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Abstract

A Deep Geologic Repository (DGR) for Low and Intermediate Level (L&IL) Radioactive Waste
has been proposed by Ontario Power Generation for the Bruce Nuclear site in Ontario Canada.
The DGR is to be constructed at a depth of about 660 m below ground surface within the argilla-
ceous Ordovician limestone of the Cobourg Formation. The objective of this thesis is to de-
velop a regional-scale geologic conceptual model for the DGR site and to describe modelling
using FRAC3DVS-OPG that provides a basis for the assembly and integration of site-specific
geoscientific data. The numerical model is used to explain and illustrate the influence of con-
ceptual model, parameter and scenario uncertainty on predicted long-term geosphere barrier
performance. The modelling also provides a framework for hydrogeologic and geochemical
investigations of the DGR, serves as a basis for exploring potential anthropogenic and natural
perturbations to the DGR system, and demonstrates the long-term stability of the deep system.

In the geologic framework of the Province of Ontario, the Bruce DGR is located west of the
Algonquin Arch within the Bruce Mega-Block at the eastern edge of the Michigan Basin. Well
logs have been used to define the structural contours at the regional and site scale of the up to 37
units that may be present above the Precambrian crystalline basement rock. The regional scale
domain is restricted to a region extending from Lake Huron to Georgian Bay. While the selec-
tion of a larger domain might decrease the contribution of boundary condition uncertainty to any
uncertainty in any site-scale performance measure, it significantly increases the contribution of
the uncertainty in the spatial characterization to the uncertainty of the selected measure. From
a hydrogeologic perspective, the domain can be subdivided into three horizons: a shallow zone
characterized by the units of the Devonian; an intermediate zone comprised of the low perme-
ability units of the Silurian and the shale units of the upper Ordovician; and a deep groundwater
domain or zone characterized by units, such as the Cobourg formation, with stagnant water hav-
ing high total dissolved solids concentrations that can exceed 200g/l. Hence, the conceptual
model of the Bruce DGR site required the development of constitutive models that relate the
fluid density and viscosity to the fluid total dissolved solids (TDS), temperature and pressure.

The regional-scale hydrogeologic modelling will help demonstrate that at the proposed repos-
itory horizons, there are low energy gradients and that the combination of the low permeabilities
and gradients will result in diffusional groundwater systems with favourable retardation proper-
ties.
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Chapter 1
Introduction

A Deep Geologic Repository (DGR) for Low and Intermediate Level (L&IL) radioactive waste
has been proposed by Ontario Power Generation (OPG) for the Bruce site on the shore of Lake
Huron near Tiverton, Ontario (Figure 1.1). The DGR is to be excavated at a depth of approx-
imately 660 m within the argillaceous limestone of the Ordovician Cobourg Formation (Fig-
lure 1.2). In order to reasonably assure safety of the radioactive waste at the site and better un-
derstand the geochemistry and hydrogeology of the formations surrounding the proposed DGR,
a regional-scale numerical modeling study is completed, as reported herein. This numerical
modeling study provides a framework to investigate the regional groundwater flow system as it
applies and potentially affects the safety and long-term performance of the DGR.

In order to capture and recreate the regional groundwater system, in both near-surface and
deep environments, a groundwater model is developed for a fully three-dimensional realization of
the bedrock stratigraphy within a portion of South-Western Ontario centred on the Bruce DGR
site. From a hydrogeologic perspective, the domain can be subdivided into three hypothetical
horizons: a shallow zone characterized by the units of the Devonian that have higher permeabil-
ity and groundwater composition with a relatively low total dissolved solids content; an interme-
diate zone comprised of the low permeability units of the Silurian and the formations above the
upper Ordovician shales; and a deep groundwater domain or zone characterized by the Ordovi-
cian carbonate and shale formations with stagnant water having high total dissolved solids (TDS)
concentration that can exceed 200 g/L with a corresponding specific gravity of 1.2 for the fluids.

This deep zone is comprised of the Ordovician, the Cambrian where present and the Precam-
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Figure 1.1: Location of proposed DGR site.
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brian (Figure 1.2)). The direction of groundwater flow in the shallow zone is strongly influenced
by topography thus concurring with the theory of Toth| [1963]] while the low-permeability inter-
mediate zone isolates the deep groundwater domain from the influence of local scale topographic
changes. Flow in the deep domain, as it may occur, most likely will be controlled by basin wide
topography and potential formational facies changes and balanced by fluid density gradients. As
a consequence, any horizontal gradients that govern flow in the deep domain are expected to be
low resulting in diffusion dominated flow.

The regional-scale modelling was accomplished using FRAC3DVS-OPG. Developed from
FRAC3DVS [Therrien et al.,2004], the model provides a solution of three-dimensional density-
dependent groundwater flow and solute transport in porous and discretely-fractured media.

The modelling process requires a large computational effort for this horizontally layered
geological sequence. Pre- and post-processors are essential for data interpretation, synthesis,

manipulation, management and visualization. ArcGIS is an important tool for data visualization.

1.1 Geologic Framework

The Michigan Basin is a sedimentary geological feature found in the Southern peninsula of
Michigan, Southern Ontario as well as a few states surrounding Michigan (Figure 1.3). The
northern edge of the Michigan Basin rim is defined as the areas where the depositionally continu-
ous basal Paleozoic sediments come in contact with older rocks of Precambrian age [Stonehouse,
1969]]. In Southern Ontario, the Michigan Basin is bounded to the east by the Algonquin Arch.
The Algonquin Arch is a feature in the crystalline basement rock that trends NE-SW [Mazurek,
2004]. The Algonquin Arch ranges in elevation from approximately 300 m where it outcrops to
—1000 m at the Chatham Sag. South of the Chatham Sag, the Michigan Basin is bounded by
the Findlay Arch [Ellis, 1969]. The Findlay Arch is the southern continuation of the Algonquin
Arch.

In general, Southern Ontario can be divided into two separate fracture systems, or megablocks
[Sanford et al.,|1985]]. The Megablocks have been named the Niagara Megablock and the Bruce
Megablock and are divided by the Algonquin Arch. The proposed location for
the DGR places it in the Bruce Megablock. One of the primary differences between the Bruce

and Niagara Megablocks is the fracture lineament patterns. The Bruce Megablock has a less



Figure 1.3: Spatial extent of Michigan Basin.
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dense lineament pattern for the fractures than that of the Niagara Megablock. In the Niagara
Megblock, the intersection of the fracture lineaments act as oil traps and are frequently found
to contain petroleum and natural gas reserves; however, borehole tests indicate that the Bruce
Megablock is devoid of natural gas or petroleum products.

The suitability of a sedimentary formation as a horizon for a potential repository depends
on many criteria, such as a low energy gradient with this being the sum of the flow energy or
pressure gradient and a potential energy gradient. The potential energy gradient is given in terms
of a density gradient and a gravitational gradient. Other criteria include sufficient depth below
surface in a geologic unit with thickness, lateral contiguity and simple internal homogeneity and
favourable retardation properties [Mazurek, 2004]. The regional-scale hydrogeologic modelling
will help demonstrate that at the proposed repository horizons, there are low energy gradients and
that the combination of the low permeabilities and gradients will result in diffusional groundwa-

ter systems with favourable retardation properties.

1.2 Regional-Scale Conceptual Model

The regional-scale groundwater model can be described as having an upper and lower flow
regime separated by the intermediate regime. The upper flow regime is restricted to units above
the Salina Formation. This is because the low hydraulic conductivity of the Salina Formation
restricts near surface groundwater from penetrating to greater depths. The upper flow regime
therefore mimics the topography according to Toth| [[1963]], flowing from the highlands of the
Niagara Escarpment to Lake Huron.

The lower flow regime is found beneath the Silurian sediments. Based on the conceptual
model used in this study, there is little hydraulic connection between the deep geologic forma-
tions with the near-surface units. The horizontal energy gradients at depth are expected to be
very low. The only location for groundwater recharge into the rocks of the lower flow regime
will be where they outcrop because the intermediate regime, where present, acts as an aquaclude,
preventing connection to surface recharge.

In order to determine the maximum energy gradient found in the deeper units, the lake eleva-
tions must be studied. The highest possible elevation gradient throughout the Great
Lakes region would be between Lake Superior and Lake Ontario, which have a difference in
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Figure 1.4: Bruce and Niagara megablocks with fracture lineaments [Sanford et al.,|1985].
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elevation of approximately 108 m. Although the head difference between these lakes is consider-
able, the substantial distance between them would result in a negligible potential energy gradient.
When assessing the possible gradient between Lake Michigan and Lake Huron, the identical sur-
face water elevation would prevent any gravity potential energy gradient from occurring between
them.

The negligible potential energy gradients that occur between the Great Lakes surrounding
the Michigan Basin, will be reduced due to the presence of the dense saline groundwater found
within the formations of the lower flow regime. Where these units outcrop at recharge areas,
there will be a potential for fresh water to infiltrate the geologic units and displace higher density
water until there is a balance between the elevation gradient and the density gradient. At this
equilibrium point, the energy gradient will approach zero. With the dense brines, there will
be associated higher viscosities which will act to further impede flow. The combination of the
negligible horizontal energy gradients with the dense brines and low permeabilities in the lower
groundwater regime will then force the system at depth to become diffusion dominated.

On the basis of the negligible energy gradients expected within the lower flow regime, it is
then possible to limit the spatial extent that will be modelled to include a section of the Michigan
Basin, as opposed to the basin as a whole. The stagnant flow regime can be replicated indepen-
dent of the extent of the spatial domain provided that the domain includes appropriate recharge
zones for the units that have high total dissolved solids concentrations.

The boundaries of the conceptual model were defined using the following cri-
teria. The south-eastern portion of the conceptual model boundary lies such that it follows the
regional surface water divides surrounding the Bruce site. The surface water divide was de-
termined by using a DEM derived from data from NASA’s Shuttle Radar Topography Mission
(SRTM) and a river maps in ArcGIS (Figure 1.6). With the assumption that the groundwater
system is a subdued reflection of topography, the divide boundary conditions would only apply
to the upper groundwater regime. The domain includes the local topographic high in Southern
Ontario. The model domain extends to the deepest portion of both Lake Huron and Georgian
Bay. The bathymetric map was used to define the model boundaries in these areas. The eastern
boundary of the domain is west of the Algonquin Arch.
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1.3 Scope and Objectives

The objective of the regional-scale groundwater modelling study as part of the geosynthesis
program and site characterization is to assist in presenting the safety case for the proposed
Bruce Deep Geologic Repository. This assistance is provided by characterizing and analyz-
ing the groundwater flow system in the deep geologic formations by creating a robust numerical
groundwater model. In order to properly characterize the flow in the deep geological units, it
is especially pertinent to ensure that the basis for the numerical model is developed from sound
geologic interpretations and models. This will ensure an accurate distribution of unit properties
such as permeability for an appropriate realization of the domain geometry. The distribution
of permeability is of importance due to the safety case requirement of sufficient thickness and
lateral contiguity and predicability of the geologic units that may be potentially impacted by the
proposed repository.

Argillaceous media are being considered by many countries as potential host rocks for ra-
dioactive waste. Numerical modelling, whether as part of site-characterization, geosynthesis,
performance assessment or safety assessment, provides an important tool in the evaluation of
the features, events and processes that may be relevant to the long-term safety of a repository.
The modelling requires a sound understanding of the basic physical and chemical processes
that govern water and solute transport through the host media. A framework that facilitates the
evaluation of the suitability of a proposed repository involves the development and the use of
FEPCATsS, with this being an acronym for "features, events and processes catalogue" [Mazurek,
2003]]. For the short term concerns of a system hosted in argillaceous media, there are three
separate FEPCAT's that are relevant to this thesis with these being transport mechanisms, retar-
dation mechanisms and paleohydrogeology. Following Jensen [2007]], a further description of
these concerns is presented in the following paragraphs.

Transport of a radionuclide within and from a deep geologic repository occurs by a number
of possible transport mechanisms, and it is counteracted by a number of retardation mecha-
nisms [Mazurek, 2003]]. Numerical models, laboratory experiments and field experiments are
components that are considered in the assessment and resolution of transport and retardation

mechanisms. The transport mechanisms and factors or processes that influence it include:

* Stratigraphy/hydrostratigraphy - predictability/homogeneity/bedrock layering (3-D Geom-
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etry)

* Hydraulic gradients - gravity, density, anomalous
* Hydraulic conductivities - extremely low; anisotropic, inter-formational/intra-formational

* Hydrogeochemistry - brine viscosity; formation distinct pore fluid compositions (elemen-
tal/isotopic), scale dependency (laboratory (cm) vs. field scale (10s m))

* Diffusivities - Cobourg/Ordovician shales (i.e. pore geometry/connectivity, porosity, pore
space, anisotropy)

* Structural geology - geometry of regional/local scale discontinuities
* Colloid transport - qualitative statement on principles, process and likelihood

The parameters and features that are relevant in the determination of the retardation mecha-

nisms that counteract transport include:
* QGrain size distribution/mineralogy
* Pore water composition (inorganic/organic)

* Dissolution/precipitation of secondary mineral phases

Matrix diffusion where fracture flow occurs

Numerical modelling at both the regional-scale and the site-scale plays an important role in
demonstrating and illustrating the transportation and retardation mechanisms. This thesis will
contribute to the assessment of these mechanisms through the use of the model FRAC3DVS-
OPG to demonstrate and illustrate:

* Flow, transport or time domain probability estimates of particle residence time in the re-
gional flow system based on estimates of the transport mechanisms of advection, dispersion

and diffusion

* Flow system anisotropy at inter-/intra-formational scale
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* Influence of variable density flow (i.e. horizontal stratification)
* Influence of basin hydrostratigraphy and geometry on ’absence’ of exfiltration zones
* Migration of unretarded/non-decaying environmental isotopes within the subsurface

* Role/implications of sub-vertical transmissive feature in variably dense groundwater flow

domain

The evaluation of a feature or process using numerical models can be accomplished using,
in part, a sensitivity analysis that estimates the change in a system performance measure to
changes in a system parameter. These estimated sensitivity coefficients are local derivatives
evaluated in terms of the base case parameters that describe the system. The robustness of the
sensitivity coefficients for large changes or perturbations of parameters also can be assessed.
The performance measures that can be used to characterize the system can include, but are not
restricted to:

* Darcy fluxes and average linear velocities for both steady-state and transient, density-
dependant flow

* Salinity and environmental isotope concentrations

* fluid pressures and energy gradients for both steady-state and transient, density-dependant
flow

* Time domain probabilities of fluid particle residence times

* Flow system discharge

Regional-scale modelling can provide the framework for the assessment of paleo-hydrogeology.
Based on the work of |Peltier [2002, 2003] it is clear that to credibly address the long-term safety
of a deep geologic repository, long-term climate change and in particular a glaciation scenario,
needs to be incorporated into performance assessment modelling activities. In addition, by sim-
ulating flow system responses to the last Laurentide (North American) glacial episode, insight
is gained into the role of significant past stresses (mechanical, thermal and hydrological) on de-

termining the nature of present flow system conditions, and by extension, the likely impact of
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similar, future boundary condition changes on long-term flow system stability. The Wisconsinian
glacial episode, that occurred over a 120000 year time period, included at least three cycles of
glacial advance and retreat, with maximum ice thickness over the Southern Ontario DGR site
reaching more than 2km. Between glacial episodes were extensive periods of transient, peri-
glacial conditions during which permafrost could impact the subsurface to several hundreds of
metres. Near the end of a glacial episode, significant basal meltwater production occurred. This
thesis will restrict itself to the development of a model domain and parameters that will pro-
vide a framework for subsequent assessment of paleo-hydrogeology. This future assessment can

include:

» Evaluating the expected flow system perturbation by glacial events (boreal, peri-glacial or
ice sheet)

» Assessing the depth of penetration by glacial meltwaters into Palaeozoic formations

* [llustrating numerically the transient influence of glacial event(s) on the Bruce site flow

system

» Estimating pore fluid residence times during Quaternary glacial events

The regional-scale modelling of the Bruce DGR site using FRAC3DVS-OPG is restricted to
isothermal flow. The extent of the regional domain is defined in Analyses include
both steady-state, density independent flow and transient flow that couples the density dependent
flow equation with the appropriate equation that describes the transport of the total dissolved
solids within the system domain. The assessment of the impact of parameter perturbations on
system performance measures that can include fluid pressure, fluid velocity, groundwater life
expectancy and groundwater age will be accomplished using a sensitivity derivative framework.
The base case parameters that describe the regional domain are dependant on the geological and
geochemical framework described in Chapter 2. The elements of FRAC3DVS-OPG that are rel-
evant to the regional scale modelling are described in Chapter 3. The regional scale groundwater
flow conceptual model is detailed in Chapter 4. The analyses of the regional scale model are
developed in Chapter 5 while conclusions are presented in Chapter 6.



Chapter 2

Geological and Geochemical Framework

2.1 Geological History

The depositional sequence observed in Southern Ontario was developed by the accumulation of
sediments upon the Precambrian basement rock The rocks of Precambrian age that
are found in Southern Ontario are predominately granitic gneisses, amphibolite, quartzite, marble
and metamorphosed conglomerate [Winder and Sanford, 1972]]. These rocks are all associated
with the Canadian Shield.

The Cambrian rocks are comprised of two formations. The deepest or first Cambrian Forma-
tion is the Mount Simon Formation. It consists of grey orthoquartizitic sandstones and arkosic
conglomerates towards the base of the formation. The second Cambrian aged formation that is
found west of the Algonquin arch is the Eau Claire formation which consists of the shaly and
oolitic dolostones [Winder and Sanford, 1972]]. The Cambrian sediments are not continuous
throughout the regional model domain [Sanford et al.| [1985].

The Cambrian sandstones and dolostones are succeeded in the stratigraphic sequence by
rocks of Ordovician age. When the Cambrian rocks are not present, the Ordovician sediments
directly overlay the Precambrian basement rock. The first group of Ordovician age is the Black
River Group. This group consists of the Shadow Lake, Gull River and Coboconk Formations.
The first formation, Shadow Lake, represents the first deposited in the middle Ordovician [San-
ford, 1961]]. The Shadow Lake Formation in the area of Bruce County consists of red shales, with

the red colour being attributed to small amounts of reddish quartz sandstone [Sanford, 1961].
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The shales of the Shadow Lake Formation also possess limestone interbeds [Sanford, 1961]]. The
Shadow Lake Formation is also absent in some wells.

The second geological formation that comprises the Black River group is the Gull River
Formation. The Gull River Formation consists of a brown limestone with finely crystalline dolo-
stone interbedded [Sanford,|1961]]. At many locations in Ontario, complete dolomitization of the
formation has been observed [Sanford, 1961]]. Cores demonstrate that the Gull River Formation
rests upon either the Cambrian units, or in their absences, the Precambrian gneisses [Sanford,
1961]).

The third and final formation of the Black River Group is the Coboconk Formation. The
Coboconk Formation consists of a buff to buff-brown and tan coloured limestone with a finely
crystalline to granular texture [Sanford, 1961].

Above the Black River Group, the next geological group is the Trenton Group. The Trenton
Group includes the Kirkfield, Sherman Fall and the Cobourg Formations. The first formation,
found at the base of the Trenton Group is the Kirkfield Formation. The Kirkfield Formation
comprises the beds found between the Coboconk Formation of the Black River Group and the
Sherman Fall Formation of the Trenton Group [Sanford,|1961]]. The Kirkfield Formation consists
of greyish brown limestone that grades upward to a dark grey shaly limestone. The Kirkfield
grades down further to shale at the base of the Formation [Sanford, 1961]].

The Sherman Fall Formation overlies the Kirkfield Formation in the Trenton Group. The
Sherman Fall Formation includes all rock beds found between the Kirkfield and the Cobourg
Formations [Sanford, 1961|]. The Sherman Fall Formation is composed of grey to grey-buff,
finely crystalline to fragmented limestone [Sanford, 1961]. The limestone contains a high fre-
quency of shale partings and interbedded grey shale.

The upper formation of the Trenton Group is the Cobourg Formation. The Cobourg Forma-
tion is defined as being the rock beds that lay upon the grey fragmented limestone of the Sherman
Fall Formation and lie beneath the Collingwood Formation [Sanford, |1961]]. The Cobourg For-
mation is composed of a brown to dark brown or greyish brown, finely crystalline to subaphanitic
limestone that has occasional shale partings [[Sanford,|1961]]. The Cobourg Formation is the pro-
posed horizon for the DGR [Intera Ltd.,[2006].

The formation that follows the Cobourg is the late Ordovician age Collingwood Formation

and it is described as being dark brownish grey to black, fissile, bituminous and pyritiferous
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shale [Sanford, |1961]]. The Collingwood Formation grades upwards to a dark grey shale with
dark brownish grey bituminous shale interbeds [Sanford,, 1961].

The Georgian Bay Formation lies above the Collingwood. It is composed of grey to dark
grey, soft fissile shale containing occasional laminations of grey argillaceous and silty limestone
[Sanford,|1961]. The Georgian Bay Formation varies in thickness from 14 m to 121 m [Sanford,
1961].

The Queenston Formation, containing the youngest Ordovician strata in Southern Ontario, is
comprised of red and maroon siltstones and shales [Winder and Sanford, |1972]. The Queenston
Formation thins northwestward.

The Silurian sediments comprise the intermediate groundwater domain. The first sediments
in this regime are comprised of the lower Silurian Manitoulin dolostones and the shales of the
Cabot Head Formation. The lower hydrostratigraphic regime is created in part by the low hy-
draulic conductivities of the the intermediate groundwater domain, specifically the overlying
horizontally bedded Salina Formation, .

The middle Silurian consists of gradational dolostones of the Reynales and Fossil Hill for-
mations, the dolomitic shales of the Rochester Formation, the white crinoidal dolostones of the
Gasport formation, the cherty dolostones of the Goat Island and the Guelph Formation [Winder
and Sanford), [1972]]. The Guelph Formation consists of thick carbonate rocks that form a reef
complex.

The younger Silurian Formations are comprised of the Salina and the Bass Island Formations.
These formations consist of sequences of dolostones, limestones, salt anhydrite, gypsum and
shale [Winder and Sanford, 1972]. The Salina Formation is subdivided into eight members which
are in order of succession A-1, A-2, B, C, D, E, F, G. Members B and D are comprised entirely of
salt. Members A-1, A-2 and F contain considerable salt interbedded with dolostones. The Bass
Island Formation that supersedes the Salina Formation is comprised of dolostone [Winder and
Sanford, |1972]]. The evaporite and shale member beds in the Salina Formation will form a major
barrier impeding the vertical hydraulic connection of deeper geologic formations with shallower
formations.

Above the Bass Island Formation are the Devonian age formations, the first of which is the
Bois Blanc Formation. The Bois Blanc Formation is a blue-grey finely crystalline, silty, granular
dolomitic limestone [|Winder and Sanford,|1972].
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The Bois Blanc Formation is then overlain by an alternating series of limestones and dolo-
stones. This succession is what comprises the upper hydrostratigraphic regime. The series begins
with the dolostone of the Amherstberg Formation and is followed by microcrystalline dolostone
of the Lucas Formation [Winder and Sanford, |1972]]. Lying atop the Lucas Formation is the
Dundee. The Dundee Formation is composed of fine to medium crystalline limestone. The

Dundee then lies beneath sequences of glacial deposits.

2.2 Geological Reconstruction

One of the foci of this project was to create a three-dimensional geological framework that will
form the basis of the numerical groundwater model. The geological framework consists of a
three-dimensional reconstruction of the geology of a portion of Southern Ontario within the
range of the computational domain. To facilitate the modelling of the geology, data for more than
50,000 boreholes in Southern Ontario were obtained from the Ontario Oil, Gas and Salt Resource
(OGSR) Library in London, Ontario (Figure 2.1). The borehole data consisted of a series of
databases that included geologic formation description, contact depth, ground surface elevation
as well as the spatial coordinates for each associated borehole. The OGSR data contained some
possible inconsistencies. The potential inconsistencies in the borehole data included uncertain
ground elevations and locations and alternative interpretations of the presence of various geologic
units in certain boreholes. For this study, the raw borehole data was screened and classified. The
Microsoft Access relational data base system was used as a tool to facilitate the assessment of the
OGSR data. Data from queries were sorted to determine anomalies. The contouring of data using
Tecplot facilitated visual inspection. The correlation structure of data such as unit thickness was
determined using the Geopack kriging program [Yates and Yates,|1989].

Due to the large number