hydrogeologic
conditions for a HLW repository. -
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1.0 INTRODUCTION
The Nuclear Fuel Waste & Special Assessment Section of the Wastes and Impacts
Division is currently conducting a Micro-Assessment of the Canadian Concept
for High Level Radioactive Waste (HLW) Disposal. A series of scoping and
bounding calculations are being performed in support of the Micro-Assessment
to assess the extent to which the various natural and engineered barriers and
processes can potentially isolate and contain HLW, and thereby contribute to
safety. It is hoped that it will be possible to define ranges of benefits for
the various isolation and containment possibilities under conservative yet
realistic assumptions. The results of the Micro-Assessment will also be
useful in developing design and siting criteria and identifying key data and
analytical needs and areas for further research.
The geosphere is by far the most extensive barrier, and for practical purposes
groundwater flow is the only natural mechanism by which radionuclides could be
transported from the repository to the biosphere. Physical and chemical
processes control the performance of the geosphere. The focus of this status
report will be on the physical processes that are active in the geosphere.
This report presents regional-scale groundwater flow modelling results for
generic HLW disposal sites.
The definition for regional scale that is used in this report is illustrated
in Figure 1-1. A right cylinder is shown that extends from land surface (top)
to the horizon below which all rock is essentially impermeable (bottom) , and
contains the HLW repository. The diameter of the cylinder is not specifically
defined. At a minimum, the cylinder should encompass the region that will be
impacted by the thermal pulse from the repository. In Figure 1-1, a
groundwater flow path through the cylinder is extended to both its recharge
and discharge points at land surface. When all possible groundwater flow
paths through the cylinder are extended to land surface, the closed curve
surrounding all recharge and discharge points defines the areal extent of the
regional scale.
While several isolation and containment issues can be investigated at the
regional scale, more refined (smaller-scale) models are required for other
issues. Future work will include the use of progressively smaller-scale
models, with the boundary conditions for these models being obtained from the
analyses performed at the next larger scale.
In this chapter, the overall objectives of the regional-scale groundwater flow
modelling work are stated (Section 1.1), and the major assumptions
(Section 1.2) and computer codes (Section 1.3) used in the analyses are
briefly discussed.
1.1 Overall Objectives
This first set of regional scale analyses is used to assess the extent to
which a large crystalline rock mass (eg. batholith, pluton) can be expected to
contain and isolate HLW in terms of hydraulic considerations, for a variety
of geologic and hydrogeologic conditions. No credit is taken for radioactive
decay or the potential for retardation of radionuclides and other
contaminants.
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The Areal Extent of the Regional Scale is Delineated by the
Closed Curve Surrounding All Recharge and Discharge Points

Ground Surface
High Level Waste Repository

Recharge Point
for Flow Path

Groundwater Flow Path that
Intersects the Cylinder

Discharge Point
for Flow Path

Impermeable Rock

Figure 1-1. SCHEMATIC SHOWING A CYLINDER OF ROCK
THAT IS USED TO DEFINE THE REGIONAL SCALE
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Sites with one or more of the following characteristics are considered to be
favourable, in a hydraulic sense, for a HLW repository:
- sites at which the groundwater flow paths away from the repository area
are downward or essentially horizontal for significant distances;
- sites with low hydraulic gradients and/or low hydraulic conductivities
and/or high flow porosities along the groundwater flow paths that
intersect the repository horizon (ie., conditions that result in low
average linear groundwater velocities along those flow paths and low
volumetric fluxes of water through the repository);
- sites at which the groundwater flow paths from the repository to the
biosphere are long and/or along which significant dilution occurs; and
- sites at which all groundwaters discharge to a large body of water with
a large potential for dilution.
In designing a HLW repository, the site proponent will not be allowed to use
dilution processes as the sole or primary basis for establishing system
safety. Rather, the proponent will have to demonstrate, among other things,
that there is a high degree of confidence that the engineered barriers (eg.
the waste form, the canisters and the buffers) will effectively limit the
release of radionuclides from the repository for an appropriate period of
time. However, to provide an additional safety factor for the unlikely
occurrence of significant degradation of several engineered barriers, it would
be desirable to select a site with a potential to considerably dilute any
radionuclide releases along the flow paths through the geosphere.
1.2 Major Assumptions
The regional scale analyses are based on the following key assumptions:
1. Fractured crystalline rock can be represented as an equivalent
porous media. Groundwater flow through fractured crystalline rock
occurs primarily through the fractures. Fractured crystalline rock
can be represented as an equivalent porous media as long as the rock
mass contains a sufficient number of fractures so that the fractured
media acts in a hydraulically similar fashion to granular porous
media, for the parameters of interest. For regional scale analyses,
the equivalent porous media approach is generally considered to be
acceptable, and it is commonly used. In fact, the computational and
data requirements for discrete fracture codes are so large that it is
not feasible to use them to model regional-scale groundwater flow
systems.
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2. Groundwater flow occurs under steady-state conditions to the
depths of Interest for a HLW repository In the Canadian Shield. The
depth range for a high level waste repository in Canada is typically
stated to be between 500 m and 1000 m, and over this depth range the
steady-state flow assumption is likely appropriate. At many sites,
groundwater flow in the upper two or three hundred metres of rock will
respond to short-term changes in the water table position. However,
the impacts of these transient phenomena are dampened at depth, and it
is expected that groundwater at depths between 500 in and 1000 m will
respond to time-averaged water table conditions.
The large blocks of low-hydraulic-conductivity, unfractured rock that are
expected to occur at depth at some sites are a potentially complicating
factor, due to the complex geological history of Northern Ontario. The
most recent major event in the geology of Northern Ontario was the last
ice age. The ice caused relatively rapid load changes, which resulted in
significant tectonic disturbances, including erosion, depression of rock
surfaces, compression of the rock and pore fluids, rock faulting and
fracturing, uplift and subsidence. The glaciers receded from Northern
Ontario 11,000 to 12,000 years ago, and rebounding on the order of
millimetres per year is still occurring in some locations.
Considerable periods of time can be required for low-hydraulicconductivity, unfractured rock to come into equilibrium with hydraulic
conditions that are external to the rock mass. As a result, Uhe pore
pressures within such rock masses may still be changing in response to
previous major geologic events. Additionally, trapped pockets of very old
water may exist that are not in hydraulic communication with the zones in
which groundwater flow occurs. In most cases, however, one would expect
that non-steady-state groundwater flow systems are trending toward the
steady-state condition that is defined by the existing geology, lithology
and water table conditions of the region.
For an actual site, it would be very difficult to model the evolution
of the groundwater flow regime with time to yield the existing pore
pressure distribution, because of the lack of data and applicable
computer codes. As a result, steady-state conditions are commonly
assumed. In keeping with the spirit of the Micro-Assessment, steadystate groundwater flow conditions have been assumed for this first
status report. Nevertheless, the significant geological changes that
have occurred in Northern Ontario over the last 20,000 years should be
kept in mind when interpreting steady-state groundwater flow modelling
results which show smooth, million-year-long groundwater travel paths
at depth that are the result of current-day water table conditions.
Scoping calculations to estimate the times for fluid pressure pulses
to travel through some simple geologic systems are planned for the
future. These calculations will be used to aid in the identification
of conditions underwhich the steady-state assumption is not
conservative with regard to safety.
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3. The impact of the heat generated by the waste packages on the
groundwater flow regime is not considered in this report. As in the
case of Assumption 2, pre-waste-emplacement conditions only are
considered in this first status report to keep the analyses as simple
as possible. The impacts of the thermal pulse from the waste packages
on repository performance are currently being studied at the AECB as
part of the Micro-Assessment.
1.3 Computer Codes
The analyses of regional-scale groundwater flow were performed using the
SWIFT III (£andia Waste Isolation Flow and Transport) code, which is a fully
transient, three-dimensional finite-difference code for solving the coupled
equations for flow and transport in geologic media (Reeves et al, 1986;
GeoTrans, 1990a). The processes considered are:
°
o
o
o

fluid flow
heat transport
brine migration
radionuclide-chain transport.

Fluid flow, heat transport and brine migration are coupled via fluid density,
fluid viscosity and porosity. Together these first three processes are solved
to yield the groundwater velocity field, which is required for radionuclidechain transport. The verification and validation history of SWIFT III is
summarized in Appendix A, and two verification problems are presented.
STLINE (STreamLINE) (GeoTrans, 1990b), which is a companion code to SWIFT III,
also uses the SWIFT III velocity field to track the movement of individual
particles with time. SWIFT III can be used to analyze both standard porous
media problems and dual porosity (fracture and porous matrix) problems.
Given the simplifying assumptions to the regional-scale analyses described
above, SWIFT III was used to solve for fluid pressures and the groundwater
velocity field only under steady-state conditions. STLINE was then used to
calculate average travel paths and travel times for particles released at
various points in the flow system.

2.0 RELEVANT GEOLOGIC AND HYDROGEOLOGIC DATA FOR NORTHERN ONTARIO
The geologic and hydrogeologic data presented in this chapter are the basis
for the generic HLW disposal sites described in Chapter 3. The key input
parameters for the generic site model, such as hydraulic conductivity, are
discussed in Section 2.1, and ranges of values for Northern Ontario are
provided. In Section 2.2, factors that affect the nature of groundwater flow
systems in porous media are described, as some of the basic principles are
relevant to groundwater flow in plutons and batholiths. Published information
and theories on the nature of groundwater flow systems in fractured
crystalline rock are discussed in Section 2.3.
2.1 Key Model Parameters and Value Ranpes
Darcy's Law is the fundamental equation used to describe groundwater flow
through porous media:
u - -Ki
where

(1)

u ~ Darcy flux [L3/L2/T]
K - hydraulic conductivity [L/T]
i - hydraulic gradient [L/L]

The Darcy flux is a volumetric flux or specific discharge, and it represents
the volume of groundwater crossing a unit area of porous media oriented
perpendicular to the direction of interest, per unit time. The dimensions for
Darcy flux reduce to [L/T], which are the dimensions for velocity. For this
reason, Darcy flux is sometimes referred to as Darcy velocity. However, Darcy
flux is not a true velocity, as it is not representative of the rate of travel
of groundwater through a porous media in either a microscopic or an averaged
sense.
The average linear groundwater velocity in a porous media is calculated by
dividing the Darcy flux by the porosity available for groundwater flow (Freeze
and Cherry, 1979, pg. 71):
v = - —
n
where:

v - average linear groundwater velocity [L/T]
n = porosity [L3/L3]

The total or bulk porosity of fractured crystalline rock consists of the
porosity that is associated with the fractures, and the porosity that is
associated with the matrix. Furthermore, only a portion of the porosity that
is associated with the fractures is interconnected. Typically, groundwater
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flow in fractured crystalline rock systems will occur largely through the
interconnected, open fractures. A modified form of Equation (2) can be used
to estimate average linear groundwater velocities through fractured
crystalline rocks at a regional scale (Freeze and Cherry, 1979, pg. 408):
Vf

where:

- - Si

(3)

V f - average linear groundwater velocity for the fractures [L/T]
K - bulk or equivalent porous media hydraulic conductivity
of the fractured medium [L/T]
n 0 - effective flow porosity for the interconnected
fractures[L3/L3].

Effective flow porosity in Equation (3) is the porosity of the interconnected
fracture system through which active groundwater movement occurs.
Not surprisingly, the parameters in Equations (1), (2) and (3) are key
parameters for assessing the suitabilities of potential HLW disposal sites.
From Equation (1), key model parameters which can affect the directions and
volumetric distributions of groundwater flow include the following:
- the position of the water table, which determines the near-surface
hydraulic gradients and, to a lesser extent, the hydraulic gradients at
depth ; and
- the spatial distribution of and directional variations in hydraulic
conductivity, and in particular the contrasts in hydraulic conductivity
between any fracture zones and the adjacent intact rock.
The magnitude of flow porosity inversely affects the magnitude of average
linear groundwater velocity, as shown in Equations (2) and (3).
Value ranges for water table gradients are provided in Section 2.1.1, and
value ranges for hydraulic conductivity and porosity for crystalline rock in
the Canadian Shield are presented in Section 2.1.2. Fluid property data are
discussed in Section 2.1.3, as fluid mass density affects vertical hydraulic
gradients, and hydraulic conductivity is a function of both fluid density and
viscosity. In Section 2.1 A, annual runoff data for Northern Ontario are
presented, because these data provide an upper bound on the average annual
volume of water recharging to and discharging from the saturated groundwater
flow regime. The data ranges presented in the following sections are
summarized in Table 2-1.

2.1.1.

Water Table Gradients

Typically, the water table surface in an area or region is a subdued
reflection of the topography. With increasing depth and degree of
confinement, potentiometric surfaces show a greater degree of smoothing.

2-3
Table 2-1

VALUE RANGES FOR KEY MODEL PARAMETERS

System Parameter

Approximate Ranges of Parameter Values In
Crystalline Rock in Northern Ontario

- Water table gradients,
which drive near-surface
and, to a lesser extent,
deep groundwater flow
systems.

- Regional topographic gradients, which are
indicative of regional water table gradients,
range from 0.06% in the Winnipeg River Drainage
Basin to 0.6% along the northeastern shore of
Lake Superior.
- On the local scale, water table gradient
magnitudes and directions will reflect the local
variations in topography. In many cases, the
local variability in water table gradients will
overwhelm regional trends.

- Hydraulic conductivity, which directly
affects the rate and
spatial distribution of
groundwater flow.

- For unfractured rock, hydraulic conductivities
are typically 10"11rn/sec or less.

- Porosity, which
inversely affects the
rate of groundwater
flow.

- Interconnected matrix porosities for
crystalline rocks range from approximately 0.001
to 0.01.

- Fractured rock hydraulic conductivities
typically vary from 10'10 m/sec for slightly
fractured rock to 10"'* m/sec for fracture zones,
such as those encountered at the URL site.

- Fractured crystalline rocks will have
"fracture" porosity that is additional to the
matrix porosity. Effective flow porosities for
slightly fractured rock can be as low as lO"*1 to
10"5. Highly fractured crystalline rocks can
have porosities as high as 0.1.
- Spatial distribution
of salinity, which
affects groundwater mass
density.

- In the upper few hundred meters of rock,
groundwaters are generally fresh. At greater
depths, total dissolved solids content typically
increases rapidly with depth, particularly for
depths greater than 1000 m. Total dissolved
solids contents in excess of 100,000 mg/L are
common at depths greater than 1000 m.

- Average annual runoff,
which represents an
upper bound on the
average annual volume of
water recharging to and
discharging from the
saturated groundwater
flow regime.

- Average annual runoff varies from 200 mm/year
at the Manitoba - Ontario border to 400 mm/year
north of Georgian Bay/Lake Huron and along the
Quebec - Ontario border. A small area exists at
the eastern end of Lake Superior where average
annual runoff exceeds 500 mm/year.
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Regional recharge generally occurs at the topographic highs, and groundwater
flows toward discharge areas along river valleys and beneath lakes. In many
instances, some of the recharging waters flow under local-scale discharge
areas and continue to flow down gradient to intermediate-scale or repionalscale discharge areas. This leads to groundwater flow systems of various
scales, as shown in Figure 2-1 (Toth, 1963). In areas where local relief is
negligible, regional-scale groundwater flow systems predominate. On the other
hand, only local-scale systems develop in areas with pronounced local
topographic relief.
Groundwater flow divides can be expected to occur in the general vicinities of
major surface water flow divides. Figure 2-2 shows the major surface water
drainage basins for Northern Ontario (Energy, Mines and Resources Canada,
1985). The heavy line in Figure 2-2 delineates the Hudson Bay - Atlantic
Ocean Watershed. South of the watershed line, the drainage basins for Lake
Superior, Lake Huron, Lake Ontario and the St. Lawrence River are shown. For
the Hudson Bay Watershed, the drainage basin for the Nelson River has been
shown separately, because of its large areal extent.
Based on the above discussions, topographic gradients can be used to provide
conservative estimates of water table gradients, because the water table
surface is below or at ground surface in recharge areas, and it corresponds to
the water level in surficial bodies of water, such as lakes and rivers.
Average gradients along any regional-scale groundwater flow paths will be even
less than the corresponding water table gradients, as the lengths of the flow
paths will be longer than the corresponding straight-line distances between
the recharge and discharge areas.
In Northern Ontario, regional topographic gradients are, for the most part,
steeper south of the Hudson Bay - Atlantic Ocean Watershed than to the north
of the watershed. To illustrate this point, regional topographic gradients
are calculated in Table 2-2 for the four cross-section lines shown in
Figure 2-2. Regional topographic gradients along cross-section lines 1 and 2,
which are both in the Hudson Bay Watershed, are 0.065% and 0.092%. In
contrast, regional topographic gradients for cross-section lines 3 (Lake Huron
Drainage Basin) and 4 (Lake Superior Drainage Basin) are 0.46% and 0.63%. It
is also of interest to note that the two cross-section lines for the Hudson
Bay Watershed are much longer (435 km long each) than the cross-section lines
for the Lake Huron and Lake Superior Drainage Basins (70 km and 50 km,
respectively).
The terrain in many areas of Northern Ontario is hummocky. Pearson (1987,
pg. 68) suggests that a local relief of 30 m is typical for Northern Ontario.
Killey (1986, pg. 322) states that the median value for the area of lake
drainage basins in Northern Ontario is 2.1 km2. It is of interest to note
that this value is approximately one-half of the anticipated plan area for a
HLW repository in Canada of 4 km2. Assuming a circular drainage basin, Killey
points out that the longest straight-line flowpath in a 2.1-km2 drainage basin
would be 820 m. An elevation drop of 30 m over 820 m is equal to a gradient
of 3.7%. Thus, local variations in topographic (and consequently water table)
elevations can be expected to overwhelm the regional water table gradient in
many areas.
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Table 2-2
Cross-Section
Line Number

2.1.2

REGIONAL TOPOGRAPHIC GRADIENTS IN NORTHERN ONTARIO
Cross-Section Line
Description

Gradient
Along CrossSection Line

Remarks

West-northwest from
the highlands west of
Lake Nipigon, through
Dryden, to the
southern end of Lake
Winnipeg at the mouth
of the Winnipeg
River; 435 kin long.

0.065

Northeast from the
Hudson Bay - Atlantic
Ocean Watershed, past
Hearst, to James Bay;
435 km long.

0.092

The gradient along
this cross-section
becomes progressively
shallower from the,
southwest to the
northeast.

South from the
highlands at the
western end of Algoma
County, through
Elliot Lake, to the
North Channel; 70 km
long.

0.46

This gradient is the
steepest regional
gradient along the
north shore of Lake
Huron.

South from the
highlands south of
White River to Lake
Superior; 50 km long.

0.63

At several locations
along the eastern
shore of Lake
Superior, topographic
elevations increase
by more than 300 m
within 5 or 10 km
from shore
(corresponds to
gradients of more
than 6% and 3%).

Hydraulic Conductivity and Porosity

Hydraulic conductivity generally decreases with depth in plutons and
batholiths (Neretnieks, 1990, Figure 2.3; Kupfer et al, 1989, pg. 22; Mather
and Sargent, 1986, pg. 149). Field data show that crystalline rock hydraulic
conductivities vary from approximately 10"6 m/sec near land surface to less
than 1O'1Z m/sec at depth. Fracture and fault zones typically overlay a
network of higher-hydraulic-conductivity conduits on the decreasing-hydraulicconductivity-with-depth profile. Hydraulic conductivities in excess of
10'* m/sec have been measured in faults and fracture zones for test section
lengths of a few meters.
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Davison (1985, pgs 232 and 234) reports a hydraulic conductivity range of
10"s to 10"6 m/sec for shallow bedrock at the URL site, with most values being
on the order of 10"7 m/sec. At greater depths (several hundred to one
thousand meters), Davison states that hydraulic conductivities as low as
10"1* ra/sec were measured for unfractured rock. Hydraulic conductivities in
excess of 10'6 m/sec were measured over 10-m test sections in zones of intense
fracturing, such as fracture zones. Pearson et al (1985, pgs 58 and 63)
report hydraulic conductivities ranging from 4 x 10~7 m/sec (shallow bedrock)
to 2 x 10~lz ra/sec (depth interval of 616 to 836 m) for a gabbroic pluton in
the East Bull Lake Research Area,
Kupfer et al (1989, pg 22) also report hydraulic conductivities of 10'8 to
1O'B m/sec for near-surface crystalline rock in Switzerland, with hydraulic
conductivities as high as 10~'i m/sec measured for open fractures and fracture
zones. They state that the lower in-situ measurement limit for hydraulic
conductivity is 10"12 to^lO"13 m/sec for the test methods and durations used by
Nagra, and many hydraulic conductivity measurements in this range are
presented in their paper. At the Finnsjon Study Site in Sweden, hydraulic
conductivities in excess of 10~* m/sec were measured over 2 m test sections
for sub-horizontal fracture zones (Andersson et al, 1989, pg 5 ) . The lower
measurement limit for hydraulic conductivity at the Finnsjon Study Site was
approximately 10'10 m/sec. Mather and Sargent (1986) report hydraulic
conductivity data for crystalline rock from France, Finland and other sites in
Sweden that are consistent with both the values presented above and the value
ranges shown in Table 2-1.
Typically, decreasing power law functions are fit to hydraulic conductivitydepth data to describe the depth dependence of hydraulic conductivity (SKI,
1991, pg. 4-39). SKI questions this approach because few data exist for
depths greater than 600 to 700 m to control the fit of the power law function.
The rapid decrease in hydraulic conductivity in the upper few hundred metres
of rock may result in fitting parameters that underestimate hydraulic
conductivity at depth. SKI suggests an alternative model consisting of two
hydraulic conductivity zones: a high hydraulic conductivity zone in the upper
100 m to 200 m of rock and a zone below 200 m with lower, variable hydraulic
conductivities, but not necessarily a decreasing-hydraulic-conductivity-withdepth relationship. Additional hydraulic conductivity data at depth will be
required to resolve this issue.
Brace et al. (1982, pg. 9) report that interconnected matrix porosities for
granitic rocks range between 0.004 and 0.01. Data for mafic rock (mainly
dunites and gabbros) indicate interconnected matrix porosities are less than
0.003; the lower limit is somewhat uncertain, as the measurement limit was
approximately 0.001. Brace and his co-workers later conclude (pg. 13) that an
appropriate value range for interconnected matrix porosity for granitic,
unaltered mafic and metamorphic rocks is 0.001 to 0.01. In unfractured
crystalline rock, groundwater flow occurs through the interconnected matrix
porosity. Hydraulic conductivities in unfractured granite are on the order of
10"11 m/sec or less (Freeze and Cherry, 1979, pg 158; Gale, 1982, pg 163).
Fractured crystalline rock has "fracture" porosity that is additional to
matrix porosity, and relatively small "fracture" porosities can result in a
significant increase in bulk rock hydraulic conductivity over that afforded by
matrix porosity alone. For cases in which the interconnected fracture system
accounts for the majority of rock hydraulic conductivity, the effective flow
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porosity is the appropriate parameter for calculating average linear
groundwater velocity (see Equation 3 ) , Slightly fractured rocks can have
effective flow porosities as low as 10"* or 1CT5 (Freeze and Cherry, 1979,
pg 408; GTC, 1986, pg 80). Freeze and Cherry (1979, pg 37) present an upper
bound for porosity of fractured crystalline rock of 0.1, which would be
representative of brecciated rock in a fault zone.
Several analytical relationships exist that relate bulk or equivalent porous
media hydraulic conductivity to fracture properties for simple fracture
systems. Snow (1968, pg 80, Equation 9) presents an equation for a rock mass
with a set of parallel-plate fractures with constant fracture spacing and
aperture (width), which can be rearranged to yield:
K

where:

K
p
H
g
d
n£

«* bulk or equivalent porous media hydraulic conductivity
[L/T]
- mass density of groundwater [M/L3]
- dynamic viscosity of groundwater [M/L/T]
- acceleration due to gravity [L/T2]
•=> fracture spacing [LJ
= fracture porosity [ ].

For idealized parallel-plate fracture systems such as the system described by
Equation (A), fracture porosity is equivalent to effective flow porosity. The
relationship between bulk hydraulic conductivity and fracture porosity, as
defined by Equation (4), is shown in Figure 2-3 for fracture spacings of 1 m
and 10 m.
In-situ hydraulic tests are often analyzed with parallel-plate models, with
the test section represented as having an equivalent, idealized smooth-surface
fracture or set of fractures with constant aperture and spacing. The
idealized fracture porosity that is implied by the equivalent aperture data
is, however, generally less than the effective flow porosity (as defined in
Equation 3) of the system. The idealized fracture porosity from the parallelplate model will be controlled by the minimum fracture aperture along the flow
path. On the other hand, the effective flow porosity, is a function of the
average fracture aperture along the flow path. Also, flow path tortuosity due
to channelling in the fractures causes the effective flow porosity to be
larger than the porosity of the idealized parallel-plate fracture system. As
a result, hydraulic conductivity and effective flow porosity data for real
fracture systems will plot to the right of the line for the appropriate
fracture spacing in Figure 2-3.
The transition from groundwater flow through sparse, narrow fractures in a
slightly fractured rock to groundwater flow through the rock matrix in an
unfractured rock, if such a transition does in fact occur, has important
ramifications with regard to average linear groundwater velocity. The
equation for average linear groundwater velocity (Equations 2 and 3) is shown
graphically in Figure 2-4, with the ratio K/n (or K/nB) on the abscissa axis
and hydraulic gradient (i) on the ordinate axis. Using the data provided
above, unfractured rock masses would be expected to have hydraulic
conductivities of 10"11 m/sec or less and interconnected matrix porosities of
0.001 or greater, which result in K/n ratios of 10"8 m/sec or less. For the
range of re.gional topographic gradients in Northern Ontario of 0.06% to 0.6%
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(see Table 2-1), it can be seen from Figure 2-4 that average linear
groundwater velocities in unfractured crystalline rock would be expected to be
on the order of 10'3 m/yr or less, based on Darcy's Law. Because the rates of
groundwater movement can be so low, the process of diffusion must also be
considered when evaluating the rate of radionuclide transport through
unfractured crystalline rock.
To illustrate the potential differences between average linear groundwater
velocities in unfractured rock and slightly fractured rock, an unfractured
rock mass is assumed with a hydraulic conductivity of 10"11 m/sec and an
interconnected matrix porosity of 10"3. The K/n ratio for this unfractured
rock mass is therefore 10'8 m/sec. It is further assumed that the addition of
a small quantity of "fracture" porosity to the previously unfractured rock
mass will result in an order-of-magnitude increase in hydraulic conductivity,
from 1O' U m/sec to 10"10 m/sec. Since 90% (9 x 10'u/10"10) of the hydraulic
conductivity of the slightly fractured rock mass is attributable to the
fractures, it is appropriate to use Figure 2-3 to aid in the estimation of an
effective flow porosity for determining average linear groundwater velocity.
An effective flow porosity of 1CT5 was selected for the fictitious, slightly
fractured rock mass, as the value occurs immediately to the right of the
parallel-plate hydraulic conductivity-fracture porosity lines in Figure 2-3 at
the hydraulic conductivity value of 10"10 m/sec. The K/na ratio for the
slightly fractured rock mass is therefore 10"5 m/sec, which is three orders of
magnitude larger than the corresponding value calculated for the unfractured
rock mass. Thus, in this example the average linear groundwater velocity in
the slightly fractured rock would be three orders of magnitude larger than
that for the unfractured rock for the same hydraulic gradient, even though the
Darcy or volumetric flux of groundwater would be only one order of magnitude
larger (K one order of magnitude larger, see Equation 1 ) . With regard to
containment, unfractured rock provides considerable additional safety over
that provided by slightly fractured rock.
2.1.3

Groundwater Mass Density and Viscosity

In deep groundwater flow systems (deeper than a few hundred meters), spatial
variations, particularly with depth, in groundwater mass densities and
viscosities can be considerable. The variation in groundwater mass density is
of particular interest, because groundwater mass density affects both the
magnitudes and directions of vertical hydraulic gradients. Groundwater mass
density is a function of the following parameters:
1.

Salinity; Groundwater mass density increases with increasing dissolved
solids content. In the zone of active groundwater flow, which occurs to
depths of a few hundred meters, groundwaters are generally fresh (total
dissolved solids contents of less than 1,000 mg/L). Typically, total
dissolved solids content increases rapidly with depth below the zone of
active groundwater circulation, particularly at depths greater then 1000 m
(Frape and Fritz, 1987, pg. 21). Total dissolved solids contents in
excess of 100,000 mg/L are common at depths greater than 1000 m.
The dominant constituents of saline groundwaters and brines from the
Canadian Shield are Na, Ca, and Cl (Frape and Fritz, 1987, pg. 21).
Muller et al (1981) show that 100,000 mg/L solutions of NaCl and CaCl2
have relative densities of approximately 1.07 and 1.08 at 20oC. In other
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words, groundwater mass density increases by approximately 7% and 8%,
respectively.
2.

Temperature; Groundwater mass density decreases with increasing
temperature and the groundwater/rock temperature tends to increase with
depth. Coefficients of thermal expansion for water range from 2 x 1CT4
(oc)"1 at 20oC to 5 x 1(T* (oC)'1 at 60oC (Reeves et al, 1986, pg. 14).
The thermal gradient in the Canadian Shield is relatively low, and it
is not characterized by local "hot spots" (Pearson, 1987, pg. 68).
Reid and Chan (1989, pg. 175) present an average geothermal gradient
of 11.6oC/km for the Lac du Bonnet batholith. Using the coefficient
of thermal expansion for 20oC, this geothermal gradient would result
in a decrease in the mass density of groundwater of approximately
0.2 % over a depth of 1,000 m.

3.

Fluid Pressure: Groundwater mass density increases with increasing fluid
pressure, and fluid pressure tends to increase with depth. Freeze and
Cherry (1979, pg 52) give a value of 4.4 x 10"10 Pa"1 for the
compressibility of water. A 10 MPa increase in fluid pressure, which
corresponds to a 1000 m high column of water, would therefore increase the
mass density of groundwater by 0.44%.

Hydraulic conductivity is a function of both fluid and porous media (rock)
properties :
K
where k - intrinsic permeability of the porous media [Lz] .
Thus, groundwater mass density and dynamic viscosity affect Darcy fluxes and
average linear groundwater velocities through hydraulic conductivity. In this
report, hydraulic conductivity is handled as a lumped parameter, and the
values used in the modelling work are based on hydraulic conductivity values
obtained from the literature (see Section 2.1.2). As a consequence, the
variation of hydraulic conductivity with groundwater mass density and
viscosity is not explicitly considered in this report. Presumably, the ranges
of in-situ hydraulic conductivity values that are reported in the literature
reflect the typical in-situ variations in mass density and viscosity.
2.1.4

Average Annual Runoff and Groundwater Recharge/Discharge

Fisheries and Environment Canada (1978) define runoff as the portion of
precipitation that, by a variety of different surface and subsurface pathways,
reaches the stream channel. The amount of streamflow integrated over the year
is average annual runoff. Average annual runoff can be expressed in units of
mm/yr by taking the average annual flow volume at a particular point in a
stream channel and dividing it by the area of the drainage basin feeding that
point along the stream channel. In this form, average annual runoff
represents an average depth of runoff over the drainage basin.
Contours of average annual runoff data for Northern Ontario are shown in
Figure 2-5 (Fisheries and Environment Canada, 1978). Average annual runoff
varies from 200 mm/yr near the Manitoba-Ontario border to 400 mm/yr along the
northern shore of Georgian Bay/Lake Huron and the Quebec-Ontario border. A
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small area exists at the eastern end of Lake Superior where average annual
runoff exceeds 500 mm/yr.
Runoff consists of overland (surfaced flow, subsurface stormflow. which occurs
primarily through the unsaturated zone, and groundwater flow (Freeze and
Cherry, 1979, pg 217). As such, average annual runoff data provide an upper
bound on the quantity of water recharging to and discharging from the
saturated gro'jndwater flow regime. Groundwater flow is the primary source of
runoff to streams between rainfall and snowmelt events, and this component of
groundwater flow is referred to as baseflow. One, two or all three of the
above-mentioned mechanisms can deliver significant portions of the short-term
runoff peaks from rainfall and snowmelt events to the stream channel.
Bottomley et al (1984) used environmental isotope techniques to study runoff
patterns in two small watersheds on the Canadian Shield in Central and
Northern Ontario. Their analyses indicated that storm runoff in two subbasins of one of the watersheds consisted of 40% to 90% groundwater. Their
data are in line with the results of similar studies for small headwater
basins that are discussed and referenced in Freeze and Cherry (1979, pg 224).
Given that baseflow is derived entirely from groundwater flow, groundwater
flow can be the dominant source of runoff in some watersheds.
Weitzman (1985, pg 2) references work by the Ontario Ministry of the
Environment (MOE) between 1966 and 1972 on five major river basins in Northern
Ontario (Moose, Albany, Attawapiskat, Winisk and Severn) that drain into James
and Hudson Bay. According to Weitzman, the MOE calculated an average
groundwater recharge/discharge rate for the five river basins of 68.5 mm/yr.
Based on the locations of these rivers and Figure 2-5, a groundwater flow
component of 68.5 mm/yr represents between 17% and 34% of average annual
runoff for the area.
Freeze and Cherry (1979, Chapter 6) discuss the situations under which
overland flow, subsurface stormflow and groundwater flow can contribute
significantly to storm and snowmelt runoff, and the difficulties in
determining the quantities of runoff contributed by each mechanism. In
particular, it is difficult to distinguish between runoff originating from
subsurface stormflow and groundwater flow. The separation of stream
hydrographs into overland flow, subsurface stormflow and groundwater flow
components is an area of on-going research.
In contrast to the results of watershed studies, regional groundwater flow
modelling studies for the Canadian Shield indicate groundwater recharge and
discharge on the order of millimetres per year or a few centimetres per year.
Weitzman (1985, pg 8) and INTERA (1985, pg 9) used values for groundwater
recharge of 37 mm/yr and 1.5 mm/yr, respectively, for their conceptual models
of the region surrounding the URL Lease Area. Weitzman's recharge rate is
more than an order of magnitude larger than INTERA's recharge rate because he
assigned a hydraulic conductivity of 5 X 10"6 m/sec to one of his near-surface
hydrogeological zones, whereas 1 X 10"7 m/sec was the highest hydraulic
conductivity used in INTERA's regional model. INTERA (1981, pg 3) used
recharge rates varying between 6.3 mm/yr and 0.63 mm/yr for their conceptual
model of the Atikokan Site.
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The groundwater recharge/discharge rates used or calculated with regional
groundwater flow models are less than those suggested by field studies for the
following reasons:
1.

Regional groundwater flow conceptual models do not typically include the
overburden materials. In the vicinities of discharge areas (streams,
rivers and lakes) , granular materials often occur that are capable of
transmitting large volumes of groundwater. As a result, the contribution
of overburden materials to total groundwater recharge and discharge are
not accounted for in regional-scale models.

2.

Steady-state conditions are assumed for the regional groundwater flow
conceptual models, and thus time-averaged water table gradients are used.
This ignores the groundwater recharge/discharge component associated with
the transient pulses across the water table surface that occur as a result
of storm and snowmelt events.

3.

In regional-scale conceptual models, grid blocks and elements on the order
of kilometres in length are often used, and the water table surface is
essentially represented by straight line segments between the various
grid-block centres or nodes. Thus, water table conditions are also
averaged spatially and small-scale groundwater systems on the order of
tens and hundreds of meters are ignored.

The groundwater recharge/discharge associated with the above three points
occurs either above the bedrock, or within the top few tens of meters of
bedrock. Since regional groundwater flow models are typically developed to
understand and evaluate groundwater flow conditions at depths of a few hundred
meters or more, it is often acceptable to ignore or average-out near-surface
groundwater flow conditions. At depth, groundwater flow is generally driven
by time- and spatially-averaged surface conditions. Thus, the small
groundwater recharge/discharge rates used or calculated with regional
groundwater flow models are not inconsistent with the total groundwater
recharge/discharge rates that have been estimated for stream and river basins
in Northern Ontario.
2.2 Factors Which Influence the Scales of
GroundwaterFlow Systems in Porous Media
Toth (1963), Freeze (1966) and Freeze and Witherspoon (1967) used analytical
and numerical models to study the effects of topography and geology on the
scales of groundwater flow systems in porous media. Toth (1963) generated a
series of potentiometric distributions with an analytical solution for steadystate groundwater flow in surficial aquifers of varying length to depth
ratios. He assumed that the aquifers consisted of a homogenous, isotropic
porous medium, and that the materials underlying the aquifers were
impermeable.
Figure 2-6 shows the groundwater flow patterns for two aquifers with a depth
of 1000 ft (300 m) and a 20:1 length to depth ratio. In Figures 2-6a and
2-6b, the regional trends in the water table gradient are 2% and 5%,
respectively. In both cases, Toth superimposed a sinusoid with an amplitude
of 50 ft and a period of 5,000 ft on the regional water table gradient to
represent a rolling or hummocky terrain. The resulting water tables are thus

.£ iioe-

t
I

-PoleMiol diifribulion on tht lur/aee of
the (heorclicol ffow region

|.aoo
T)

8*0-

"2 600-

/

i
c

I \

\

» 400o
"o 200-

/- J » I ' i H i \ \
/ I I I ! |I M 1 \
•t

o r '0
0

IOCO

?OO0

3000

/.
1

' 1 1 1 1i i

l

\

' ' !Il t i l 1 \

; i I i I 1 I I ! ,X*

4 000

SOOO

6000

7033

80C0

-JOt

.0030

l'OOO

I20C0

'JOOO

U0C0

IbCCC

16000

I?COO

10000

>>?C0OOr>rl

19000

JOCOO

Standard dalum

(a)
i
i—'
t—'

iaoo
I6OO

Peltnltot disiribulion en Ihc surfoct ot the
theoretical flow region

1400
1200
1000
800GOO
400
-

200

I

. M i l
0

|

-

-

•

l

i

v

f

'

-

l

l

l

-

l

l

-

l

•

i :: I i l / u M i l i i i l l i i i i l l

1000 2000

30C0

«00Û

SOOO

6000

M i l
7000

I I 11 t l 1 1 l i l ' l I I 1
6000

i ' : 111111 nil m i
9000
ICOOO
UOOO
»---_ , ,
î • 2 0 0 0 0 ff«l

I

i

12000

I

J I Il l U ' l J I I I l 1 ! ! 1 ! ! I

i i i iimitiiitnii i
IJOOO
14000
15000
ICOOO
*

l

l

1

'

i i 1 1 \
t

17000

I000O

(b)
Figure 2-6.

i _t

i J

19000
ZOOOO
Sïandord da I urn

GROUNDWATER FLOW PATTERNS FOR A 300-m (1,000-ft) DEEP
AQUIFER WITH REGIONAL WATER TABLE GRADIENTS OF
(a) 2 PERCENT AND (b) 5 PERCENT (Toth, 1963)

2-12
representative of a local or secondary relief of approximately 30 m (100 ft,
or two times the amplitude), with a distance of 750 in (2500 ft, or one-half of
the period) between water table highs and lows. A local relief of 30 in is
equal to the average value suggested by Pearson (1987, pg. 68) for Northern
Ontario, and the distance of 750 m between water table highs and lows is in
line with the median drainage basin area of 2.1 km2 that was reported by
Killey (1986, pg. 322) (see Section 2.1.1).
In Figure 2-6a, the local relief of 30 m overwhelms the 2% regional trend of
the water table, and only local scale flow systems occur. This result is
significant, because the 2% regional water table gradient in Figure 2-6a is
greater than the range of regional topographic gradients for Northern Ontario
that are shown in Table 2-2. In areas of Northern Ontario where impermeable
rock occurs at shallow depths (for Figure 2-6a, the depth to impermeable rock
is 300 m ) , Figure 2-6a suggests that only local-scale groundwater flow systems
will occur.
The larger regional water table gradient of 5% in Figure 2-6b is sufficient to
cause both local-scale and regional-scale groundwater flow systems to develop
in the 300-m thick aquifer. As shown in Table 2-2, topographic gradients on
the order of 5% do occur in some areas within 5 or 10 km of the eastern end of
Lake Superior.
Figure 2-7 combines the water table used in Figure 2-6a (2% regional trend,
local relief of 30 m) with an aquifer that is 10,000 ft (3000 m) deep. In
this case, there is sufficient depth for the 2% regional trend in the water
table gradient to cause intermediate-scale and regional-scale flow systems.
homogeneous, isotropic hydraulic conductivity to a depth of 3000 m is,
however, unrealistic for the Canadian Shield. As stated in Section 2.1.2,
hydraulic conductivity tends to decrease with depth.

A

In summary, Toth (1963) showed that local groundwater flow systems become more
pronounced as the local relief increases and the depth to lateral extent of
the aquifer decreases. Toth also noted that the volume of groundwater
transmitted by the porous medium decreases rapidly with depth and with the
transition from the local-scale to the intermediate-scale and regional-scale
flow systems. In reviewing the work of Toth, Freeze and Witherspoon, Pearson
(1987, pg. 68) suggested that the depth of local-scale and intermediate-scale
flow systems is approximately ten times the local or secondary relief of the
water table for a homogeneous, isotropic system.
Freeze (1966) and Freeze and Witherspoon (1967) used a numerical model in
their work, and as a result they were able to extend Toth's work and
investigate the effects of geologic heterogeneities on the scales of
groundwater flow systems in porous media. Freeze and Witherspoon used their
modelling work to demonstrate the following principles that are relevant to
this report:
1.

The presence of a high-hydraulic-conductivity layer at depth can result in
a regional-scale groundwater flow system in terrains where such a system
would not have otherwise existed. This point is illustrated by comparing
the flow systems in Figures 2-8a and 2-8b, which have identical water
table configurations and boundary conditions. A constant hydraulic
conductivity value is used for Figure 2-8a and groundwater flow occurs
primarily at the local scale. In Figure 2-8b, a conduit of enhanced
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hydraulic conductivity occurs at the base of the modelled region and
extends along the full length of the flow system. The high-hydraulicconductivity layer "sees" only the highest and lowest water table
elevations in the flow system (right and left boundaries of the flow
system, respectively), and a significant regional-scale groundwater flow
system results. Also, the "capture zones" for the local-scale discharge
areas diminish, as the local-scale recharge areas tend to feed the highhydraulic- conductivity layer. These observations are significant with
regard to the Canadian Shield, as areally-extensive, sub-horizontal
fracture zones are often encountered in granitic plutons and batholiths.
2.

The thickness of the high-hydraulic-conductivity layer in Figure 2-8b has
little effect on the nature of the flow pattern, although the quantity of
groundwater flowing through the unit is directly affected. Also, the
addition of lower-hydraulic-conductivity units beneath the high-hydraulicconductivity layer has little or no effect on the groundwater flow
pattern. Basically, the magnitudes and directions of the hydraulic
gradients in the underlying units are approximately equal to those in the
high-hydraulic-conductivity unit. This concept is illustrated by Figure
2-8c, which shows the effects of a buried lens of higher hydraulic
conductivity. It can be seen from the potentiometric contowrs that the
hydraulic gradients within and below the high-hydraulic-conductivity lens
are similar. This observation suggests that groundwater flow conditions
in the deepest areally-extensive, sub-horizontal fracture zone for a
particular pluton or batholith will control the magnitude and direction of
the hydraulic gradient for the underlying, low-hydraulic-conductivity
crystalline rock.

3.

Figure 2-9 illustrates the impacts of a reduction in the hydraulic
conductivity of the geologic section. Figures 2-9a and 2-9b show
groundwater flow conditions for a narrow, flat valley with a steep valley
flank and a constant regional slope extending from the valley edge to the
topographic high. A constant value for hydraulic conductivity is used in
Figure 2-9a, whereas a higher-hydraulic-conductivity unit exists in the
bottom, right-hand (up-gradient) half of the flow system in Figure 2-9b.
In progressing from right to left in Figure 2-9b, the capacity of the
geologic section to transmit water is reduced at the midpoint of the flow
system, due to the termination of the higher-hydraulic-conductivity unit.
This results in the discharge of some of the groundwater to ground surface
in an area where discharge would not be expected based on the topography
of the area (compare Figure 2-9a to Figure 2-9b). Clearly, such a
condition could be undesirable in the immediate vicinity of a HLtf
repository. A reduction in the magnitude of the hydraulic gradient at
depth would also result in the discharge of a portion of the groundwaters
carried by the section.

2.3 Groundwater Flow Systems in Fractured Crystalline Rock
Groundwater flow systems can be more complex in fractured rock than in porous
media, because of the high degrees of anisotropy and heterogeneity that can be
present in crystalline rock. In some cases, highly and moderately fractured
rock can act in a hydraulically similar fashion to a porous medium at
relatively small scales (for example, scales on the order of tens or hundreds
of meters). Geometric conditions that tend to favour porous medium behaviour
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include a high density of open fractures, fracture orientations that are well
distributed rather than constant, and fracture apertures that are relatively
constant (L^ng et al, 1982). As fracture density decreases and/or the
fracture network becomes less favourable to equivalent porous medium
behaviour, one or more fractures or fracture sets can strongly influence
groundwater flow patterns at small scales. This concept is shown
schematically in Figure 2-10, When this occurs, a larger volume of rock must
be considered if the fractured rock is to be represented as an equivalent
porous medium. Depending on the nature of the fracturing and the size of the
rock mass, rocks with a low fracture density may not behave as a porous medium
on any scale. In the extreme case, fracture density is reduced to the point
where the open fractures are no longer interconnected, and the fractures do
not contribute to the capacity of the rock to transmit groundwater.
The above discussion points to an hierarchy of groundwater flow systems in
plutons and batholiths that is a function of the density and other geometric
parameters of the fracture network. In the following subsections, three
potential groundwater flow systems or regimes in plutons and batholiths that
arise from the literature are discussed. These groundwater flow systems or
regimes include the active groundwater flow zone, the system of sub-vertical
and sub-horizontal fault and fracture zones, and the relatively intact rock
that surrounds and underlies the system of fault and fracture zones.
2.3.1

Active Groundwater Flow Zone

It is generally agreed that a zone of active groundwater circulation exists in
the upper sections of most plutons and batholiths in Northern Ontario.
Pearson (1987, pg 68) and Gascoyne et al (1987, pg. 68) suggests a typical
depth range of 300 m to 400 m. Many frameworks of open faults, fractures and
other discontinuities exist in this zone, and the fracture network is highly
interconnected. The groundwater flux through the zone of active flow is
sufficient to maintain low values of total dissolved solids. The depth range
of 300 m to 400 m is supported by numerous field investigations and a study of
underground mines and excavations in the Canadian Shield. Raven and Gale
(1986, pg 6) found that most visible groundwater seepage in mines occurred
within the upper 300 m of the excavation, and that the seepage rates within
the upper 300 m were more consistent with time than the seepage rates from
deeper breaks in the rock. These points are illustrated by Figure 2-11, which
shows that grouting was typically required to reduce seepage rates in the
upper 300 m of rock, whereas seepage rates decreased naturally with time at
greater depths.
Pearson (1987, pg 68) suggests that local relief is sufficient in the Canadian
Shield to drive groundwater flow in the active zone, and thus the active
groundwater flow system is composed of local and intermediate scale flow
systems (see Figure 2-1). Groundwater flow patterns in the active flow zone
would be similar to those shown in Figure 2-6a, assuming that the fractured
rock in the active zone could be represented as an equivalent porous medium at
the local scale. (Recall that Figure 2-6a shows an aquifer with a depth of
300 m and a water table configuration that is in line with conditions in the
Canadian Shield). Figure 2-6a shows groundwater flow patterns for a
homogeneous, isotropic porous medium. Since fractured crystalline rock is
typically anisotropic, Figure 2-6a would have to be modified to show the
groundwater flow directions along the individual flow loops to be aligned with
the orientations of the fracture sets with open fractures. Also, hydraulic
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conductivity would be expected to decrease with depth in the active flow zone,
and this would result in a concentration of the flow lines in the upper, morepermeable sections of the active groundwater flow zone.
2.3.2

Sub-Horizontal and Sub-Vertical Faults and Fracture Zones

As previously discussed, hydraulic conductivity in plutons and batholiths
generally decreases with depth. As a consequence, the fault and fracture
zones that cut the relatively intact rock blocks at depth typically represent
the major conduits of groundwater flow beneath the zone of active groundwater
circulation. Gascoyne et al. (1987) state that the subsurface hydrogeologies
of all four plutons investigated under the Canadian Nuclear Fuel Waste
Management Program are controlled largely by major sub-horizontal and/or subvertical fracture zones. At the URL site, significant vertical freshwater
head gradients exist between the three sub-horizontal fracture zones at the
site (Davison, 1985, pg. 246). This observation implies that fracture zones
are controlling groundwater flow patterns, and relatively little flow is
occurring across the intervening blocks of relatively intact rock. Fault and
fracture zones with sub-horizontal and sub-vertical orientations have
typically been encountered in crystalline rock study areas in other countries
(for example, the Finnsjon study site in Sweden, see Ahlbom et al., 1986).
Fault and fracture zone systems that are hydraulically connected to the zone
of active groundwater circulation have the potential to transmit large
quantities of groundwater.
Raven and Gale's (1986) study of underground mines and excavations in the
Canadian Shield tends to give credence to the concept of faults and fracture
zones carrying most of the groundwater at depth. At depths of 300 m or
greater, areas of visible groundwater seepage were largely restricted to major
structural features (Raven and Gale, 1986, pg 6 ) . Raven and Gale note,
however, that the ventilation systems in the mines had the potential to
evaporate the small volumes of groundwater that might have been seeping from
minor breaks in the rocks, such as individual fractures and joints.
As shown in Figure 2-11, the flow rates from many of the structural features
at depths greater than 300 in decreased substantially with time, and in some
instances the decreases occurred over a period of minutes to hours (Raven and
Gale, 1986, pg. 7 ) . This could indicate that the structural features were
isolated or poorly connected to the active groundwater flow zone.
Alternatively, stress redistribution around the circumferences of the mined
openings may have closed the rock openings that were carrying the groundwater,
or the sources feeding groundwater to the deep discontinuities were being
intercepted by the upper mine levels. Stress redistribution around mined
openings may have also contributed to the lack of seepage from individual
fractures and joints at depths below 300 m.
Large vertical and sub-vertical fault systems exist at depths in excess of
1000 m in the Canadian Shield, and fresh to brackish groundwaters (total
dissolved solids less than 10,000 mg/L) are often found in such zones in
operating mines (Frape and Fritz, 1987, pg. 20). At some of these mines, it
has been shown that the deep vertical and sub-vertical fault systems are
hydraulically connected to the surface. Large horizontal and sub-horizontal
fault and fracture systems have been encountered at depths as great as 2000 m
in the Canadian Shield. At these depths, such systems contain highly
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concentrated brines (usually greater than 250,000 mg/L) (Frape and Fritz,
1987, pg. 20). Brine-containing fractures have been observed at depths as
great as 11 km in the crystalline basement of the East European platform
(Volk, 1987). Insufficient data exist to assess whether or not the
frequencies or transmissivities of sub-horizontal fault and fracture zones
decrease with depth. With increasing depth, the number of sub-vertical fault
and fracture zones providing connections to near-surface hydrogeologic systems
can be expected to decrease. Thus, sub-horizontal fault and fracture zones
will generally become increasing isolated with depth from the zones of active
groundwater flow. As in the case of the study of underground mines and
excavations, inflows into boreholes from deep sub-horizontal fault and
fracture zones often cease to flow after a period of time (Frape and Fritz,
1987, pg. 20; Volk, 1987, pg. 200). Frape and Fritz (1987, pg. 20) state that
there is no evidence to suggest that the deep groundwater systems associated
with sub-horizontal fault and fracture zones are hydrogeologically active,
unless disturbed by mining or drilling operations.
Stokes (1977) used numerical modelling to develop Figure 2-12, which is an
interpretation of regional groundwater flow in crystalline rock in westcentral Sweden (figure was obtained from Gale, 1982, pg 175). According to
Gale, the figure shows a number of near-vertical shear and fracture zones
intercepting the flow in horizontal joints. This figure illustrates the
concept of sub-horizontal and sub-vertical faults and fracture zones shortcircuiting and controlling groundwater flow patterns at depth. Stokes shows
only one direction of horizontal flow between each pair of adjacent,
horizontally-connected sub-vertical shear and fracture zones that is entirely
dependent on the difference in water table elevation between the two points
where the sub-vertical features intersect the ground surface. Figures 2-8b
and 2-12 suggest that the degree to which regional groundwater flow systems
can occur at depth is a function of 1) the extent to which sub-horizontal
faults and fracture zones occur and are areally continuous and transmissive,
and 2) the frequency at which the sub-horizontal features are connected to the
zone of active groundwater circulation by sub-vertical, enhanced-hydraulicconductivity features.
In Figure 2-12, the near-vertical shear and fracture zones are aligned with
groundwater flow divides, and as a consequence horizontal groundwater flow
does not occur across the near-vertical structures. For geologic systems in
which the groundwater flow direction does not change across near-vertical
structures, it is conceivable that groundwaters could travel for tens or
hundreds of kilometers through sub-horizontal and sub-vertical fracture zone
systems. Along the margins of the Canadian Shield, any hydraulic connections
between the fault and fracture zone systems and the adjacent, predominantly
sedimentary rocks and deposits will effectively expand the regional-scale
groundwater flow system in the crystalline rock to include that in the
sedimentary rock. In fact, one explanation for the geochemistry of some
groundwater samples from the Whiteshell Research Area in eastern Manitoba is
that intrusion of adjacent sedimentary brines has occurred from the Winnipeg
Formation (40 km to the west of the Whiteshell Research Area) (Gascoyne et
al., 1987, pg. 64).

20

Figure 2-12.

30 Km

NUMERICAL MODELLING RESULTS SHOWING REGIONAL-SCALE
GROUNDWATER FLOW PATTERN IN CRYSTALLINE ROCK
(Gale,1982)
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2.3.3

Relatively Intact Rock

The nature of groundwater flow in the relatively intact rock that underlies
the zone of active groundwater flow and surrounds the deep fault and fracture
zones is poorly understood. Groundwaters in the depth range of 500 m to
1000 m are often saline (total dissolved solids content of 10,000 mg/L to
100,000 mg/L)(Frape and Fritz, 1987, Figure 2b). Brines (total dissolved
solids content greater than 100,000 mg/L) are common at depths greater than
1000 m, and the ages of the brines are often Inferred to be many million years
old. As a consequence, the mechanisms that caused these groundwaters to occur
at depth in the Canadian Shield are largely or possibly completely unrelated
to post-glacial groundwater flow systems. The chemistries of these
groundwaters are complex due to mixing at depth and the long-term interactions
between the groundwaters and the rock matrix. Several origins for these
groundwaters have been suggested (Frape and Fritz, 1987; Pearson, 1987),
however it has not been possible to ascribe a specific origin or age to a
particular groundwater sample, because of the complex and uncertain conditions
under which the groundwaters have evolved through time. In most cases, the
highly saline groundwaters and brines at depth are mixtures of waters of
different origins and ages.
With regard to performance assessment, the current and future movements of the
groundwaters within the disposal zone (depths of 500 to 1000 m) are of
ultimate interest. A thick section of crystalline rock with few, if any, open
fractures would be ideally suited for a HLW repository. In tight, unfractured
crystalline rock (for example, rocks with hydraulic conductivities of
10"12 m/sec or less), groundwater movement would be negligible, given the low
hydraulic gradients that occur at depth in the Canadian Shield. A review of
the literature by Golder Associates (1988, pg. 24) indicated, however, that
crystalline rock cores from deep boreholes generally do contain fractures, and
the fracture density does not significantly decrease with depth. Golder
Associates describe downhole video camera logs or visual logs of cores for
twelve boreholes which showed only four 10-m to 40-m lengths and five 50-m to
100-m lengths with no visible fractures.
In situ stresses do, however, increase with increasing depth, and increased
stresses tend to reduce fracture apertures. Based on a review of data from
crystalline rock study sites in Sweden, Neretnieks (1990, pg. 4) notes that
fracture mapping of cores showed fracture frequencies varying between less
than one and four fractures per meter at depths greater than 300 meters.
Neretnieks further states that only a fraction of the visible fractures
conducted water during double packer tests. At two sites, the distances
between fractures that showed a measurable flow was between 5 m and 10 m at
depths greater than 200 m. Gascoyne et al. (1987, Figure 5) present hydraulic
conductivity data as a function of depth for two boreholes at the Atikokan
research area. At depths greater than 500 m, 40 of the 44 hydraulic
conductivity values shown ranged from less than 10"13 ni/sec to 10"11 m/sec.
The remaining 4 points were apparently associated with fracture zones,
however, the highest hydraulic conductivity presented was only 10"10 m/sec.
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In summary, a crystalline rock mass with closed fractures and/or open
fractures that are not interconnected can be expected to act in a
hydraulically similar fashion to an unfractured rock mass. However, some
degree of fracture permeability must be expected in a rock block the size of a
repository.
The groundwater flow regime in relatively intact rock could take several forms
Under steady-state conditions, the work of Freeze and Witherspoon (1967)
suggests that the hydraulic gradients in the rock beneath the deepest areallyextensive, transmissive sub-horizontal fault or fracture zone through which
groundwater flow occurs would be approximately the same as the hydraulic
gradient within that fault or fracture zone (see Figure 2-8c) . In any zones
of significant hydraulic conductivity, the groundwaters would move in
directions determined by the in-situ hydraulic gradients and the orientations
of the open joints and fractures comprising the interconnected fracture
network. At shallower depths, the groundwaters would be contained within the
flow systems defined by the underlying and overlying sub-horizontal and the
adjacent sub-vertical faults and fracture zones (see Figure 2-12), and
possibly the zone of active groundwater circulation. The above conditions
would imply a series of deep but laterally restricted groundwater flow
systems.
Others, such as Lee (1986, pg 421), suggest that the saline groundwaters at
depth maybe part of "a large, relatively stagnant, super-regional system that
discharges primarily to super-regional, topographic lows such as Lake Superior
or James Bay". Gascoyne et al. (1987, pg. 68) postulate that advectivt flow
is minimal below the zone of active groundwater circulation in many areas on
the Canadian Shield, due to the low relief of the Shield terrain and the
generally low hydraulic conductivities at depth. Under these conditions,
Gascoyne and his co-workers suggest that the upward movement of salts from
depth is largely the result of diffusion.
Alternatively, the groundwater flow regime within the disposal zone may still
be responding to the hydraulic perturbations caused by the recession of the
glaciers at the end of last ice age, or some previous geologic process. In
this case, groundwater flow patterns could be significantly different than
those defined by steady-state conditions.
Possible evidence in Northern Ontario of the movement of brines and saline
groundwater from depth to land surface is limited to approximately twenty
"salt licks" (Frape and Fritz, 1981, pg 3 ) . The majority of these salt licks
are adjacent to or on islands contained within Lake Superior and Lake Nipigon.
The exact origins of the salt components at the salt lick sites are uncertain,
and the various sites may be characterized by different origins. Frape et al.
(1984) studied a salt lick northeast of Nipigon, Ontario, and they concluded
that the dissolved solid load of the saline water probably had a bedrock
origin, although no evidence was found to relate the solids to the deep
crystalline rock brines found in the Canadian Shield. Frape and Fritz (1981)
noted that the chemistry of some of the salt licks varied considerably with
time. They attributed these variations to the variable quantities of nearsurface groundwaters and surface waters that mixed with the discharges of
saline waters.
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Given the large hydraulic conductivity contrasts between near-surface bedrock
and overburden materials and the relatively intact rock found at depth, it is
not surprising that occurrences of brackish or saline water at shallow depths
are rare. Typically, the volumes of groundwater transmitted by the nearsurface rock and overburden are many orders of magnitude larger than the
volumes of groundwater transmitted at depth, and thus there is a large
potential for dilution of any discharging saline waters.
Frape and Fritz (1981, pg 3) note that salt licks tend to occur above fault
structures and at points of low topography. Figure 2-13 shows a schematic of
a simple flow model that Pearson (1987, pg 69) developed to illustrate a type
of geologic condition that could result in the formation of a salt lick.
Pearson assumed that fresh water was circulating through the "U"-shaped zone
of higher hydraulic conductivity to a depth of 300 m. Pearson also assumed
that saturated brine (TDS - 400,000 mg/L) occurred at a depth of 1300 m, and
that salt from these brines was diffusing upward to the horizontal segment of
the "U"-shaped fracture zone. Pearson had to assume a relatively rare
combination of hydraulic properties and conditions to obtain a discharge
salinity of 9,000 mg/L from the simple flow model shown in Figure 2-13. The
salinity of 9,000 mg/L corresponds to the most concentrated salt lick water
sample that was described in Frape et al (1984). Based on his analysis,
Pearson suggested that the reason that salt licks are not common is that a
relatively rare combination of hydraulic properties are required for salt
licks to occur.
In Chapter 4, several geologic configurations and hydrogeologic conditions
will be tested using SWIFT III to investigate the potential interactions
between the zone of active groundwater circulation, fault and fracture zone
systems and intact rock under steady-state conditions.
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Figure 2-13.

SCHEMATIC SHOWING HYDROGEOLOGIC CONDITION
THAT RESULTS IN THE FORMATION OF A SALT LICK
(Pearson,1987)

3.0 REGIONAL-SCALE MODELS OF GENERIC
HIGH-LEVEL WASTE DISPOSAL SITES
The geologic and hydrogeologic data presented in Chapter 2 are used in this
chapter to develop regional-scale models of generic HLW disposal sites. The
finite difference grid is described in Section 3.1, and the value ranges used
for hydrogeologic and fluid properties are presented in Sections 3.2 and 3.3,
respectively. Boundary conditions for the conceptual models are discussed in
Section 3.4. Section 3,5 discusses the use and interpretation of groundwater
particle trajectories and travel times.
The regional-scale models developed in this chapter were analyzed with
SWIFT III and STLINE, and the computer simulation results are discussed in
Chapter 4.
3.1

Finite Difference Grid

Figure 3-1 shows the 50 km long by 2,000 m (2 km) deep cross-sectional grid
that was used for regional-scale groundwater flow modelling of generic HLW
disposal sites. The use of a two-dimensional cross-sectional grid implies
that geologic and hydrogeologic conditions are uniform in the direction
perpendicular to the modelled plane. Figure 3-1 shows the grid with no
vertical exaggeration and with a vertical exaggeration of 15. Potential
repository locations are shown at the horizontal centre of the grid at depths
of 500 in, 750 m and 1000 m.
The grid consists of 91 grid blocks in the horizontal direction and 40 grid
blocks in the vertical direction (3640 grid blocks in total). In the
horizontal direction, the grid blocks have been configured so that sets of two
25-m and one 20-m wide columns of blocks occur at 19 km, 23 km, 27 km and
31 km1. These grid blocks represent potential vertical fracture zone
locations, and the fractures can be "activated" by specifying hydraulic
conductivities to the corresponding grid blocks that are significantly greater
than those for the surrounding "intact rock" grid blocks. Similarly in the
vertical direction, rows of three 20-m thick grid blocks occur at depths of
250 m, 500 m, 750 m and 1000 m. These grid blocks can be used to provide
horizontal connections between the four potential vertical fracture zones.
Thti 20-in thick grid blocks can also be used to represent potential repository
horizons.
Progressively larger grid blocks are used away from the potential fracture
zones, with the increases in grid block sizes between adjacent grid blocks
limited to 50 percent. The maximum grid block width is 6.3 km (along the left
and right boundaries of the grid) and the maximum grid block thickness is
250 m (along the bottom of the grid). Figure 3-2 shows the portion of the
regional grid between 15 km and 35 km and depths 0 in and 1500 m at a larger
scale, so that the grid discretization around the potential fracture zones can
be seen. The vertical exaggeration in Figure 3-2 is 10.
The depth range for
typically stated as
depth of 2000 m was
1000 m. As will be

a HLW repository in crystalline rock in Canada is
being between 500 m and 1000 m, and the regional grid
chosen to be two times the maximum repository depth of
discussed in Section 3.4, the rock beneath the grid was

1 Note: All horizontal co-ordinates are with respect to the left grid
boundary.
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assumed to be essentially impermeable. The grid depth of 2000 m was
considered to be adequate, given the fact that no hydraulically-active
horizontal fault zones are modelled below a depth of 1000 m. Also, in the
horizontal direction, fracture zones were modelled over the middle 12 km (19
km to 31 km) of the grid only. Beyond this section of the grid, a uniform
geologic profile was modelled. Because of this and based on 1) the definition
of a regional-scale groundwater flow system that is used in this report (see
Chapter 1 and Figure 1-1) and 2) the discussions on the scales of groundwater
flow systems in porous media and fractured rock environments in Sections 2.2
and 2.3, it was assumed that a 50 km grid would be sufficiently long to
contain the regional groundwater flow systems for the generic HLW disposal
sites. In Chapter 4, the impacts of the boundary conditions on the modelled
results will be discussed, and the adequacy of the grid dimensions for the
assumed geologic and hydrogeologic conditions will be assessed.
The finite difference grid shown in Figure 3-1 is similar to that used by
Golder Associates (1988) to illustrate a general approach for assessing the
performance of a HLW repository in crystalline rock in the United States.
3.2

Geologic and Hydrogeologic Properties

The hydraulic conductivity and porosity distributions that were used in most
of the generic HLW disposal site models are shown in Table 3-1. A decreasinghydraulic-conductivity-with-depth profile was adopted for this work. Layers
or zones of constant hydraulic conductivity were modelled, ranging from a
value of 1 x 10"6 m/sec for the top 100 m of rock to a value of 1 x 10'12 m/sec
at a depth of 900 m. The top 100 m represents the zone of highly fractured
rock that is found at many sites. Moderately to slightly fractured rock is
modelled over the depth range of 100 m to 600 m, with hydraulic conductivity
decreasing from 10'8 m/sec to 10"10 m/sec.
Porosity values are not required for steady-state, groundwater flow modelling
(SWIFT III calculations). Porosity values do; however, need to be specified
for the particle tracking calculations in STLINE. For fractured crystalline
rock, effective flow porosities are appropriate for calculating groundwater
travel or residence times (see Equation 3 ) , and the porosity values used for
travel time calculations are shown in Table 3-1. For the highly fractured
rock in the top 100 m of the grid, an effective flow porosity of 10"2 was
used. For the depth range of 100 m to 600 m, flow porosity was decreased with
depth to represent a trend of decreasing fracture apertures and sparser
networks of interconnected, open fractures. The pairs of hydraulic
conductivity and effective flow porosity values for each layer in this depth
range (Layers 2, 3 and 4) were selected to occur slightly to the right of the
lines defining parallel-plate-model hydraulic conductivity - porosity
relationships in Figure 2-3 (see Section 2.1.2).
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Table 3-1

HYDRAULIC CONDUCTIVITY AND POROSITY DISTRIBUTIONS
WITH DEPTH FOR THE GENERIC HLff DISPOSAL SITES

Layer
Number

Depth
Range
(m)

Hydraulic
Conductivity
(m/sec)

Porosity Used in
Particle Tracking
Type*
Value

0

- 100

1 x 10'6

EFP

1 x 10"2

2

100 - 190

1 x 10'8

EFP

3 x 10"*

3

190 - 400

1 x 10"9

EFP

1 x 10"*

4

400 - 600

1 x 10'10

EFP

3 x 10"5

5

600 - 900

1 x 10"u

IMP

1 x 10"3

6

900 - 2000

1 x 10"lz

IMP

1 x 10"3

Various
Depths

1 x 10"8 to
1 x 10"6

EFP

x 10"2

Fracture
Zones

i-i

1

* EFP = Effective Flow Porosity
IMP - Interconnected Matrix Porosity
As discussed in Chapter 2, the transition from groundwater flow in sparse,
narrow fractures in slightly fractured rock to groundwater flow through the
rock matrix is difficult to define. Groundwater flow will occur through the
rock matrix only in 1) unfractured rock and 2) rock masses with closed
fractures and/or open fractures that are not interconnected. (For simplicity,
rock masses of the latter type are hereafter also referred to as unfractured
rock, because they act in a hydraulically similar fashion to unfractured
rock.) Furthermore, the extent to which large blocks of unfractured rock
occur in plutons and batholiths at depths between 500 m and 1000 m is not
known. However, the distinction between slightly fractured rock and
unfractured rock has important ramifications with regard to average linear
groundwater velocity. To illustrate the differences in average linear
groundwater velocities in the two types of rock, all rock beneath a depth of
600 m was assumed to be unfractured, and it was assigned a hydraulic
conductivity of 10"11 m/sec or smaller (see Table 3-1). For unfractured rock,
interconnected matrix porosity is used in groundwater travel time
calculations. A value of 10"3 was used for interconnected matrix porosity
(see Table 3-1), because it is the lower bound of the interconnected matrix
porosity value range in Table 2-1. Average linear groundwater velocities are
inversely proportional to porosity, and as such it is conservative to use the
lower bound of the value range.
For many of the simulation runs described in Chapter 4, fracture zones of
enhanced hydraulic conductivity were superimposed on the general trend of
decreasing hydraulic conductivity with depth. In all cases the horizontal
fracture zones were 60 m thick and the vertical fracture zones were 70 m wide.
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As shown in Table 3-1, the hydraulic conductivities of the fracture zones were
varied from 10"8 m/sec to 10'6 tn/sec in the generic HLW disposal site models,
and an effective flow porosity of 0.01 was used in all models. A 60-ra thick
fracture zone with a hydraulic conductivity of 10"6 m/sec is hydraulically
equivalent to a 6-m thick fracture zone with a hydraulic conductivity of
10"5 m/sec, and a 0.6-m thick fracture zone with a hydraulic conductivity of
10'* m/sec. Thus, a hydraulic conductivity of 10"6 m/sec for the 60-m and 70-m
fracture zones in the generic models is representative of the more
transmissive fracture zones that have been reported in the literature (see
Section 2.1.2). The lower-bound hydraulic conductivity of 10"8 m/sec was used
to represent a less hydraulically-significant fracture zone.
3.3 Fluid Properties
In all of the simulation runs, freshwater was assumed to occur throughout the
modelled region, with a fluid mass density of 1000 kg/m3. Thus, the impacts
of variable groundwater mass density on vertical hydraulic gradients are not
considered in this report,
3.4 Boundary Conditions
The boundary conditions that were applied to the regional-scale finite
difference grid are shown schematically in Figure 3-3. No-flow boundary
conditions were applied to the left and bottom grid boundaries. In the case
of the left boundary, the purpose of the no-flow boundary is to represent a
major surface-water drainage divide, across which no groundwater flow is
assumed to occur. As such, the left grid boundary is considered to be the
"upgradient" boundary for the modelled system. At the bottom of the grid, the
no-flow boundary implies that the rock below a depth of 2,000 m is essentially
impermeable, and does not affect the flow system. The existence of pockets of
groundwater in hydraulically isolated fractures or fracture zones below a
depth of 2000 m is not precluded by the no-flow boundary condition, as such
pockets would not be expected to affect groundwater flow in the depth range of
interest (500 m to 1000 m ) .
The right or "downgradient" grid boundary was handled in two different ways.
In some simulation runs, a no-flow boundary was used, which implies that all
groundwaters discharge at the upper right-hand corner of the grid to a river
or small lake. In the remaining simulation runs, fluid pressures were applied
to the right grid boundary based on a vertical hydrostatic (constant) head
condition, which resulted in the groundwaters exiting the modelled domain in a
horizontal direction, along the length of the right boundary. This boundary
condition represents either continued flow downgradient through a regional
groundwater flow system longer than 50 km, or a distributed discharge to a
large body of water, such as Lake Superior or James Bay.
Along the top of the grid, pressures (piezometric heads) were specified to
represent a variety of different water table configurations. The regional
trend in the water table for the generic HLW disposal sites was varied from
zero to 0.5%, which is in line with the maximum regional topographic gradients
in Northern Ontario (see Table 2-2). The impacts of local or secondary relief
on the water table configurations were modelled by superimposing various
short-distance (250 m to 4 km) gradient perturbations on the regional trends,
Gradi nt perturbations of up to 1.5% were modelled.

Head = Water Table Elevation
Local Perturbation
•<

>

— Regional Trend

o
o
o
CM

Figure 3-3.

SCHEMATIC SHOWING BOUNDARY CONDITIONS
APPLIED TO REGIONAL GRID
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3.5 Interpretation of Groundwater Particle Trajectories
For most of the SWIFT runs, the calculated velocity field was post-processed
with STLINE to determine particle trajectories and calculate particle travel
times within the flow system. The particle trajectories show groundwater flow
directions for the various model configurations, and the particle travel times
are representative of groundwater travel times. The particle travel times are
not representative of radionuclide migration rates, as processes such as
dispersion, matrix diffusion, sorption and radioactive decay were not
considered.
The trajectories and travel times should be interpreted relative to the
assumptions used in developing the models of generic HLW disposal sites. The
models analyzed in this report are for idealized hydrogeologic settings.
Horizontal and vertical fracture zones of constant hydraulic conductivity are
superimposed on a layered geologic profile, with homogeneous and isotopic rock
in each layer. As will be seen in Chapter 4, the resultant particle
trajectories are relatively smooth. Fractured rock is often highly
heterogeneous and anisotropic, and as such groundwater flow paths at actual
sites can appear to be erratic, particularly in the case of slightly fractured
rock. Furthermore, as discussed in Section 1.2, long-term geologic processes
may impact groundwater flow paths and travel times at sites where groundwater
movement is very slow.
Nevertheless, the particle trajectories and travel times are useful tools for
analyzing the modelling results, in that they illustrate the impacts of
various geologic profiles, fracture zone configurations and model
parameterizations on groundwater flow conditions. While specific information
about the individual trajectories are not transferable to real sites, the
general knowledge gained in evaluating the modelling results is useful in
understanding the factors that affect groundwater flow patterns and rates in
plutons and batholiths.

4.0 PRESENTATION AND DISCUSSION OF RESULTS
The regional-scale models of generic HLW disposal sites that were developed in
Chapter 3 were analyzed with SWIFT III and STLINE, and the results of the
computer simulations are discussed in this chapter. In Section 4.1,
simulation runs are presented to illustrate the impacts of variations in water
table gradients on groundwater flow patterns. Groundwater recharge and
discharge rates are calculated for the generic HLW disposal sites in
Section 4.2 for a water table configuration that is representative of
conditions in Northern Ontr-.rio. In Section 4.3, the impacts of fracture zones
on groundwater flow patterns are evaluated with a series of modelling runs.
The effects of a shallow lens of low-hydraulic-conductivity rock on
groundwater flow patterns are described in Section 4.4. In Section 4.5,
several networks of fracture zones are modelled.
With the exception of the runs presented in Section 4.2, constant regional
water table gradients were applied between the left side of the grid and
19 km, and between 31 km and the right side of the grid. Also, no fracture
zones were modelled in these sections of the grid. These model
parameterizations resulted in approximately vertical head contours between 0
km and 15 km and between 35 km and 50 km. For this reason, all contour maps
of modelled heads are presented at scales that are no coarser than that used
in Figure 3-2 (15 km to 35 km, and depths to 1500 m ) . Maps at these scales
allow for more detailed representations of the modelled heads and groundwater
flow patterns in the areas of interest (ie., in the vicinities of water table
perturbations and around the fracture zones).
As discussed in Section 3.4, the right side of the finite difference grid was
modelled as both a no-flow boundary and a constant head boundary. The nature
of the right grid boundary condition had essentially no impact on groundwater
flow conditions in the area of interest (ie., the portion of the finite
difference grid that is shown in Figure 3-2), In other words. the right grid
boundary was sufficiently removed from the area of interest, and the 50-kmlong finite difference grid was of adequate length for the generic HLW
disposal site models that were analyzed. For consistency, the constant head
boundary condition was used along the right grid boundary in all of the
simulation runs that are presented in this chapter.
4.1 Variations in Water Table Gradients
Toth's (1963) theoretical analysis of homogeneous, isotropic aquifers, which
is described in Section 2.2 of this report, illustrated the impacts of various
water table configurations and aquifer length-to-depth ratios on the scales of
groundwater flow systems. For the case of impermeable rock underlying a 300-m
thick active groundwater flow zone, Toth's work indicated that only
local-scale flow systems occur in areas where the terrain has little regional
trend (for example, less than 1%) and is hummocky. Terrains fitting this
description are common in many areas of Northern Ontario; however, the rock
directly beneath the active flow zone is not typically impermeable. Rather,
plutons and batholiths show lower hydraulic conductivity at depth, with
higher-conductivity fracture zones superimposed on this trend. Most of the
groundwater modelling results presented in this chapter will be for generic
sites with this type of geology. However, two simulation runs are presented
in Section 4.1.1 for a homogeneous, isotropic aquifer to further illustrate
the potential impacts of water table gradients on groundwater flow patterns.
In Section 4.1.2, the simulation runs from Section 4.1.1 are repeated for the
case of decreasing hydraulic conductivity with depth.
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4.1.1

Constant Hydraulic Conductivity

Figure 4-1 shows the modelled water table configurations for runs WT-1 (Water
Table) and WT-2. For both runs, the regional water table gradient is
-0.5% 2 . In run WT-1, the water table gradient is reduced over a 4 km section
to -0.1% to evaluate the impacts of a gradient reduction (at 23 km) and a
gradient increase (at 27 km) on groundwater flow patterns. The impacts of
changes in the direction of the water table gradient over short distances are
assessed in run WT-2. As shown in Figure 4-1, two 250-m long sections with
gradients of IX are inserted into the regional water table trend. It is of
interest to note that the head differential over the 250-m long sections is
only 2.5 m.
The modelled heads for run WT-1 are contoured in Figure 4-2. The reduction in
the density of the contour lines between the first section with the -0.5%
water table gradient (0 to 23 km) and the section with the -0.1% water table
gradient (23 km to 27 km) reflects the reduced capacity of the geologic
section to transmit groundwater. Because of this reduced capacity to transmit
groundwater, groundwater discharge occurs over the upgradient half (23 km to
25 km) of the reduced water table gradient section.
The lines crossing the contours of modelled heads in Figure 4-2 are STLINEgenerated particle trajectories for particles "dropped" into the groundwater
flow field at selected locations. As can be seen in Figure 4-2, Particle A,
which was initiated at 21 km (2 km upgradient of the reduction in the water
table gradient) at a depth of 1000 m, discharges at land surface near the
change in slope. Particle B, which was dropped at a depth of 1500 m, escapes
from the influence of the reduction in water table gradient after initially
rising to a depth of approximately 850 m. At first glance, the curvature of
the contour lines in the discharge zone do not appear to be sufficient to
cause a particle dropped at a depth of 1000 m to discharge to land surface.
The vertical exaggeration of 10 that was used in Figure 4-2 distorts the
contour lines, and it gives the impression that the impact of the water table
gradient change is relatively shallow. The vertical exaggeration also causes
the particle trajectories to cross the contour lines at angles other than 90o.
The downgradient portion of the section with the water table gradient of -0.1%
(25 km to 27 km) acts as a recharge zone for the second section with a water
table gradient of -0.5% (27 km to 50 km), and this has an opposite effect on
particle trajectories. As shown in Figure 4-2, a particle (Particle C)
released at a depth of 500 m immediately downstream of the grid centre
(25.4 km) drops to depths of 750 m at 26.1 km and 1000 m at 26.8 km, and it
eventually reaches a depth of 1437 m. Run WT-1 illustrates the benefits of
placing a HLW repository in a proundwater recharge zone. In recharge zones,
particle trajectories are downward and away from land surface, and the
horizontal travel distances to surface discharge points are generally longer
than for particles released in discharge zones.

2

Note:

For the purposes of this report, a positive-valued water table
gradient implies that heads increase from left to right, whereas
a negative-valued water table gradient implies that heads
decrease from left to right.
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In run WT-2, mid-grid water table lows occur at 19 km and 30.75 km (see
Figure 4-1). The contours of modelled heads immediately upgradient and
downgradient from the low at 30.75 km are shown in Figure 4-3. (Note that the
horizontal scale in Figure 4-3 is 2 km, as opposed to the 20 km scale used in
Figure 4-2). No vertical exaggeration was used in Figure 4-3, and as a
consequence the particle trajectories cross the head contours at approximately
right angles. As shown in Figure 4-3, a particle released 750 m upgradient
(ie., at 30 km) from the mid-grid low at a depth of 500 m (Particle A)
discharges to the low, whereas a particle released at a depth of 750 m
(Particle B) is not captured by the mid-grid low.
Figure 4-4 shows run WT-2 at the 20 km scale. Particle A in Figure 4-4, which
was released at 25 km (5.75 km upgradient from the low at 30.75 km) at a depth
of 750 m, discharges at the mid-grid water table low. (Recall that Particle B
in Figure 4-3 was also dropped at a depth of 750 m, and it was not captured by
the mid-grid low.) This illustrates that the depth of capture for a
groundwater discharge point (ie., low point in the water table) tends to
increase with increasing distance away from the discharge point. The flow
paths in Figure 2-1 show that the maximum capture depth for a particular
discharge point in a given direction away from that discharge point occurs
approximately at mid-point between the discharge point and the recharge point
(ie., high point in the water table) furthest away from the discharge point
that communicates directly with the discharge point. Particle B in Figure 4-4
was released at a sufficient depth (795 m) to bypass the mid-grid low.
At first inspection, one would not expect the minor perturbation in the water
table in run WT-2 (2.5m over a distance of 250 m) to "capture" groundwater
from a depth of 750 m at a distance of 5.75 km. In fact, run WT-2 shows a
potential drawback with two-dimensional, cross-sectional modelling of
groundwater flow systems. Small-scale perturbations in two dimensions would
in most cases be of limited extent in the third dimension (ie., perpendicular
to the modelled plane). In three dimensions, groundwaters (and particles
released in those groundwaters) would be able to "flow around" small-scale
perturbations, which would limit the impacts of such perturbations. Thus,
two-dimensional models provide conservative estimates of the sizes of capture
zones for mid-grid water table lows.
Also, it is important to recall that steady-state conditions have been assumed
for all of the simulation runs presented in this report. As such, the water
table configuration assumed in WT-2 represents a time-averaged position. A
water table elevation differential of 2.5 m over 250 m that is in the opposite
direction of the prevailing regional trend would, for most real systems, be a
short-term, transient phenomenon rather than a long-term condition. Such a
condition might result from streamflow during spring runoff along a runnel
that is dry for most of the year. The depth and areal impacts of transient
water table phenomena on groundwater flow will be limited in comparison to the
impacts of similar water table perturbations that exist over long periods of
time.
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4.1.2

Decreasing Hydraulic Conductivity with Depth

In runs WT-l-DHC and WT-2-DHC (Decreasing Hydraulic Conductivity with Depth),
runs WT-7 and WT-2 are modified to include the decreasing-hydraulicconductivity-with-depth profile that is shown in Table 3-1. The porositywith-depth profile in Table 3-1 is also used in runs WT-l-DHC and WT-2-DHC,
and no fracture zones are modelled.
The modelled heads for run WT-l-DHC are contoured in Figure 4-5, and
trajectories for three particles dropped at 21 km (2 km upgradient of the
reduction in slope) are shown. Particles A, B and C were released at depths
of 150 m, 500 m and 750 m, respectively, and all particles escaped the
influence of the reduction in water table gradient at 23 km. The maximum rise
of the particles do, however, increase with increasing depth. Particles A, B
and C rise 29 m, 150 m and 233 m, respectively. The particles begin to drop
as they travel into the recharge portion of the -0.1% gradient section. As
shown in Figure 4-5, Particles A and B level out at depths that are
approximately equal to their respective depths of release.
The STLINE results for run WT-l-DHC are very different from those for run WT-1
(Figure 4-2), as in that run a particle dropped at depth 1000 m (Particle A)
discharged to the upgradient half of the -0.1% gradient section. As in the
case of run WT-1, the reduced water table gradient section in run WT-l-DHC can
only transmit one-fifth of the quantity of groundwater that the -0.5% gradient
sections can transmit, and thus considerable groundwater discharge must occur
between 23 km and 25 km. However, the decreasing-hydraulic-conductivity-withdepth profile means that most of the groundwater in run WT-l-DHC is
transmitted in layer 1 (top 100 m of the grid). The transmissivity of layer 1
is 1 x 10"* m2/sec (hydraulic conductivity times layer thickness), which is
equal to 98.9% of the total transmissivity of the geologic section (1.01134 x
10"* m 2 /sec). As a result, the need for the geologic section to discharge
groundwater between 23 km and 25 km can be adequately satisfied from layer 1.
Groundwater at depth is, however, redistributed upward so that the percentage
of groundwater transmitted by each layer is proportional to the layer's
percentage of the total transmissivity of the section. Runs WT-1 and WT-l-DHC
show that a decreasinp-hydraulic-conductivity-with-depth geologic profile
reduces the influence of increases and decreases in the hydraulic gradient at
depth.
The decreasing-hydraulic-conductivity-with-depth profile has an opposite
effect for changes in the direction of the water table gradient, in that the
depths of influence of such changes are increased. This fact is illustrated
by run WT-2-DHC. The modelled heads for run WT-2-DHC in the vicinity of the
water table low at 30.75 km are contoured in Figure 4-6. A comparison of
Figures 4-3 and 4-6 shows that the contour lines surrounding the low at 30.75
km extend deeper into the grid in run WT-2-DHC than in WT-2, and the 94 m
contour line in run WT-2-DHC is more influenced by the mid-grid water table
low than in run WT-2.
The STLINE results further illustrate the increased influence of the water
table low at 30.75 km on groundwater flow patterns for the case of decreasing
hydraulic conductivity with depth. As shown in Figure 4-6, a particle dropped
at a depth of 750 m at 30 km (Particle A) is captured by the mid-grid water
table low, whereas a particle dropped at the same location in run WT-2
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(Particle B in Figure 4-3) escaped the mid-grid low. Similarly, Figure 4-7
shows that a particle dropped at a depth of 795 ra at 25 km (Particle A) is
also now captured by the low at 30.75 km (compare the path of this particle to
Particle B in Figure 4-4). Thus, the capture zone for the mid-grid low at
30.75 m is deeper in run WT-2-DHC than in WT-2. In Figures 4-6 and 4-7,
Particle B is released at depths of 875 m and 830 m, respectively.
Runs WT-2 and WT-2-DHC show that a decreasing-hydraulic-conductivity-withdepth profile "promotes" the formation of local-scale groundwater flow systems
and "discourages" the formation of regional-scale flow systems in areas with
hummockv terrains. As noted in Section 4.1.1, runs WT-2 and WT-2-DHC use a
two-dimensional grid and include a water table elevation differential of 2.5 m
over 250 m that is in the opposite direction of the prevailing regional trend,
which would not be expected to occur for long periods of time in most real
settings. However, in many areas in Northern Ontario and, in particular, west
of Thunder Bay, permanent lakes occur in close proximity to each other. As
noted in Section 2.1, Killey (1986) reported that the median value for the
area of lake drainage basins in Northern Ontario is 2.1 km2. This median
value would suggest a typical distance between lakes that is on the order of a
few kilometres. Also, Pearson (1987, pg. 68) suggests a typical value of 30 m
for the local relief in Northern Ontario. Based on these data, the results of
runs WT-2 and WT-2-DHC and Toth's work (see Figures 2-6 and 2-7), it is
expected that local-scale groundwater flow systems will predominate in many
areas of Northern Ontario.
The impacts of areally-extensive fracture zones at depth on groundwater flow
patterns in plutons and batholiths are discussed in Section 4.3.
A final point can be made with regard to the trajectory of Particle A in
Figure 4-6. At first inspection, it would appear that the particle release
point of 30 km, 750 m deep, would be an unacceptable location for the disposal
of HLW. Clearly, more desirable locations exist in the generic regional-scale
model, such as immediately to the right of the water table high at 31 km.
However, for the assumed hydrogeologic and geologic properties, the
pre-waste-emplacement travel time for Particle A to migrate from the release
point to land surface is approximately 500,000 years. As shown in Table 4-1,
98.7% of this time is spent in layer 5, which contains unfractured rock.
Particle A travels approximately 600 m over 490,000 years before it exits the
unfractured rock at a depth of 600 m. (An inflection point in the Particle A
trajectory at depth 600 m marks the transition point from unfractured rock to
fractured rock). Hydraulic conductivity (K) increases by a factor of 10 from
layer 5 (unfractured rock) to layer 4 (slightly fractured rock) , and flow
porosity (n) decreases by a factor of 33.3 (see Table 3-1). As a result, the
K/na ratio for layer 4 is 333.3 times larger than the K/n ratio for layer 5,
and a particle in layer 4 moves 333.3 times faster than a particle in layer 5
for the same hydraulic gradient. Table 4-1 illustrates the significant
benefit that could be achieved by siting a HLW repository in a block of
largely unfractured rock.
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Table 4-1

ANALYSIS OF THE TRAJECTORY OF PARTICLE A IN FIGURE 4-6

Depth
Range of
Layer
(m)

K/n0 or K/n
Ratio for
Layer
(m/sec)

Travel
Time in
Layer
(yr)

Percentage
of Total
Travel
Time

5

600 - 900

1 x 10"8

490,000

98.7

4

400 - 600

3.33 x 10 -6

6,000

1.2

3

190 - 400

1 x 10 -5

550

0.1

?

100 - 190

3.33 x 10"5

43

-

1

0 - 100

1 x 10"*

20

-

Layer
Number

Total

497,000

4.2 Groundwater Recharge and Discharge
In developing conceptual models of groundwater flow regimes for real sites,
computed characteristics of the flow system are compared to measured and
interpreted data. Based on these comparisons, model input parameters are
adjusted as required within their respective ranges of uncertainty in an
attempt to make the conceptual model consistent with all of the available site
data. This process is a component of conceptual model calibration.
Of course, no site-specific field data, such as measured fluid pressures at
depth, exist for the generic HLW disposal sites. However, the data on
recharge to and discharge from the saturated groundwater flow regime in
Northern Ontario in Section 2.1.4 can be used to assess the consistency of the
generic conceptual model with conditions in Northern Ontario, because
groundwater recharge and discharge are computed rather than prescribed
parameters in the conceptual models.
The water table configuration for run GRD-1 (Groundwater Recharge and
Discharge) has a saw-tooth profile, and it is shown in Table 4-2. The
locations of the peaks (high points) and valleys (low points) of the water
table were selected to 1) occur at grid block centres and 2) be spaced at
distances ranging from 2 km to approximately 5 km. All water table valleys
have an elevation of 0 m, so there is no regional trend to the water table.
The elevations of the water table peaks of 20 m to 40 m therefore represent
the local relief for run GRD-1. The absolute values of the resultant water
table gradients range from 0.76% to 1.27%.
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Run GK.D-1 uses the hydraulic conductivity and porosity profile (layers 1 to 6)
shown in Table 3-1. No fracture zones are included in Run GRD-1.
The total groundwater influx and efflux from the grid for run GRD-1 was
1.6 x 10"2 kg/sec, which is equivalent to an average annual recharge to the
water table of 10.1 nun/yr. This value falls within the range of groundwater
recharge rates that have been reported by other modelling teams for the
Canadian Shield (see Section 2.1.4).
Table 4-2.

WATER TABLE CONFIGURATION FOR RUNS GRD-1 and GRD-2

Horizontal Co-ordinate
at Point where Water
Table Gradient Changes
(km)
3.15

8.40
11.92
14.30
16.93
19.00
21.00
23.00
25.00
27.00
29.00
31.00
33.08
35.71
38.08
41.60
46.85
50.00

Water Table
Elevation at Point

Cm)
40
0
30
0
20
0
20
0
20
0
20
0
20
0
30
0

40
0

Water Table
Gradient to
Next Point

(X)
0.76
-0.85
1.26
-0.76
0.96
-1.00
1.00
-1.00
1.00
-1.00
1.00
-0.96
0.76
-1.27
0.85
-0.76
1.27
--- _

Of the 10.1 mm/yr that recharges the generic HLW site model, 98.8% stays
within the top 100 m of the grid. As stated in Section 4.1.2, most of the
groundwater flow occurs in layer 1 because of the high transmissivity of
layer 1 (1 x 10"'' mz/sec) in comparison to the total transmissivity of the
geologic section (1.01134 x 10"* m/sec). Table 4-3 shows the quantities of
water recharging to various depths in the conceptual model. The unfractured
rock at depths below 600 m receives only a fraction of a micrometer of water
each year (3.7 x 10"A mm/yr), which represents 3.6 x 10"3 % of the total
recharge to the saturated groundwater flow regime.
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Because of the simple nature of the modelled groundwater flow field (ie.,
every water table low captures groundwater to the full depth of the grid) in
run GRD-1, the percentage of the total recharge that flows across any
horizontal interface in the grid can be approximated by the ratio R:
R-

Total Transmissivity of All Units Below Interface
Total Transmissivity of Geologic Section

x 100%

Values for R are provided in the last column of Table 4-3, and it can be seen
that these values compare well with the corresponding "Percentage of Total
Influx Across Top Grid Boundary" values.
Table 4-3.

RECHARGE AT DEPTH FOR RUN GRD-1

Interface
Between
Layers

Depth
of
Interface

(m)

Downward
Groundwater
Flux Across
Interface
(kg/sec)

Percent of
Total Influx
Across Top
Grid Boundary

Recharge
Across
Interface
(mm/yr)

Percent of
Total Transmissivity
Below
Interface
(R, %)

1 and 2

100

1.86 x 10-*

1.2

0.12

1.1

2 and 3

190

3.80 x lO'5

0.24

0.024

0.23

3 and 4

400

3.79 x 10"6

0.024

2.4 x 10'3

0.024

4 and 5

600

5.83 x 10"7

3.6 x 10"3

3.7 x 10-*

4.1 x 10"3

As stated in Section 2.1.4, actual groundwater recharge in Northern Ontario is
likely higher than that indicated by regional-scale groundwater flow models.
For example, if groundwater accounts for 50% of streamflow in Northern
Ontario, then the average annual recharge would be in the range of 100 mm/yr
to 200 mm/yr (Average annual runoff or streamflow varies from 200 nun/yr to
400 mm/yr, see Section 2.1.4). Annual recharge rates from steady-state
regional-scale groundwater flow models generally underestimate actual values
because detailed representations of near-surface groundwater flow systems
cannot be included in regional-scale models. Also, near-surface groundwater
systems often have a large transient component.
In run GRD-2, the hydraulic conductivity of the top 50 m of the grid was
increased from 1 x 10'6 m/sec to 2 x 10"5 m/sec to artificially account for the
higher volumes of groundwater flow in the upper sections of bedrock and in any
overlying overburden materials. Otherwise, the input parameters to run GRD-2
were identical to those in run GRD-1. This factor of 20 increase in hydraulic
conductivity in the top 50 m of the grid resulted in a factor of 10 increase
in the total transmissivity of the geologic section to 1.051134 x 10"3 m2/sec.
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As expected, the annual recharge rate also increased by a factor of 10 to
101 nun/yr. All of the additional groundwater flow in GRD-2 occurs in the top
50 m of the grid, and the recharge rates across interface depths 100 m, 190 m,
400 m and 600 m are virtually the same as for run GRD-1 (see Table 4-3). At
depth, the modelled groundwater flow conditions are essentially the same in
GRD-1 and GRD-2. However, the recharge rates to the various layers at depth
expressed as a percentage of the total recharge to the grid are approximately
one order of magnitude less in run GRD-2 than in run GRD-1. For example, in
run GRD-2 the recharge to the rock below the depth of 600 m represents
3.6 x 10"''% of the total recharge to the conceptual model, whereas the
corresponding percentage for run GRD-1 is 3.6 x 10"3% (see Table 4-3).
Runs GRD-1 and GRD-2 demonstrate that a decreasing-hydraulic-conductivitywith-depth geologic profile has a large potential for diluting any
radionuclide discharges from a repository in one of the low hydraulic
conductivity units. This concept is further illustrated in Figure 4-8, which
shows the hydraulic conductivity profile used in GRD-1. In Figure 4-8, a
repository is assumed to exist at a depth of 650 m (50 m below the interface
between layers 4 and 5, see Tables 3-1 and 4-3) below a topographic high.
Rivers occur at distances of 2 km to the left and right of the topographic
high, and both rivers capture groundwaters to the depth of the impermeable
boundary at 2000 m. It is assumed that all groundwaters recharging to a depth
of 600 m pass through the repository. The water table gradients are not
specified between the topographic high and the rivers, because the calculation
is independent of gradient magnitude.
For the idealized geologic and hydrologie conditions shown in Figure 4-8 and
assuming pre-waste-emplacement groundwater flow conditions, the dilution
factor at the groundwater discharge points to the rivers for any radionuclide
discharges from the repository (not the individual waste canisters) is
approximately 25,000. In other words, groundwaters discharging from the
repository will make up approximately 41 ppm (parts per million) of the
discharge groundwater to the rivers. Both of these numbers were estimated
using the fraction (as opposed to the percentage) of total transmissivity
below a depth of 600 m in the geologic section (4.1 x 10"5, see Table 4-3).
For run GRD-2, the dilution factor increases to approximately 260,000, and
content of repository water in the groundwaters discharging to the rivers is
3.9 ppm.
It is important to remember that a considerable period of time would be
required for any radionuclides released from the repository to travel from the
repository horizon to the rivers, and some radionuclides would be
retarded/removed by interactions with the rock. Thus, radioactive decay and
retardation and removal processes would further reduce radionuclide
concentrations at the discharge point. Also, further dilution would occur in
the rivers receiving the groundwater discharges.
Based on runs GRD-1 and GRD-2. a decreasing-hydraulic-conductivity-with-depth
geologic profile with a large hydraulic conductivity contrast between the
near-surface rock/overburden and the rock at the repository horizon is a
desirable feature for a HLW disposal site.

River

River

Topographic High

Layer 1_
Layer 2
Layer 3
Layer 4

i

ID
P

Layer 5

Repository

Layer 6

2 km

2 km

impermeable

Figure 4-8.

SCHEMATIC OF AN IDEALIZED HLW DISPOSAL SITE
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As stated in Chapter 1, the proponent for a HLW repository will not be allowed
to use dilution processes as the sole or primary basis for establishing system
safety. The proponent will have to demonstrate, among other things, that
there is a high degree of confidence that the engineered and natural barriers
will effectively limit the release of radionuclides from the repository.
However, as an additional safety factor for the unlikely event of significant
degradation of several of the engineered barriers, it would be desirable to
select a site with a potential to considerably dilute any radionuclide
releases along the flow paths through the geosphere,
4.3 Fracture Zones
In this section, a base case (run BC) and four fracture zone runs (runs FZ-1
to FZ-4) are presented. All runs used the water table configuration that is
shown in Figure 4-9. The water table configuration consists of a sharp
perturbation (gradients of 1.3% and -1.5%) superimposed on a shallow regional
water table gradient of -0.1%. In run BC, this water table configuration is
imposed on the decreasing-hydraulic-conductivity-with-depth profile that is
shown in Table 3-1.
The fracture zone parameterizations for the FZ runs are summarized in
Table 4-4. In runs FZ-1, FZ-2 and FZ-3, U-shaped fracture zones are included
with vertical limbs at 23 km and 27 km. As shown in Figure 4-9, the vertical
limbs of the fracture zones occur 250 m to the left and right of the sharp
perturbation in the water table. Vertical shear and fracture zones are often
associated with topographic lows, and runs, FZ-1, FZ-2 and FZ-3 can be
considered representative of situations where this phenomenon occurs on both
sides of an elongated topographic high. Fracture zone hydraulic conductivities of 10"s m/sec and 10"B m/sec and fracture zone depths of 500 m and
1000 m are modelled in runs FZ-1, FZ-2 and FZ-3 (see Table 4-4).
Table 4-4.

SUMMARY OF FRACTURE ZONE RUNS

Fracture Zone
Configuration

FZ-1

Run Number
FZ-2
FZ-3

Fracture Zone
Has Vertical
Limbs

Yes

Hydraulic
Conductivity
of Fracture Zone

10'6 m/sec
10"8 m/sec

X

Depth of Horizontal
Segment of
Fracture Zone

500 m

X

X

No

1000 m

FZ-4

X
X

X
X

4-L0a

-1.5%

25 km
23.25 km

26.75 km

I

Fracture Zones at 23 km and 27 km
(Not present in all runs)

Figure 4-9.

WATER TABLE CONFIGURATION FOR RUNS
BC, FZ-1 THROUGH FZ-4 AND LHCL-1
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In run FZ-4, a horizontal fracture zone without vertical limbs is modelled at
depth 500 m between 23 km and 27 km. A horizontal fracture with a thickness
of 60 m and a hydraulic conductivity of 10"6 m/sec (run FZ-4) could be
considered to be similar to a 5-m high repository that is filled with clean
sand (hydraulic conductivity range of 10"5 m/sec to 10"2 m/sec) and has wellsealed shafts. Shortcomings of this analogy include the deviation from the
actual areal dimensions of a repository (2 km by 2 km, as opposed to 4 km long
and of infinite width) and the fact that only a portion of the repository area
will be excavated for access drifts and emplacement rooms.
4.3.1

Base Case

Figure 4-10 shows contours of modelled heads for run BC. The impacts of the
steeper water table gradients between 23.25 km and 26.75 km can be clearly
seen; the head contours are dense within this region. Groundwater recharge
occurs at 25 km, and the mid-grid water table low at 23.25 km captures
groundwater to the full depth of the grid. Particles A and B in Figure 4-10
were released to the right of the mid-grid water table low at 23.9 km at
depths of 580 m and 750 m, respectively. Particle A discharges to the midgrid low after 2,100 years. Particle B requires 210,000 years to rise to a
depth of 600 m (the top of the unfractured rock), and only 2,700 years to
travel through the fractured rock to land surface. Particle C was released to
the right of the water table high (26.1 km) at a depth of 580 m. Particle C
rises to a depth of 350 m downgradient of the change in slope at 26.75 km
after approximately 2,800 years, after which the particle elevation
stabilizes. As in the case of run WT-l-DHC, the impacts of a reduction in the
water table gradient is reduced by a decreasing-hydraulic-conductivity-withdepth profile.

4.3.2 U-Shaped Fracture Zones
As shown in Table 4-4, a 500-m-deep, U-shaped fracture zone with a hydraulic
conductivity of 10"6 m/sec is modelled in run FZ-1. This hydraulic
conductivity is four orders of magnitude higher than the background hydraulic
conductivity at the depth of 500 m of 10"10 m/sec. As discussed in
Section 3.2, a 60-m thick fracture zone with this hydraulic conductivity is
representative of the more transmissive fracture zones that have been reported
in the literature.
The contours of modelled heads for run FZ-1 in Figure 4-11 show that the
impacts of the sharp water table perturbation are contained above the fracture
zone. (The fracture zone is not shown in Figure 4-11, as it makes the
trajectory of Particle D difficult to follow.) Below a depth of 500 m, the
contours of modelled heads show only a slight change in head gradient from
background conditions. Basically, the fracture zone "sees" the head
differential between the ends of the fracture zone (differential - 4 m ) only,
and the fracture zone imposes the resultant gradient of -0.1% on the
underlying, low-hydraulic-conductivity rock.
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Below the fracture zone, the modelled Darcy fluxes have an upward component
between the left side of the fracture zone and 23.7 km, and a downward
component between 23.7 km and the right side of the fracture zone. This
pattern is evident in the path for Particle A in Figure 4-11, which was
released at 23.1 km at a depth of 580 m, or 50 m beneath the base of the
fracture zone. The particle initially rises to within 25 m of the base of the
fracture zone, and then moves downward. The low hydraulic conductivities and
gradients below the fracture zone result in long travel times. The
trajectories for Particles A and B (initial depth - 750 m) in Figure 4-11
represent more than 3 million years of particle movement.
The fracture zone in run FZ-1 has a significant capacity to transmit
groundwater, and as a result it draws groundwater away from the mid-grid water
table low at 23.25 km. This point is illustrated by the trajectories of
Particles C and D in Figure 4-11, which were released at 23.4 km. Particle C,
which was released at a depth of 205 m, discharges to the mid-grid low, as
expected. Particle D (release depth - 250 m) also rises initially; however,
it is drawn into the left vertical limb of the fracture zone. The head at the
right end of the fracture zone is lower than the head at the mid-grid low, and
the fracture zone provides a high-conductivity path to that point. As a
result, Particle D travels down the left limb, through the horizontal section
and up the right limb of the fracture zone. The transit time for Particle D
from release to the point where it exits the fracture zone is 2,400 years.
Run FZ-2 is identical to run FZ-1, except that the hydraulic conductivity of
the fracture zone is reduced to 10"8 m/sec. The contours of modelled heads
for run FZ-2 in Figure 4-12 show that the hydraulic conductivity contrast of
two orders of magnitude between the fracture zone and the intact rock at depth
500 m (10~10 m/sec) is insufficient to prevent the sharp water table
perturbation from controlling groundwater flow directions below the fracture
zone. (The fracture zone in Figure 4-12 is shown to start and end at depth
190 m, as the rock above this elevation has a hydraulic conductivity that is
either equal to or greater than that of the fracture zone.) As in the case of
run BC, the mid-grid low at 23.25 km captures groundwater to the full depth of
the grid. However, the fracture zone does reduce the influence of the
perturbation. In run FZ-2, the 40-m contour is the highest contour extending
below a depth of 500 m, whereas in run BC, the 47.5-m contour extends below
this depth. As a result, the fracture zone in run FZ-2 reduces the hydraulic
gradient below the fracture zone.
Particles A and B in Figure 4-12 (run FZ-2) were released at the same
locations as Particles A and B in Figure 4-10 (run BC), and the particle
travel times are compared in Table 4-5. The particles in Figure 4-12 move to
the left of the fracture zone before rising above the base elevation of the
fracture zone, and they cross back over the left vertical limb of the fracture
zone to discharge to the mid-grid low. As shown in Table 4-5, the lower
hydraulic gradients beneath the fracture zone and the longer travel paths in
run FZ-2 result in longer travel times to the mid-grid low in comparison to
run BC.
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Table 4-5.

TRAVEL TIME COMPARISON FOR RUNS BC, FZ-2 AND LHCL-1
Travel Time to Discharge Point (vr)
Run BC

Run FZ-2

Run LHCL-1*

Particle A (released
at 23.9 km, 560 m deep)

2,100

3,100

7,200

Particle B (released
at 23.9 km, 750 m deep)

210,000

510,000

1,300,000

* Run LHCL-1 is presented in Section 4.4

The fracture zone in run FZ-3 has a hydraulic conductivity of 10"B m/sec, and
the horizontal segment of the fracture zone occurs at a depth of 1000 m (see
Table 4-4). Although this hydraulic conductivity value is identical to that
used in run FZ-2, the hydraulic conductivity contrast between the fracture
zone and the surrounding intact rock (10"12 m/sec at 1000 m, see Table 3-1) is
four orders of magnitude, as was the case in run FZ-1. The contours of
modelled heads for run FZ-3 in Figure 4-13 show that the fracture zone has a
similar effect to that in run FZ-1; the sharp perturbation in the water table
does not significantly affect groundwater flow patterns below the fracture
zone. The fracture zone in run FZ-3 does not, however, represent a continuous
groundwater flow path, as upward groundwater flow occurs in the vicinity of
the left limb of the fracture zone to a depth of 400 m in response to the midgrid low at 23.25 km. Thus, all of the groundwater influx to the fracture
zone occurs through rock with hydraulic conductivities of 10"10 m/sec or less.
As in the case of run FZ-1, the Darcy fluxes beneath the fracture zone have an
upward component to the left of 23.7 km, and a downward component to the right
of 23.7 km.
Particle A in Figure 4-13, which was dropped 50 m below the fracture zone
(depth - 1080 m) at 23.1 km, is drawn up into the fracture zone. The STLINE
run shows that the particle travels in the bottom metre of the fracture zone
for 3.9 km, and then exits through the base of the fracture zone and moves
downward. However, STLINE tracks the path of an "average" particle only. For
a plume of radionuclides, dispersion would tend to cause spreading of the
plume across the thickness of the fracture zone, and a portion of the
radionuclide mass could be drawn up the right vertical limb of the fracture
zone. In fact, the low-hydraulic-conductivity rock at depth 1000 m results in
a long travel time from the release point to the fracture zone; 2.9 million
years are required for Particle A to travel the 65 m to the fracture zone.
Particle B in Figure 4-13 was released (23.9 km, 1080 m deep) in the section
beneath the fracture zone where Darcy fluxes have a downward component.
Hydraulic gradients are lower beneath the centre of the fracture zone; the
160 m travel path in Figure 4-13 represents 10 million years of particle
travel.
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Particle C in Figure 4-13 (release point 23.9 km, 750 m deep) requires 82,000
years to move through 252 m of rock (K - 10"11 m/sec) to reach the fracture
zone. The particle then travels for an additional 160,000 years in the
fracture zone before exiting the right vertical limb of the fracture at a
depth of approximately 350 m.
Based on runs BC, FZ-1, FZ-2 and FZ-3. the following points can be made with
regard to the impacts of a single U-shaped fracture zone (or pair of subvertical fracture zones that are connected by a sub-horizontal fracture zonel
on groundwater flow patterns:
1.

A sufficiently transmissive, areally extensive U-shaped fracture zone can
eliminate the impacts of local relief on groundwater flow patterns beneath
the fracture zone. Thus, fracture zones of this type can result in the
occurrence of regional-scale groundwater flow systems at sites where such
systems would not otherwise occur. The gradient beneath the fracture zone
will be approximately equal to the gradient within the fracture zone,
which will be related to the head differential and distance between the
vertical limbs of the fracture zone. A single U-shaped fracture zone that
projects a relatively low hydraulic gradient on low-hydraulic-conductivity
rock would represent a potentially favourable repository site, in terms of
geologic and hydrogeologic conditions.

2.

The adjective "sufficiently transmissive" in the above point refers to the
hydraulic conductivity contrast between the fracture zone and the
surrounding rock, not the magnitude of hydraulic conductivity of the
fracture zone. In the simulation runs presented, a hydraulic conductivity
contrast of four orders of magnitude was sufficient to contain the impacts
of the sharp water table perturbation above the fracture zone, whereas a
hydraulic conductivity contrast of two orders of magnitude did not prevent
the perturbation from controlling groundwater flow directions below the
fracture zone. However, the hydraulic conductivity contrast of two orders
of magnitude did dampen the impact of the perturbation, in that hydraulic
gradients below the fracture zone were less than those at the same
location for the base case (compare Figures 4-10 and 4-12).

3.

Groundwater flow patterns in the region surrounded by a transmissive,
U-shaped fracture zone can be complex (compare the trajectories of
Particles C and D in Figure 4-11), and any sharp perturbations in the
water table surface can be reflected in the hydraulic gradients at depth.
However, a large block of low-hydraulic-conductivity rock within such a
region can result in long travel times along some flow paths (for example,
Particle C in Figure 4-13 requires 82,000 yrs to travel through 252 m of
rock).

4.3.3

Horizontal Fracture Zone

As shown in Table 4-4, run FZ-4 includes a horizontal fracture zone that is
not connected to near-surface rock with high-hydraulic-conductivity vertical
limbs. The areal extent and position of the fracture zone is the same as that
for the horizontal sections of the U-shaped fracture zones in runs FZ-1 and
FZ-2 (4 km long, 500 m deep). A hydraulic conductivity of 10"6 m/sec is used.
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Figure 4-14 shows contours of modelled heads for run FZ-4. As was the case
for run FZ-2, the sharp perturbation in the water table causes right-to-left
groundwater flow beneath the fracture zone between the water table high at
25 km and the water table low at 23.25 km, and the low captures groundwater to
the full depth of the grid. Thus, for the geologic and hydrogeologic
conditions modelled, vertical limbs are required (i.e., run FZ-1) for the
fracture zone to impose a "regional" hydraulic gradient on the underlying lowhydraulic- conductivity rock.
Nevertheless, the modelled conditions in run FZ-4 result in low hydraulic
gradients below the middle of the fracture zone that cause downward
groundwater flow. The fracture zone provides a conductive flow path between
the water table high at 25 km and the water table low at 23,25 km, and as a
result it short-circuits many of the looping flow paths between the high and
the low. Also, most of the head differential between the high and the low is
expended through the lower-hydraulic-conductivity rock immediately above the
fracture zone, and as a result hydraulic gradients in and below the fracture
zone are low.
Particles A and B in Figure 4-14 were both released at a depth of 580 m.
Particle B was released at 23.1 km, which is close to the left edge of the
fracture zone. As can be seen in Figure 4-14, the hydraulic gradients are
higher beneath the edges of the fracture zone than beneath the middle of
fracture zone. Particle B initially drops into the unfractured rock at depth
600 m, and then rises and moves to the left of the fracture zone.
Particle B's total travel time to discharge at the mid-grid low is
40,000 years, of which 38,000 years occurs in the unfractured rock below depth
600 m. Particle A was released closer to the middle of the fracture zone
(23.9 km). The low hydraulic gradient and the downward flow component in this
area result in long travel times; the 600 m trajectory in Figure 4-14
represents more than 3 million years of particle travel.
4.4

Low-Hydraulic-Conductivity Lens

Run LHCL-1 (Low-Hydraulic-Conductivity Lens) used the water table
configuration shown in Figure 4-9 and the decreasing-hydraulic-conductivitywith-depth geologic profile shown in Table 3-1. A lens with a hydraulic
conductivity of 10'lz m/sec was superimposed on this profile. The lens was
90 rn thick (depth range 350 m to 440 m ) , and extended from 22.5 km to 27.5 km
(5 km long). The background rock hydraulic conductivity in this depth range
varies from 10"10 m/sec to 10'9 m/sec, and thus the hydraulic conductivity
contrast between the lens and the surrounding rock ranges from 2 to 3 orders
of magnitude.
The modelled heads for run LHCL-1 are contoured in Figure 4-15. As in the
cases of runs FZ-2 and FZ-4, the lens partially masks the impact of the sharp
water table perturbation; however, right-to-left groundwater flow occurs to
the full depth of the grid between the water table high at 25 km and the water
table low at 23.25 km. The low-hydraulic-conductivity lens is more effective
than the fracture zone in run FZ-2 in reducing hydraulic gradients in the
underlying rock (compare Figures 4-l': and 4-15). Particles A and B in
Figure 4-15 (run LHCL-1) were released at the same locations as Particles A
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and B in Figure 4-12 (run FZ-2). The comparison of travel times for the
particles in Table 4-5 shows that the lower hydraulic gradients below depth
500 m in run LHCL-1 compared to those in run FZ-2 result in longer travel
times to the mid-grid low at 23.25 km.
Runs LHCL-1 and FZ-4 (Figure 4-14) both show a maximum contour of 35 m below
the modelled feature (ie., fracture zone or low-hydraulic-conductivity lens);
however, run FZ-4 results in a more desirable hydrogeologic condition below
the mid-section of the feature. In run FZ-4, the Darcy fluxes beneath the
middle of the fracture zone show a larger vertical component to horizontal
component ratio than in run LHCL-1, and the head change beneath the fracture
zone is concentrated at the ends of the fracture zone. As a result, Particle
A in Figure 4-15 (run LHCL-1) discharges to the mid-grid low after 7,200
years, whereas Particle A in Figure 4-14 (run FZ-4), which was dropped at the
same location, is still moving downward after more than 3 million years of
travel. Runs FZ-4 and LHCL-1 again demonstrate the benefits of hydraulic
gradients that are low and result in downward-directed flow. Also, the runs
illustrate a situation that may not have been intuitively obvious: overlying
fracture zones (runs FZ-1 and FZ-4) can, under some circumstances, provide for
more favourable geologic and hydrogeologic conditions for a HLW repository
than an overlying low-hydraulic-conductivity lens (run LHCL-1).
4.5

Networks of Fracture Zones

In this section, U-shaped fracture zones of different scales and depths are
combined to form networks of fracture zones. Five runs are presented (runs
NET-1 to NET-5), and the fracture zone networks are shown schematically in
Figure 4-16. All runs include a horizontal fracture zone at a depth of 500 m
that runs the length of the grid, and four vertical fracture zones that extend
from ground surface to the 500-m-deep fracture zone at 19 km, 23 km, 27 km and
31 km. In runs NET-4 and NET-5, an additional horizontal fracture zone is
modelled at a depth of 750 m between 19 km to 31 km, with vertical fracture
zones connecting it to the overlying 500-m-deep fracture zone at 19 km and
31 km.
All NET runs use the water table configuration shown in Figure 4-16, which
consists of three sharp perturbations (gradients of -1.2% to 1.1%)
superimposed on a shallow regional water table gradient of -0.1%. As in the
case of the FZ runs (Section 4.3), the vertical fractures zones are assumed to
be associated with topographic lows. The high points of the sharp water table
perturbations occur between the vertical fracture zones, and the low points of
the perturbations occur directly above the vertical fracture zones. The sharp
perturbations are irregular, in that the water table low at 23 km is 4 m below
the dotted line (see Figure 4-16) representing the -0.1% regional water table
gradient, whereas the water table low at 27 km is 4 m above the regional
gradient. This configuration is used to evaluate the relative impacts of a
major and a minor mid-grid water table low on groundwater flow patterns.
All NET runs used the decreasing-hydraulic-conductivity-with-depth profile
that is shown in Table 3-1. In runs NET-1, NET-2 and NET-3, the fracture
zones shown with solid lines in Figure 4-16 (ie, the fracture zones at a depth
of 500 m or less) are superimposed on this hydraulic conductivity profile. In
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run NET-1, a hydraulic conductivity of 10"6 m/sec is used for all fracture
zones. The hydraulic conductivities of the middle two vertical fracture zones
(at 23 km and 27 km) are reduced to 10"7 m/sec and 10"8 m/sec in runs NET-2 and
NET-3, respectively. Runs NET-2 and NET-3 were performed to assess the extent
to which these reductions in hydraulic conductivity would reduce the
influences of the overlying mid-grid lows on groundwater flow patterns.
In runs NET-4 and NET-5, and additional U-shaped fracture zone is modelled at
depth 750 m between 19 km and 31 km (dotted line in Figure 4-16). The
vertical legs are assigned a vertical hydraulic conductivity of 10~7 m/sec in
both runs. The horizontal segment of the U-shaped fracture zone is modelled
with hydraulic conductivities of 10~7 m/sec and 10'8 m/sec in runs NET-4 and
NET-5, respectively. Thus, the 750 m deep U-shaped fracture zone represents
the case of a slightly less transmissive horizontal fracture zone at depth
with fewer, more widely-spaced vertical fracture zone connections to nearsurface flow systems (see discussions in Section 2.3.2),
4.5.1 Modelling Results
The contours of modelled heads for run NET-1 are shown in Figure 4-17. All
vertical fracture zones are assigned a hydraulic conductivity of 10"6 m/sec in
run NET-1, and as such the horizontal flow directions in the 500-m-deep
fracture zone are solely a function of the water table elevations above the
vertical fracture zones. Between 19 km and 23 km and between 27 km and 31 km,
groundwater flow in the 500-m-deep fracture zone is from left to right. The
flow direction is reserved between 23 km and 27 km, because the water table
low at 23 km is 4 m lower than that at 27 km.
As in the case of run FZ-1 (see Figure 4-11), the impacts of the water table
highs are contained above the 500-m-deep fracture zone. Also, the hydraulic
gradients in the 500-m-deep zone are imposed on the underlying, lowerhydraulic -conductivity rock. As a result, the mid-grid low at 23 km captures
groundwater to the full depth of the grid, and acts as a regional-scale
discharge area.
The changes in flow direction in the horizontal fracture zone do, however,
result in low hydraulic gradients beneath the middle U-shaped fracture zone,
and long travel times from depth to the mid-grid low at 23 km. Particle A in
Figure 4-17 was released at a depth of 750 m, 1 km to the right of the midgrid low. Because of the low hydraulic gradients, the travel time from the
release point to the base of the 500-m-deep fracture zone was 3.1 million
years. Virtually all of this time was spent in the unfractured rock below
depth 600 m.
In run NET-2, the hydraulic conductivities for the middle vertical fracture
zones (at 23 km and 27 km) were reduced to 10"7 m/sec. As shown in
Figure 4-18, this change resulted in left to right groundwater flow throughout
the 500-m-deep fracture zone and the underlying, lower-hydraulic-conductivity
rock. Thus, a one-order-of-magnitude decrease in the hydraulic conductivity
of the middle vertical fracture zones was sufficient to prevent the overlying
water table lows from controlling the direction of the horizontal component of
groundwater flow in the 500-m-deep fracture zone. However, the particle
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trajectories in Figure 4-18 show that the mid-grid low at 23 km still has a
strong influence of groundwater flow patterns.
Particle A in Figure 4-18 was released in the middle of the horizontal
fracture zone (depth 500 m) at 18 km. The particle bypasses the mid-grid low
at 19 km, which occurs above a vertical fracture zone with a hydraulic
conductivity of 10"6 m/sec, and discharges through the lower-hydraulicconductivity vertical fracture zone at 23 km. Particle B was released in
unfractured rock at a depth of 750 m. In travelling from left to right, the
particle trajectory shows a slight inflection below the mid-grid low at 19 km,
but is drawn upward and out of the unfractured rock (top elevation of -600 m)
beneath the mid-grid low at 23 km. The particle rises further in the slightly
fractured rock to within 10 m of the base of the 500-m-deep fracture zone
before resuming a downward trajectory at 23.7 km. The particle travel time
from the release point to the point where it exits the unfractured rock layer
at 23 km was more than 20 million years.
The hydraulic conductivity of the middle vertical fracture zones was further
reduced to 10"8 m/sec in run NET-3, and the contours of modelled heads for
this run are shown in Figure 4-19. The particle trajectories show that a twoorder-of-magnitude differential between the hydraulic conductivities of the
middle (23 km and 27 1cm) and outside (19 km and 31 km) vertical fracture zones
greatly reduces the influence of the mid-grid low at 23 km on groundwater flow
patterns. Additionally, the differential in hydraulic conductivities has
significantly enhanced the influence of the mid-grid low at 19 km.
As in the case of run NET-2, Particle A in run NET-3 was released at 18 km in
the middle of the 500-m-deep fracture zone. In run NET-3 Particle A
discharges up the vertical fracture zone at 19 km, whereas in run NET-2, this
particle bypassed the fracture zone at 19 km in favour of the vertical
fracture zone/mid-grid low at 23 km. Furthermore, Particle C in Figure 4-19,
which was released 2 km upgradient of the vertical fracture zone at 23 km,
bypasses the mid-grid low at 23 km and continues to move downgradient in the
500-m-deep horizontal fracture zone.
Particle B in run NET-3 was also released at the same location as Particle B
in run NET-2 (18 km, depth 750 m ) . In run NET-3, the mid-grid low at 19 km
has the greatest influence on the trajectory of Particle B. After 4.8 million
years of travel, Particle B exits the unfractured rock layer beneath the midgrid low at 19 km. The particle travels 1.6 km in the slightly fractured rock
beneath the 500-m-deep horizontal fracture zone, and then re-enters the
unfractured rock. The trajectory of Particle B shows a slight inflection
beneath the mid-grid low at 23 km. Thus, the impacts of the mid-grid lows at
19 km ar.d 23 km on the Particle B trajectories are reversed from run NET-2 to
run NET-3.
In run NET-4, a U-shaped fracture zone extending from 19 km to 31 km with a
horizontal segment at a depth of 750 m was added to the fracture zone network
modelled in run NET-2 (10"7 m/sec hydraulic conductivity for middle vertical
fracture zones). The 750 m deep U-shaped fracture zone was assigned a
hydraulic conductivity of 10"7 m/sec in run NET-4.
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Contours of modelled heads for run NET-4 are shown in Figure 4-20. The head
contours and the trajectory for Particle A show that the hydraulic gradient is
more uniform beneath the 750-m-deep fracture zone that beneath the 500-m-deep
fracture zones in runs NET-1, NET-2 and NET-3. The 750-m-deep U-shaped
fracture zone imposes an additional degree of smoothing on groundwater flow
patterns at depth. Reasons for this are as follows:
1.

A second U-shaped fracture zone at depth provides for additional
smoothing over and above that created by the overlying U-shaped fracture
zone.

2.

The spacing of vertical hydraulic connections between the 750-m-deep
fracture zone and near-surface flow systems is greater than for the
500-m-deep fracture zone, which allows for a more uniform hydraulic
gradient to occur in the 750-m-deep fracture zone.

3.

The water table elevations above the vertical fracture zones at 19 km and
31 km control the hydraulic gradient in the 750-m-deep U-shaped fracture
zone, and these two water table elevations impose a gradient equal to the
regional gradient on the 750-m-deep fracture zone.

In run NET-2, the trajectory of Particle B (released at 18 km, depth 750 m)
was strongly influenced by the mid-grid water table low at 23 km. In
contrast, the 750-m-deep fracture zone in run NET-4 shields Particle A
(released at 20 km, depth 830 m) from the influence of the mid-grid low at
23 km. In fact, the trajectory of Particle A trends slightly downward at
23 km.
Groundwater flow directions between the 500-m and 750-m deep horizontal
fracture zones are downward, except for a small area in the vicinity of 23 km
between depths 530 m and 600 m. Particles B and C in Figure 4-20 were
released midway between the two fracture zones (depth 625 m) at 20 km and
25 km, respectively. Both particles move vertically downward to the 750-mdeep fracture zone, and then travel from left to right through the fracture
zone. At 31 km (the end point of the 750-m-deep fracture zone), the particles
move up to the 500-m-deep fracture zone, and continues to travel to the right.
Table 4-6 shows the times required for Particles B and C to travel from their
respective release points to the top of the 750-m-deep fracture zone
(elevation -720 m ) . The travel time for Particle B to enter the 750-m-deep
fracture zone of 93,000 yrs is almost four times longer than that for
Particle C. This result shows that if a repository is to be located between
two sub-horizontal fracture zones, it would be desirable to site the
repository in an area with a small head differential between the two fracture
zones.
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Table 4.6

TRAVEL TIME COMPARISON FOR
RUNS NET-4 AND NET-5

Particle

Travel Time to
Fracture Zone (yrs)

Average Gradient along
Travel Path I

NET-4

NET-4

NET-5

NET-5

B

93,000

266,000

0.3

0.1

C

24,000

59,000

1.3

0.5

Run NET-5 uses the same fracture zone network configuration as was used in run
NET-4. In run NET-5, the hydraulic conductivity of the horizontal segment at
depth 750-m is reduced by one order of magnitude to 10'8 m/sec. The modelled
heads for run NET-5 are contoured in Figure 4-21. As in the case of run
NET-4, the 750-m-deep U-shaped fracture zone provides additional smoothing on
groundwater flow patterns at depth. The trajectory for Particle A is essentially horizontal from its release point (20 km at depth 830) to 24 km, after
which it trends downward. However, a comparison of the head contour spacings
below the 750-m-deep U-shaped fracture zones and the Particle A trajectories
in runs NET-4 and NET-5 show that the order-of-magnitude reduction in the
transmissivity of the 750-m-deep horizontal segment results in less smoothing
of groundwater flow patterns at depth. Because the 750-m-deep horizontal
fracture zone is less hydraulically significant in run NET-5 than in run
NET-4, the heads in the 750-m-deep fracture zone are more closely related to
those in the overlying 500-m-deep fracture zone in run NET-5 than in run
NET-4.
Particles B and C were released at the same locations in run NET-5
(Figure 4-21) as in run NET-4 (Figure 4-20). As shown in Table 4-6, the
smaller differential in heads between the two horizontal fracture zones
resulted in longer travel times for the particles to the 750-m-deep horizontal
fracture zone in run NET-5. The travel time for Particle C increases by more
than a factor of 2, whereas the travel time for Particle B increases by almost
a factor of 3. Also shown in Table 4-6 are the average hydraulic gradients
along the Particle B and C trajectories from their respective release points
to the 750-m-deep fracture zone for runs NET-4 and NET-5.
The gradient range of 0.1% to 1,3% represents a head differential range
between the particle release point (depth 625 m) and the top of the 750-m-deep
fracture zone (depth 720 m) of only 0.1 m to 1.2 m. Thus, while a 266,000 yr
travel time (Particle B, run NET-5) from a repository to a major fracture zone
is clearly more desirable than a 24,000 yr travel time (Particle C, run
NET-4), it may be difficult to differentiate between the two situations based
on measurements of pressure/head at depth.
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Although hydraulic gradients between the two horizontal fracture zones are
smaller in run NET-5 than in run NET-4, a 2 km wide zone of upward flow occurs
in run NET-5. The mid-grid low at 23 km results in a zone of upward flow
between 22 km and 24 km. Particle D in Figure 4-21 was released in this zone
(22 km, depth 625 m ) , and it discharges to the 500-m-deep horizontal fracture
zone after 103,000 yrs. Ninety-five percent of this time is spent travelling
from the release depth (625 m) up to the top of the unfractured rock layer
(depth 600 m ) ; the gradient over this 25 m distance is approximately 0.08%.
After entering the 500-m-deep horizontal fracture zone, the STLINE results
show that Particle D travels in the bottom metre of the zone for 2.6 km, and
then exists the fracture zone into the underlying intact rock. As stated in
Section 4.3.2, STLINE tracks the path of an "average" particle only. Thus, if
a mass of radionuclides were released to the 500-m-deep fracture zone,
dispersion would tend to cause spreading of the mass across the thickness of
the fracture zone, and a portion of the radionuclide mass would remain in the
fracture zone and be available for discharge up one of the vertical fracture
zones.
4.5.2

Siting Considerations Based on Fracture Zone and Network Runs

The FZ and NET runs suggest several general siting criteria or considerations
for sites with sub-vertical and sub-horizontal fracture zone systems
superimposed on a decreasing-hydraulic-ronductivity-with-depth geologic
profile:
1.

At many sites, the low-hydraulic-conductivity rock beneath the deepest
areally extensive, transmissive sub-horizontal fracture zone could
provide a suitable horizon for a HLW repository, based on geologic and
hydrogeologic considerations. Two or more layers of sub-horizontal
fracture zones can provide for increased smoothing of groundwater flow
patterns below the deepest fracture zone.

2.

Typically, the rock above the shallowest areally extensive, transmissive
sub-horizontal fracture zone will represent a poor or less desirable host
rock for a HLW repository. Groundwater flow patterns in such rock can be
complex, and local relief can cause travel paths and times to discharge
points to be relatively short.

3.

At many sites in the Canadian Shield, transmissive, areally extensive
sub-horizontal fracture zones occur at various depths. Figure 2-12 shows
groundwater flow through a large-scale network of sub-vertical and
sub-horizontal fractures. Based on the FZ and NET runs, it is expected
that the impacts of local relief on groundwater flow patterns will often
be largely contained above the shallowest sub-horizontal, transmissive
fracture zone. Thus, any zones of low-hydraulic-conductivity rock in
between sub-horizontal fracture zones could also represent suitable
repository horizons. However, such horizons would have to be carefully
investigated, as the differences in head between the overlying and
underlying sub-horizontal fracture zones or adjacent sub-vertical
fracture zones could result in short travel times through the lowhydraulic -conductivity rock. [In runs NET-4 and NET-5, the distance
between the two horizontal fracture zones (500 m) was more than one order

4-22
of magnitude less than the distance between the adjacent vertical
fracture zones (12 km), and as a result the particle trajectories across
the low-hydraulic-conductivity rock block (Particles B, C and D) where
primarily vertical. Had the opposite been the case, particle
trajectories through the low-hydraulic-conductivity rock would have been
horizontal toward one of the vertical fracture zones.] While low
hydraulic gradients across such blocks of low-hydraulic-conductivity rock
can result in long travel times, low hydraulic gradients can result in
variable flow directions across the block (for example, see Particles B,
C and D in Figure 4-21), and the actual direction may be difficult to
predict based on field data.
Groundwater flow patterns within networks of fracture zones can be
complex, and will be a function of the transmissivities of the individual
fracture zone legs and the piezometric heads at the fracture zone
outcrops and subcrops, Generally, fracture zones are of limited value as
a barrier to groundwater flow.

5.0

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

5.1

Conclusions

A series of regional-scale groundwater flow modelling and particle tracking
simulations are presented in this report for conceptual models of generic HLW
disposal sites. The simulation runs were conducted to assess the extent to
which a large crystalline rock mass, such as a pluton or batholith, can be
expected to contain and isolate HLW, and thereby contribute to safety.
Geological and hydrogeologic conditions only were considered; no credit was
taken for radioactive decay or the potential for retardation of radionuclides.
It was assumed that fractured crystalline rock can be represented as an
equivalent porous medium at the regional scale, and that groundwater flow
occurs under steady-state conditions over the range of depths that are being
considered for a HLW repository of 500 m to 1000 m. Also, the modelling
results are for pre-waste-emplacement conditions,
The current phase of the Canadian Nuclear Waste Fuel Management Program
(NFWMP) is generic in nature; in that specific candidate sites for a HLW
repository are not being considered. As such, general conclusions on
groundwater flow conditions in Northern Ontario are appropriate for this phase
of the NFWMP. The report conclusions can be considered "general" or "generic"
because they are expected to be applicable to many plutons and batholiths.
Due to the wide variety of geologic and hydrogeologic conditions that occur in
Northern Ontario, the conclusions are not applicable to all plutons and
batholiths. General conclusions can be used as an aid in the development of
siting and design criteria for a HLW repository, and to assist in the
identification of key data needs and important areas for future research.
Seventeen generic HLW disposal site models were evaluated with the computer
codes SWIFT III and STLINE. The results of these evaluations were augmented
with published information on the nature of groundwater flow systems in porous
media and fractured rock environments to develop general conclusions on the
scales and patterns of groundwater flow in granitic plutons and batholiths.
This information is summarized in Section 5.1.1. The modelling work was also
used to identify geologic and hydrogeologic characteristics that can result in
favourable conditions for a HLW repository. These characteristics are
discussed in Section 5.1.2.
5.1.1

The Nature of Groundwater Flow in Granitic Plutons and Batholiths

Generally, a zone of active groundwater circulation exists in the upper
sections of plutons and batholiths. The zone is typically 300 m to 400 m
deep, and it contains a highly interconnected network of open faults,
fractures and other discontinuities. The groundwater flux through the zone of
active flow is generally sufficient to maintain low values of total dissolved
solids. Regional topographic gradients are low in the Northern Ontario
portion of the Canadian Shield (0.6% or less), and the terrain is hummocky in
many areas. Given this topography and the lower-hydraulic-conductivity rock
that typically exists below the zone of active groundwater circulation, it is
expected that local scale flow systems will dominate in this zone.
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Beneath the zone of active groundwater circulation, the fault and fracture
zones that cut the relatively intact rock blocks are the major conduits of
groundwater flow, and they typically control groundwater flow patterns at
depth. Major sub-horizontal and/or sub-vertical fracture zones have been
encountered in all four plutons investigated under the Canadian NFWMP, and
such features have been typically found in crystalline rock study areas in
other countries. At depth, regional scale flow systems can only exist within
sub-horizontal fracture zones and fracture zone networks. Groundwater flow
patterns within networks of fracture zones can be complex, and will be a
function of the transmissivity fields of the individual fracture zone legs or
segments and the piezometric heads at the fracture zone outcrops and subcrops.
The nature of groundwater flow in the relatively intact rock that underlies
the zone of active groundwater flow and surrounds the deep fault and fracture
zones is poorly understood. Groundwaters in the depth range of 500 m to
1000 m are often saline, and brines are common at depths greater than 1000 m.
The ages of the brines are often inferred to be many million years old.
Groundwater flow models and field data can be used to estimate fluid pressures
in the zone of active groundwater circulation and in fracture zones. These
pressures can then be used in conjunction with the data on the rock matrix and
fractures in the relatively intact rock blocks, and the properties of the
fluids contained within the blocks to estimate flow directions and groundwater
fluxes and velocities across the blocks. However, flow conditions within the
relatively intact rock blocks might not be in equilibrium with flow in the
more transmissive overlying or surrounding units. Considerable periods of
time can be required for low-hydraulic-conductivity rock to come into
equilibrium with hydraulic conditions that are external to the rock mass. As
a result, the pore pressures within blocks of relatively intact rock may still
be changing in response to previous major geologic events. Additionally,
trapped pockets of very old water may exist that are not in hydraulic
communication with the zones in which groundwater flow occurs.
5.1.2

Favourable GeoloEic and Hvdrogeologic Conditions for a HLW Repository

Figure 5-1 shows several favourable geologic and hydrogeologic conditions for
a HLW repository that were identified with the modelling work, and these
conditions are described in more detail below;
A host rock that is largely unfractured. or that contains few sections with
open, interconnected fractures is preferred.
Unfractured rock provides for significant additional containment over
that provided by slightly fractured rock. Groundwater flow through
slightly fractured rock occurs primarily through the fractures, which
results in low values for effective flow porosity (as low as 10"5 or
10" 4 ). On the other hand, groundwater flow through unfractured rock
occurs through the matrix, which has an interconnected porosity of 10"3
to 10"z. The higher porosity, combined with the lower hydraulic
conductivities that are associated with unfractured rock, result in
significantly lower average linear groundwater flow velocities in
unfractured rock in comparison to those in slightly fractured rock for
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Figure 5-1. SCHEMATIC OF A HLW DISPOSAL SITE WITH FAVOURABLE
GEOLOGIC AND HYDROGEOLOGIC CONDITIONS
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the same hydraulic gradient. As such, priority in the Canadian NFWMP
should be given to developing and testing screening techniques for
identifying plutons and batholiths with large blocks of unfractured rock,
and techniques that can be used to verify the existence of such blocks of
rock during detailed site characterization work.
The low-hvdraulic-conductlvltv rock beneath t!ie deepest areally extensive,
transmissive fracture zone could provide a favourable horizon for a HLW
repository at many sites. In particular, fracture zones that Impose a low
hydraulic gradient on the underlying rock are favoured.
Areally-extensive, transmissive sub-horizontal fracture zones at depth
that are connected to near-surface rock by sub-vertical fracture zones
tend to contain the impacts of local relief on groundwater flow patterns
to the region above the sub-horizontal segment of the fracture zone. (In
the main text, such fracture zone systems were referred to as U-Shaped
fracture zones.) Also, the deepest transmissive sub-horizontal fracture
zone at a site will tend to impose the gradient in the fracture zone on
the underlying, lower-hydraulic-conductivity rock.
The adjective "transmissive" refers to the hydraulic conductivity
contrast between the fracture zone and the surrounding rock, not the
magnitude of hydraulic conductivity of the fracture zone. In the
simulation runs presented, a hydraulic conductivity contrast of four
orders of magnitude for the sub-horizontal segment of a single U-shaped
fracture zone was sufficient to contain the impacts of a sharp water
table perturbation above the fracture zone, whereas a hydraulic
conductivity contrast of two orders of magnitude did not prevent the
perturbation from controlling groundwater flow directions below the Ushaped fracture zone. However, the hydraulic conductivity contrast of
two orders of magnitude did dampen the impact of the perturbation, in
that hydraulic gradients below the U-shaped fracture zone were reduced.
A horizontal fracture zone without vertical limbs and a low-hydraulicconductivity lens also have the potential to cause reduced hydraulic
gradients to occur below the feature.
Thus, the low-hydraulic-conductivity rock beneath the deepest areallyextensive, transmissive sub-horizontal fracture zone could provide a
suitable horizon for a HLW repository at many sites, based on geologic
and hydrogeologic considerations. In particular, fracture zones that
impose a low hydraulic gradient on the underlying rock are favoured. Two
or more layers of sub-horizontal fracture zones can provide for increased
smoothing of groundwater flow patterns below the deepest fracture zone.
Typically, the rock above the shallowest areally-extensive, transmissive
sub-horizontal fracture zone will represent a poor or less desirable host
rock for a HLW repository. Groundwater flow patterns in such rock can be
complex, and local relief can cause travel paths and times to discharge
points to be relatively short.
At many sites in the Canadian Shield, transmissive, areally-extensive
sub-horizontal fracture zones occur at various depths. Based on the
simulation runs that are presented in this report, it is expected that
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the impacts of local relief on groundwater flow patterns will often be
largely contained above the shallowest sub-horizontal, transmissive
fracture zone. Thus, any zones of low-hydraulic-conductivity rock in
between sub-horizontal fracture zones could also represent suitable
repository horizons. However, such horizons would have to be carefully
investigated, as any différences in head between the overlying and
underlying fracture zones or adjacent sub-vertical fracture zones could
result in short travel times through the low-hydraulic-conductivity rock.
While low hydraulic gradients across such blocks of low-hydraulicconductivity rock can result in long travel times, low hydraulic
gradients can result in variable flow directions across the block, and
the actual direction may be difficult to predict based on field data.
Generally, fracture zones are of limited value as a barrier to
groundwater flow.
Large groundwater recharge zones can provide favourable locations for a HLW
repository.
From a hydrogeological perspective, recharge areas are generally
preferred for HLW repository sites over discharge areas, as the flow
paths in recharge areas have a downward as opposed to an upward
component. Also, HLW repositories in recharge areas will tend to have
longer flow paths to the biosphere than those in discharge areas. (Note:
For the hydrogeologic and geologic conditions shown in Figure 5-1, the
placement of the repository beneath a large recharge area is redundant,
as the sub-horizontal fracture zone controls hydraulic gradients beneath
the fracture zone.)
A site with a large hydraulic conductivity contrast between the rock near land
surface and the rock at the repository horizon can have the potential to
considerably dilute any radionuclide releases from the HLW repository along
the flowpaths through the geosphere.
To provide an additional safety factor for the unlikely occurrence of
significant, premature degradation of several engineered and natural
barriers, it would be desirable to select a site with a potential to
considerably dilute any radionuclide releases from the repository along
the flow paths through the geosphere. The simulation runs presented in
this report demonstrated that a decreasing-hydraulic-conductivity-withdepth geologic profile with a.large hydraulic conductivity contrast
between the near-surface rock/overburden and the rock at the repository
horizon has a large potential for diluting any radionuclide releases
prior to discharge at ground surface. For the generic HLW disposal sites
that were modelled, dilution factors on the order of 10* to 10 5 were
obtained.
The runs used to investigate dilution factors did not include any
fracture zones. The impacts of fracture zones on dilution factors at
land surface discharge points for any radionuclide releases at depth
would have to be assessed on a case-by-case basis.
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Increasing the depth of a HLW repository horizon at a site will generally
provide for added containment of the waste.
The depth range for a HLW repository in Canada is typically stated as
being between 500 m and 1000 m. The hydraulic conductivity in plutons
and batholiths generally decreases with depth, and thus the construction
of a HLW repository at t'ue lower end of the above range would provide for
added containment at many sites (ie., a host rock with fewer rock
sections containing open, interconnected fractures, and a larger
thickness of low-hydraulic-conductivity rock above the repository
horizon). Also, construction of the HLW repository at depth would
provide for added isolation of the waste, as the waste would be separated
from land surface by a greater thickness of rock.
A final, general comment can be made regarding the usefulness of generic
studies of the Canadian Concept for High Level Radioactive Waste Disposal.
This study has demonstrated that useful information can be obtained by
studying generic HLW disposal sites and using data representative of CanadianShield-wide conditions as opposed to site-specific data. The regional-scale
groundwater flow modelling analyses that were conducted for this report have
been successfully used to identify favourable geologic and hydrogeologic
conditions for a HLW repository.
5.2

Recommendations for Future Work

The next phase of groundwater flow modelling work will focus on local scale
issues. However, additional insights can be gained by studying generic HLW
disposal sites at the regional scale. Additional topics that should be
investigated at the regional scale include the following:
1.

In the Canadian Shield, the salinity or dissolved solids content of
groundwater generally increases with depth. Discharges of brackish
groundwater (total dissolved solids content of between 1,000 mg/L and
10,000 mg/L) at land surface have been observed at about twenty "salt
lick" sites adjacent to or on islands contained within Lake Superior and
Lake Nipigon. The exact origin of the salt components at the salt lick
sites are uncertain, and the various, sites may be characterized by
different origins. Studies at a salt lick northeast of Nipigon, Ontario
indicated that the dissolved solid load of the water probably had a
bedrock origin, although no evidence was found to relate the solids to
the deep crystalline rock brines found in the Canadian Shield. While
groundwater flow may be causing deep brines and saline groundwaters to
flow upward toward ground surface in some areas on the Canadian Shield,
it would be difficult to measure the salt discharge in most cases. The
volumes of groundwater flow at depth are orders-of-magnitude lower than
the volumes near land surface, and thus considerable dilution occurs in
near-surface rock. In fact, some researchers suggest that diffusion as
opposed to groundwater flow is responsible for the movement of salts from
depth to near-surface rock.
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The potential for significant-volumes of brine or saline groundwater to
discharge from depth is of interest from a hydraulic perspective, because
the mass density or weight of saline groundwater is higher than that for
fresh water. The groundwaters in recharge areas that could be driving or
forcing saline groundwaters from depth would generally be expected to be
fresh to depths of several hundred meters. Thus, if groundwater flow is
causing a column of deep, saline groundwater to flow upward to land
surface, additional freshwater head would be required in the recharge
areas to balance-off the weight of dissolved salts in the column of
discharging saline water.
It would be of interest to perform scoping calculations for a selected
number of salt lick sites to assess the saline water densities that could
be driven from depth to land surface by the available head in the
surrounding highland (recharge) areas. The predicted maximum saline
water densities could then be compared with available data to assess
whether or not groundwater flow could be causing the salt licks.
Hopefully, these calculations would provide insights into the
hydrogeologic and geologic conditions underwhich a point discharge of
deep, saline groundwater could occur, so that these conditions could be
avoided in siting a HLW repository.
2.

In the modelling work conducted for this report, groundwater flow
conditions in deep, unfractured rock were assumed to be in equilibrium
with present-day water table conditions. In fact, considerable periods
of time can be required for large blocks of low-hydraulic-conductivity
rock to come into equilibrium with hydraulic conditions that are external
to the rock mass. As a result, the pore pressures within such rock
masses may still be changing in response to previous major geologic
events and processes. It is recommended that transient scoping
calculations be performed to evaluate the time periods for rock masses of
various depths and hydraulic conductivities to come into equilibrium with
abrupt changes in near-surface hydraulic head and gradient conditions.
These calculations would only partially account for or mimic the
significant geologic and hydraulic changes caused by a major geologic
event or process, such as an ice age. However, the calculations would
provide an indication of the appropriateness of the steady-state
assumption as a function of depth for various geologic and hydrogeologic
conditions.
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APPENDIX A
VERIFICATION AND VALIDATION OF SWIFT III
SWIFT III is considered to be adequately verified and validated for the
modelling work that was conducted for this report. Ward et al (1984)
documents eight verification and three field comparison tests that were
performed with an earlier version of SWIFT III. In all cases, the code
results compared favourably with the analytical and field data. Additionally,
a document that was prepared to illustrate the use of the SWIFT code (Reeves
et al, 1987) contains a further seven verification problems and one field
comparison problem. GeoTrans has successfully tested their current version of
SWIFT III (Version 2.32) against all of these verification and field
comparison problems.
At the AECB, minor modifications were made to SWIFT III Version 2.32 so that
it could be compiled on a MicroVAXII, and additional coding was added to aid
pre- and post-processing needs at the AECB. The updates to SWIFT III and the
installation of the code at the AECB were verified with a subset of the abovementioned test problems. This subset of problems tested the following code
features and options:
-

cartesian and radial co-ordinate systems
incompressible and density-dependent groundwater flow
heat transport
brine and contaminant transport
radionuclide transport and decay
dual porosity media
free water surface boundary condition.

The MicroVAXII version of SWIFT III was Version 2.32C. Later, Version 2.32D
was created from Version 2.32C to run on a Compaq 386 computer with the
University of Salford FTN77/386 compiler. The Version 2.32D changes were
minimal, and the code was retested with the same test problems used for
Version 2.32C. The NET runs were analyzed with Version 2.32D, and all of the
other runs in this report were analyzed with Version 2.32C.
To provide further confidence that SWIFT III is adequately verified and that
it is appropriate for the types of calculations performed in this report, both
versions of SWIFT III (Version 2.32C and 2.32D) were tested for two
groundwater flow problems that were solved analytically by Toth (1963).
Specifically, SWIFT III was used to reproduce the head contours and the
groundwater flow patterns for the two homogeneous, isotropic aquifers that are
shown in Figure 2-6. .
A 20,250 ft long by 1000 ft high finite difference grid was developed using
1620 grid blocks with dimensions 250 ft long by 50 ft high. Boundary
conditions are specified at grid block centres in SWIFT III. As a result, the
grid was made 250 ft longer .than the flow system analyzed by Toth so that the
grid block centres of the end blocks would be 20,000 ft apart, and the maximum
and minimum heads in Toth's water table configurations could be prescribed on
the grid. The increase in modelled system length of 1% over that analyzed by
Toth is not expected to significantly impact the comparison between Toth's
analytical solution and the SWIFT III results.

A-2
Figure A-l shows the SWIFT III modelling results for the Toth flow systems
that are shown in Figure 2-6 of this report. This exercise is not a formal
verification, and as such comparisons are made by visual inspection.
The head contours in Figure A-l compare well with those in Figure 2-6. The
contour interval in all figures is 10 ft. In Figure 2-6b, Toth added several
additional contour lines to delineate local discharge areas. These additional
contour lines are shown as short dashed lines in Figure 2-6b, and
corresponding lines are not provided in Figure A-lb.
For the case of a 2 percent regional water table gradient, SWIFT III modelling
results (Figure A-la) showed that all mid-grid water table lows captured
groundwater to the full depth of the grid. This result is in agreement with
Toth's analytical solution in Figure 2-6a, which shows no regional-scale or
intermediate-scale groundwater flow systems. STLINE particle trajectories for
the case with a 5 percent regional water gradient (Figure A-lb) show both
local-scale and regional-scale flow systems. Toth also shows local-scale and
regional-scale flow systems for this case (Figure 2-6b); however, he shows the
regional flow system to occupy a much larger section of the grid. A vertical
exaggeration of 2.5 is used in both Figures 2-6 and A-l, and as such flow
paths should not cross head contour lines at 90° angles. It is believed that
Toth added the flow paths to the figures by eye in his 1963 paper, and it
appears that he drew the flow paths to cross head contour lines at 90o angles.
Thus, the computer-generated flow paths in Figure A-lb are believed to be more
correct than those in Figure 2-6b.
In summary, the SWIFT III code was successfully used to discriminate between a
boundary condition that resulted in local-scale groundwater flow systems only
(Figure A-la), and a boundary condition that caused both local-scale and
regional-scale groundwater flow systems to occur (Figure A-lb). The modelling
results provide additional confidence that the SWIFT III code is an
appropriate tool for performing the regional-scale modelling analyses that are
presented in this report.
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Figure A-1. MODELLED HEADS AND GROUNDWATER FLOW PATTERNS FOR A
300-m (1,000-ft) DEEP AQUIFER WITH REGIONAL WATER
TABLE GRADIENTS OF (a) 2 PERCENT AND (b) 5 PERCENT
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