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EXECUTIVE SUMMARY

The Nuclear Waste Management Organization (NWMO) is presently in a multi-year process of
identifying a safe site for a deep geological repository for Canada’s used nuclear fuel in an area
with informed and willing hosts. This is similar to plans in other countries with nuclear power
programs, including in particular Finland and Sweden which have approved sites for their
planned deep geological repositories.

The fundamental safety objective of the project is to protect humans and the environment,
including water, from the effects of radioactive or hazardous substances present in the used
fuel. The used fuel radioactivity naturally decreases with time. The deep geological repository,
including engineered and natural barriers, provides long-term containment and isolation; in
particular while this natural radioactivity decay occurs.

Previous discussions and studies have identified the Revell Site in northwestern Ontario and the
South Bruce Site in southern Ontario as candidate repository sites. Municipalities, First Nations
and Metis communities in both siting areas are working with the NWMO as part of the site
selection process. Neither of the two sites have yet been identified as the preferred site.

This report focuses on the South Bruce Site. It summarizes the results as of early 2022
indicating that this site would be suitable from a technical perspective for hosting a repository. It
is intended to support public discussion around site selection.

This report is part of a larger and ongoing site assessment process. Ongoing and future
technical work will include further site studies, design development and safety analyses to
confirm and extend the results to date. These would ultimately be presented to Canadian
federal regulators for an Impact Assessment and a series of licence applications. This is a
process that will take years before a final approval to construct could be received. During
construction and operations, there will be continued monitoring to ensure that the site is, and
remains, suitable for long-term containment and isolation of used nuclear fuel.

The NWMO's assessment of the suitability of the South Bruce Site is based on both intrinsic
characteristics of the repository approach, as well as regional geological information and South
Bruce Site specific results acquired to date. These are described in more detail within this
report, but key points are as follows:

1. The favourable characteristics of the geological setting.

e The preferred host rock is the Cobourg Formation at about 650 m deep, overlain by over
200 m of confining low-permeability shale formations. This Cobourg Formation is a
laterally extensive geological formation, extending under much of southwestern Ontario
and Michigan, including beneath the entire South Bruce Site. This formation has the
depth, breadth and volume to isolate the repository from surface disturbances and
changes caused by human activities and natural events.

¢ No active geological features (e.g., faults) or unfavourable heterogeneities have been
identified in the Cobourg Formation at the South Bruce Site to date. This is a favorable
indication of the stability of the site and of its ability to contain the used fuel.



¢ No indication of permeable Cambrian Formation has been found below the South Bruce
Site based on first two boreholes. This favorably simplifies the hydrogeology at the
South Bruce Site.

¢ No appreciably flowing groundwater was measured below 325 m depth in the two
boreholes to date at the South Bruce Site. This is a favorable indication for very low
groundwater flow at repository depth.

e Based on regional data, the South Bruce host rock should be capable of removing the
decay heat from the fuel, and withstanding the natural and thermal stresses induced by
the repository. Geophysical and geomechanical testing currently underway is expected
to confirm this.

2. The stability of the geological setting.

¢ The Cobourg Formation, and the related formations above and below it at the South
Bruce Site, are about 360-485 million years old.

e Porewater chemistry is presently being measured on rock core from the South Bruce
Site. Measurements on rock core from the Cobourg Formation collected at the Bruce
nuclear site, have indicated that the fluids (including water and gases) within the small
pores in this rock have been there for hundreds of millions of years. Similar conditions
are expected to be found at the South Bruce Site, and would be favorable for long-term
stability.

e The South Bruce Site is located in a stable, seismically quiet setting overlying the
Precambrian rocks of the Canadian Shield at the heart of the North American continent,
far from tectonic plate boundaries. This is favorable for long-term stability.

e There is currently no indication that the South Bruce Site location will experience
extreme rates of erosion, uplift, or subsidence that would significantly perturb the
geosphere over the next million years.

3. The low risk of inadvertent future human intrusion into the repository.

e Other than surficial aggregate resources, no known economically exploitable mineral
resources, hydrocarbon resources, or salt resources, have been previously identified at
the South Bruce Site, and preliminary data from the first two boreholes at the site have
not indicated economically significant concentrations of any of these at the site. This
reduces the risk of inadvertent future human intrusion into the repository.

4. The site is amenable to geological characterization.
¢ In southern Ontario, the lateral homogeneity of the sedimentary rock formations is

favorable for predicting the overall host rock structure and characteristics from the
available and planned studies.



5. The robustness of the multiple barrier system.

In addition to the favorable geosphere as noted above, the repository includes a series
of engineered barriers, in particular the fuel itself, the durable containers and bentonite-
clay based seals.

The used fuels are primarily a durable uranium-oxide solid ceramic material.

Natural analogues provide evidence that the engineered barrier materials, notably the
copper, clay and uranium oxide, are durable over very long times under repository-
appropriate geological conditions.

Studies in Canada and around the world for several decades have provided a strong
scientific basis for the safety of deep geological repositories designed around these
barriers.

6. The ability to safely construct and operate the repository.

The Cobourg Formation at about 650 m depth is the proposed host rock for the
repository. Mineralogical analyses conducted at the Bruce nuclear site showed that the
Cobourg Formation is mostly composed of calcite (i.e., limestone). Given the lateral
consistency of this rock formation across southern Ontario, a similar mineralogy is
expected at the South Bruce Site. Such mineral composition is favourable for
construction of a repository.

The South Bruce Site has suitable surface area for the construction and operation of
DGR surface facilities and excavated rock management area.

The South Bruce Site has suitable underground area for emplacement of all Canada’s
projected used fuel.

A preliminary conceptual design has been developed for the repository facilities and is
consistent with international best practice. Itis presently being adapted to the site-
specific conditions.

The NWMO Proof Test program is demonstrating the ability to fabricate, handle and
place the underground fuel containers. It is informed by related tests in other countries.

The South Bruce Site is approximately 10 km south of Ontario Highway 9. The
Goderich-Exeter Railway rail line is approximately 50 km to the south. Electrical
transmission and natural gas distribution are available in the region. There is high
confidence that the regional infrastructure can support the construction, operation and
closure of the repository.

7. The used fuel can be safely transported to the site.

The NWMO has a licenced transport package already available for CANDU used fuel.
This package is designed and tested to withstand severe accidents. Used fuel has been
safely transport in Canada and in other countries for over 50 years.
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e The South Bruce site is within 15 km of an existing highway supported by local road
network. There is no rail infrastructure within 50 km; direct rail transport is not feasible.
An all road and a road/rail combination transportation system are technically feasible for
the site.

8. Facility performance will meet regulatory criteria for safety and the protection of the
environment.

o All countries which have decided on the long-term management of their used fuel have
plans for a deep geological repository for this purpose.

e The Canadian regulatory framework has defined steps and expectations for licencing a
repository. It is consistent with international guidance.

e Safety assessment studies to date for other sedimentary rock sites have indicated that a
repository in these rocks can perform well, with no impacts on human health. An
assessment specific to the South Bruce Site is currently under development, but
preliminary indications are consistent with these other studies.

¢ Baseline monitoring is in-place or underway, including borehole, shallow groundwater,
surface water, biodiversity, seismic and meteorological monitoring.

¢ The site will be monitored for decades during site characterization, preparation,
construction and operation, before a decision is made to close the repository. This
monitoring will support the repository construction and operations, as well as confirm that
the repository is not causing harm to people or the environment, including water.

Overall, based on the assessment results to date, the NWMO is confident that a deep
geological repository could be constructed at the South Bruce Site in a manner that would
provide safe long-term management for Canada’s used nuclear fuel.

More site characterization is required, and is planned should the site be selected. However, the
uncertainties that remain are less about the fundamental suitability of the bedrock to safely
contain and isolate used nuclear fuel, and more about developing and documenting a thorough
guantitative understanding of the site. One area that will require additional effort in the future is
the high salinity in the host rocks. While this is a favorable indicator for the stability of the
geology, its potential effects on the engineered systems will require additional analysis. The
design of the surface and underground facilities will continue throughout site characterization.

The safety of the proposed site would be confirmed through a rigorous regulatory review of the
facility design and safety case. The decision-making process and implementation would extend
over decades. The associated uncertainties can be addressed within the flexibility of the
NWMO's program, including aspects such as monitoring and retrievability. The program,
evolving over a long period of time, would have the ability to adjust to new information and
technologies to improve understanding and optimize performance.
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Figure 1.2: General location of the South Bruce Site in southern Ontario. Inset map

shows main figure location in Ontario. The repository surface facilities and underground
rooms would be located on or under NWMO owned land. Over 1500 acres have been
secured by NWMO. This area is sufficient for the repository; however, discussions with
interested landowners are ongoing.



1.2 Deep Geological Repository Concept

The fundamental safety objective of the project is to protect humans and the environment,
including water, from harmful effects of radioactive or hazardous substances present in the used
fuel.

The strategy to achieve this objective is to isolate and contain the radioactive material by
placing the used nuclear fuel in a deep stable geological environment, surrounded by multiple
barriers. This strategy is referred to here as a deep geological repository (also DGR or
repository).

The key components of the repository, shown in Figure 1.3, are:
e the waste form (i.e., used nuclear fuel);
¢ the engineered barrier systems, notably the used fuel container, buffer and sealing
materials;
e the host rock;
¢ the underground repository facilities, notably the shafts, main services area, and the
placement rooms connected by access tunnels; and

¢ the main surface facilities, where fuel is received, packaged, and transferred
underground.

The concept also includes the transportation system for moving fuel from interim storage sites to
the repository site.

Fuel

Bundle i \

Bentonite ‘_
Clay

Rock
@ LEGEND

A. Surface facilities
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C. Placement rooms

Lateral Tunnel
Approach D. Rock pile

Figure 1.3: Deep Geological Repository concept



1.3 South Bruce Area

The South Bruce Site is in southern Ontario, in the Municipality of South Bruce (Figure 1.1 and
Figure 1.2).

This area is located in the western St. Lawrence Lowland, a low relief, gently undulating land
surface that occupies much of southwestern Ontario and is covered with glacial sediments. The
land surface ranges from a maximum of 249 metres above sea level in the southeast corner of
the Municipality of South Bruce to a minimum of 176 metres along the shore of Lake Huron in
the Township of Huron-Kinloss. The land surface shows a general slope down towards Lake
Huron from southeast to northwest. A flat low-lying area, associated with the Greenock Swamp
wetland, is located north of the site downstream along the Teeswater river.

South Bruce and surrounding area is a predominantly agricultural landscape located at the
transition of Ontario forest zones. It lies within the Deciduous Forest Region where woodlands
consist primarily of American beech and sugar maple, on the northern limit of the Carolinian
Forest. In areas where agriculture dominates, terrestrial features and areas are generally
associated with valley lands along watercourses and within wetlands.

The most prominent drainage feature in the area is the Teeswater River, which flows from east
to west in the Municipality of South Bruce, bending to flow northward and discharging into the
Saugeen River at Paisley.

Shallow bedrock is the most important source of drinking water in the area, and is the primary
source for municipal water supplies. Shallow bedrock aquifers within the area comprise the
upper few metres to over 100 m of bedrock formations. Water quantity and quality within the
shallow bedrock aquifer can vary dramatically across the area as a consequence of the different
chemical and physical characteristics of the individual bedrock formations.

Further information on the environment is provided in the NWMO Phase 1 Assessment report
(NWMO 2014). This information is presently being updated as part of the NWMO site baseline
studies and environmental baseline monitoring program.



1.4 Purpose of Report

This document presents the current basis for NWMO's confidence that a deep geological
repository could be constructed at the South Bruce Site in a manner that would provide safe
long-term management of Canada’s used nuclear fuel. This confidence is built on our
understanding of the following aspects:

the characteristics of the geological setting that provide containment and isolation;
the long-term stability of the geological setting;

the low risk of future human intrusion into the repository;

the site is amenable to characterization;

the robustness of the multiple barrier system;

the repository can be constructed, operated and closed safely;

the used fuel can be safely transported to the site; and

the facility performance will meet regulatory criteria for safety and environmental
protection.

This report presents the safety basis and the associated uncertainties as they stand as of early-
2022. From a site-specific data perspective, this is based on existing regional information and
preliminary observations from the first two boreholes drilled at the site.

In this report, current technical information is provided to support public dialogue and community
confidence building for proceeding to the next stage of site selection.

It is not a final safety report, with a comprehensive system understanding and the level of detalil
needed for obtaining approvals by the regulatory authorities.

This report is part of a step-wise approach. Site characterization, design development and
safety analyses are continuing, which will further check and clarify the safety basis. If this site is
formally proposed for the repository, these would eventually be documented in a series of
reports that support an Impact Assessment and the first licence application, for Site Preparation.



2. NATURE OF THE USED FUEL

Almost all of the used nuclear fuel in Canada (about 99.9%) is produced by CANDU nuclear
power reactors in Ontario, Québec and New Brunswick. There are also very small quantities of
used fuel from research, demonstration and isotope-producing reactors, largely at the Chalk
River Laboratory site in Ontario (NWMO, 2021a). Ontario Power Generation (OPG) is now
planning to build a GEH BWRX-300 Boiling Water Reactor (BWR) at its Darlington site.

The fuel for CANDU power reactors is solid uranium dioxide (UOy) (Figure 2.1), as is the fuel for
GEH BWR reactor. This is similar to a common naturally occurring form of uranium, such as
found in Canadian uranium ore bodies.

This UO; is pressed into a dense ceramic pellet and sealed inside metal tubes made of
zirconium alloy. These tubes (called fuel elements) are welded together into a CANDU fuel
bundle (Figure 2.1) or a fuel assembly. The bundle characteristics vary slightly between the
different CANDU reactors. The Bruce and Darlington 37R fuel bundle, which is the most
common to date, contains 37 fuel elements and weighs 23.9 kg, of which 21.7 kg is UO, and
2.2 kg is Zircaloy. The GEH BWR fuel assemblies are about 4.5 m long, and weigh about
300 kg.

Figure 2.1: (Left) Ceramic UO; fuel pellets before irradiation, and pellets fitting inside
Zirconium alloy cladding. (Right) Typical CANDU fuel bundle before irradiation



In a reactor, heat is produced by fission. Fission occurs within the fuel when a neutron is
absorbed by certain heavy atoms (notably U-235) which then split into two smaller atoms (called
fission products). Neutrons are also released during fission, sustaining the nuclear chain
reaction.

New atoms are also generated in the reactor when an existing atom absorbs a neutron, a
process called neutron capture or activation. Some new atoms are heavier than uranium, such
as plutonium. Collectively, these heavy atoms including uranium are called actinides.

Many of the new atoms formed are unstable, i.e., they are radioactive atoms or
“radionuclides”. In this process, the atom spontaneously releases energy, and changes into a
different type of atom, a process called radioactive decay or radioactivity. This decay energy
is released as various types of radiation, including alpha, beta and gamma radiation.

Eventually, all radioactive atoms decay into stable atoms and do not release further radiation.
This radioactive decay is a natural process. It can take anywhere from fractions of a second to
occur, to longer than one million years, depending on the particular type of atom. Radioactivity
is measured in Becquerels (Bq) where 1 Bq is one atom decay per second. Uranium is an
example of a naturally occurring radioactive atom.

Before entering the nuclear reactor, the UO; fuel consists primarily of uranium and oxygen
atoms (inside zirconium alloy metal). On leaving the nuclear reactor, the fuel (now called spent
or used fuel) still contains mostly uranium and oxygen, but also small amounts of other atoms
produced by fission and neutron capture as outlined above. The characteristics of the used fuel
depends on the nature of the reactor operation. This operation is often described in part by the
burnup, which is the cumulative amount of energy released per unit mass of uranium. The
burnup range of CANDU fuel is about 120-320 MWh/kg U, with a mean burnup value of 200-220
MWh/kg U. At this burnup, about 2% of the initial uranium has been “burned” and converted
into other atoms. GEH BWR fuel is designed for higher burnup of about 1200 MWh/kg U.

Table 2.1 provides a summary of the most abundant atoms in typical CANDU used fuel.

When the used fuel is removed from the reactor, it is highly radioactive and generating radiation.
The radioactivity (and radiation) initially decreases very quickly with time. For the first 7-10
years after removal, the used fuel is stored at the reactor site in fuel bays (closed water pools)
which provide radiation shielding and cooling. After this time, the used fuel can be stored in air-
cooled concrete containers (referred to as dry storage).

The total radioactivity of used fuel decreases with time after the fuel is discharged from the
reactor as illustrated in Figure 2.2. The total radioactivity drops by a factor of 1000 over the first
10 years. Over the next 500 years, the fission product radioactivity drops significantly. At this
point, the remaining radioactivity is mainly due to the actinides present in the used fuel. The
total radioactivity continues to decay slowly. After about 1 million years, the radioactivity in the
used fuel is primarily due to the natural radioactivity of uranium. The total mass of uranium and
total radioactivity in the repository would be similar to that in large Canadian uranium ore
bodies.



Table 2.1: Composition of fresh and used CANDU UO; fuel bundle

(220 MWh/kgU burnup, 30 years since discharge)

Component *

Fresh (Unirradiated)
Bundle

Used Bundle

Bundle Mass %

Bundle Mass %

Actinides

U-238 79.41% 78.60%
Pu-239 - 0.22%
U-235 0.58% 0.14%
Pu-240 - 0.10%
U-236 - 0.06%
Th-232 0.04% 0.04%
Am-241 - 0.02%
Pu-242 - 0.01%
Pu-241 - 0.01%
U-234 0.004% 0.003%
Other Actinides - 0.005%
Other Elements and Fission Products

O (stable) 10.73% 10.79%
Zr (stable) 8.68% 8.73%
Zr-96 0.25% 0.28%
Sn (stable) 0.16% 0.16%
Xe (stable) - 0.13%
C (stable) 0.07% 0.07%
Mo (stable) - 0.05%
Ce (stable) - 0.05%
Ru (stable) - 0.05%
Nd (stable) - 0.05%
Ba (stable) - 0.04%
Cs (stable) - 0.03%
Nd-144 - 0.03%
Mo-100 - 0.02%
Tc-99 - 0.02%
Zr-93 - 0.02%
Cs-137 - 0.01%
Other Radionuclides - 0.04%
Others Stable Isotopes 0.09% 0.24%

*Includes impurities naturally present in fuel
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Figure 2.2: Radioactivity of used CANDU fuel decreases with time (fuel burnup of 220
MWh/kgU)

The hazard from used fuel is primarily due to the radiation released by radioactive atoms in the
used fuel. Radiation is energy travelling through space. Used fuel releases energy primarily as
thermal radiation (heat) and as alpha, beta, gamma and neutron radiation. The latter four are
referred to as nuclear radiation or ionizing radiation.

Alpha and beta radiations have small ranges; thin layers of materials or air can easily stop them.
In fact, the fuel bundle cladding stops most alphas and betas emitted from the used fuel.

Gamma and neutron radiations can penetrate outside of the used fuel. However, they can be
stopped with sufficiently thick layers of dense material referred to as shielding. Figure 2.3
shows CANDU used fuel storage in a reactor fuel bay, and in steel-and-concrete canisters (dry
storage). These illustrate how several metres of water or tens of centimetres of concrete and
steel provide shielding from the radiation from used fuel stored at surface.

In a deep geological repository, used fuel is placed so deep underground that there is no
exposure to humans or the environment at surface. The several hundred metres of rock above
the repository provide more than sufficient shielding from the gamma and neutron radiation.
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Figure 2.3: Photos of workers in CANDU used fuel bay and in dry storage facility.

The radioactive atoms are embedded within the used fuel, which are in turn contained within
other engineered and natural barriers. These barriers include the used fuel container, the
surrounding clay layer and the several hundred meters of rock above the repository. Exposure
of people to these atoms would be highly unlikely as it would require multiple barrier failures,
occurring before these atoms had decayed to non-radioactive atoms.

If these radioactive atoms reach the surface environment, they could expose plants, animals
and humans through various pathways.

An example of this hazard is the ingestion dose. In particular, it is a measure of the impact from
eating food or drinking water that contains radioactive atoms, taking into account how these
atoms interact with the body. Analysis indicates that the total internal hazard of the fuel follows
the same general shape as the radioactivity in Figure 2.2. It decreases significantly over the
first 1000 years, and is due largely to fission products. From 1000 to 100,000 years it is largely
due to actinides such as plutonium. After one million years, the remaining hazard is largely due
to the decay products of the uranium within the used fuel. After this time, the hazard of a
repository is comparable with that of naturally occurring large uranium ore bodies. These ore
bodies exist in a variety of locations around the world, and may not be noticeable at surface
when the ore bodies are underground (e.g., Cigar Lake, Canada, Cramer and Smellie 1994).

The health effects of radiation on humans are quantified using sieverts, a unit of radiation dose
that depends on the amount and type of ionizing radiation absorbed and the type of human
tissue exposed. One millisievert (mSv) is one-thousandth of a sievert.

People are constantly exposed to naturally occurring radioactivity in the ground and water and
air around us, and to natural radiation coming from space. The average Canadian receives a
dose of about 1.8 mSv each year from these natural sources (Grasty and LaMarre, 2004).
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3. LONG-TERM GEOLOGICAL CONTAINMENT AND ISOLATION

The repository must contain and isolate the used nuclear fuel. To ensure this, the geoscientific
conditions (properties and processes) of the South Bruce site should:

e promote long-term isolation of used nuclear fuel from humans, the environment and
surface disturbances;

e promote long-term containment of used nuclear fuel within the repository; and

e restrict groundwater movement and retard the movement of any released radioactive
material.

The ability of the South Bruce Site to safely contain and isolate the used nuclear fuel can be
assessed through the following site evaluation factors (NWMO, 2010):

1. The depth of the host rock formation should be sufficient for isolating the repository from
surface disturbances and changes caused by human activities and natural events.

2. The volume of available competent rock at repository depth should be sufficient to host
the repository and provide sufficient distance from active geological features such as
zones of deformation or faults and unfavourable heterogeneities.

3. The mineralogy of the rock, and the geochemical composition of the groundwater and
rock porewater at repository depth should not adversely impact the expected
performance of the repository multiple-barrier system.

4. The hydrogeological regime within the host rock should exhibit low groundwater
velocities.

5. The mineralogy of the host rock, the geochemical composition of the groundwater and
rock porewater should be favourable to retarding radionuclide movement.

6. The host rock should be capable of withstanding natural stresses and thermal stresses
induced by the repository without significant structural deformations or fracturing that
could compromise the containment and isolation functions of the repository.

Each of these factors are discussed in the subsections below and in Sections 4 and 5. They are
informed by regional information, and by site characterization studies in the South Bruce area
that were initiated in 2012 and are still underway. To date, these include:

e 2012 - Initial Screening desktop study (AECOM, 2012)

e 2012-2014 - Phase | Desktop preliminary assessment (Geofirma, 2014)

e 2020-2021 - Initial Phase 2 preliminary assessment field studies, including borehole

drilling, coring and testing, 3D seismic survey, microseismic and shallow groundwater
monitoring.



12

The Phase | Desktop Preliminary Assessment (Geofirma, 2014) provided an initial
understanding of the geology at the South Bruce Site and identified the Cobourg Formation
(named as such because it surfaces near Cobourg, Ontario) as a potentially suitable host rock
formation for siting a deep geological repository in South Bruce. The Cobourg Formation is an
argillaceous (i.e., clay-containing) limestone that is known to be a strong, low-permeability rock.
It is underneath a thick layer of low-permeability shales, the Blue Mountain to Queenston
formations (see Figures 3.2 and 3.3). The Cobourg Formation is also underlain by argillaceous
limestones of the Kirkfield and Sherman Fall formations. The Cobourg Formation, together with
these bounding formations both above and below it, represents the primary natural barrier
system for a repository in the South Bruce Site.

Phase | studies were based mostly on available information from historic oil and gas
exploration, 2D seismic data, airborne geophysical surveys, and the results of a detailed
characterization of the sedimentary rocks beneath the Bruce nuclear site (Intera 2011, NWMO
2011). This site characterization work at the Bruce nuclear site was completed as part of OPG's
proposed Deep Geological Repository for Low & Intermediate Level radioactive waste.

Studies carried out after Phase | Preliminary Assessment, including an updated three-
dimensional (3D) geological model of the stratigraphy of southern Ontario (Carter et al., 2021)
and preliminary results from activities such as the NWMOQ's borehole drilling activities provide
additional insight into the geology at the South Bruce Site, which is discussed in the following
subsections.

Importantly, the continuity of the sedimentary formations across southern Ontario in general,
and in particular those of Ordovician age, provide a strong basis for the hypothesis that the
favourable geoscientific properties of the sedimentary rocks beneath the area, including under
the Bruce nuclear site, are transferable to the sedimentary formations underlying the South
Bruce Site.

3.1 Geology of the South Bruce Site

The South Bruce Site is located on the eastern flank of the Michigan Basin. This basin
consists of laterally extensive sedimentary rock formations deposited between approximately
540 and 300 million years ago on the ancient continental margin of eastern North America. As
shown in Figure 3.1, the Michigan Basin is centered in Michigan and extends across southern
Ontario, where it eventually thins out above the underlying Precambrian (older than 540 million
years) basement granitic rock belonging to the Canadian Shield.

The Michigan Basin is about 4.8 km deep at its center (Figure 3.1) and is about 0.9 km deep at
the South Bruce Site. It was formed as a series of sedimentary layers. A cross-sectional
geological model for southern Ontario, including the South Bruce Site, is illustrated in Figure 3.2
showing the major layers. These layers are labelled first according to when the sediments were
deposited on the underlying Precambrian basement rock. Cambrian: about 485-540 million
years ago, Ordovician: about 444-485 million years ago, Silurian: about 419-444 million years
ago, Devonian: about 360-419 million years ago. The bedrock is overlain with Quaternary
sediments, which are basically sand, clays and soil deposited within the past 2.6 million years.
Figure 3.3 provides a more detailed breakdown of the typical formations in southern Ontario,
including for the South Bruce Site (middle column in Figure 3.3 below), based on the recently
updated three-dimensional stratigraphic model (Carter et al., 2021).
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Figure 3.3: Sedimentary rock stratigraphy in southern Ontario, including at the South
Bruce Site (middle column) (from Carter et al., 2021).
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3.2 Depth of Host Rock

The depth of the South Bruce Site host rock (the Cobourg Formation and overlying shale units)
must be sufficient to ensure the safe containment and isolation of the used nuclear fuel from
surface disturbances and changes caused by human activities and natural events (e.g. farming,
surface construction, climate change, storms). A depth of about 0.5 km, within a nominal range
of 0.5 to 0.8 km, is considered sufficient, depending on the geological conditions encountered
above and below this depth (NWMO, 2021b).

The NWMO has developed an understanding of the site-specific depth and thickness of the
Cobourg Formation based on:

¢ Phase | Preliminary Assessment studies (Geofirma, 2014), which integrated data from
numerous boreholes for oil and gas exploration in the area;

¢ Preliminary results obtained from drilling of two deep, vertical boreholes extending
approximately 0.9 km beneath the South Bruce Site;

¢ An updated 3D geological model for southern Ontario (Carter et al., 2021).

Geofirma (2014) assessed, based on available oil and gas borehole data within the Municipality
of South Bruce, the presence of the Cobourg Formation top at depths ranging from about 433
metres below ground surface in the northeast corner of the Municipality to 717 metres below
ground surface towards its southwestern portion. The Phase | Preliminary Assessment also
confirmed that the Cobourg Formation is overlain by a more than 200 m thick shale package
within the Municipality of South Bruce (i.e., Upper Ordovician shale units). Based on the
updated regional geological framework presented in Carter et al. (2021) at the South Bruce Site
the top of the Cobourg Formation was predicted to occur at about 660 metres depth. The
NWMO initiated the drilling and testing of two deep boreholes at the site in 2021. Preliminary
results from the drilling of the first borehole at the South Bruce Site confirmed the presence of
the Cobourg Formation top at about 645 metres depth, overlain by more than 200 m of
Ordovician shales. The depth of the formation top and the thickness of the Ordovician shales
will be further confirmed in the second borehole.

In summary, based on information to date, the host rock (i.e., the Cobourg Formation), overlying
Ordovician-aged shale units, and underlying argillaceous limestone formations, are found at
sufficient depth beneath the South Bruce Site to ensure the isolation of a deep geological
repository from the surface environment.

3.3 Volume of Competent Rock

In addition to having sufficient depth to ensure safe containment and isolation, the host rock at
repository depth should have sufficient volume of competent rock at a sufficient distance from
major faults and unfavourable heterogeneities, such as regions of high groundwater flow.

The potential deep geological repository site in South Bruce was defined by signed agreements
with landowners in South Bruce. The agreements include a combination of option and purchase
arrangements that allow the NWMO to conduct studies while allowing landowners to continue
using the land. Figure 3.4 shows the over 1,500 acres of land secured by the NWMO that
define the potential repository site. This area is sufficient for the repository; however
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discussions with interested landowners are ongoing as the NWMO works to further build out the
potential repository site and understand and address their comments and concerns.

At the South Bruce Site, based on preliminary results from the first two boreholes, the Cobourg
Formation is about 45 m thick. Given the known regional consistency of the thickness of the
Cobourg Formation, it is expected that this value is valid for the entire extent of the potential
site, and is sufficiently thick to excavate the required tunnels and emplacement rooms for the
repository. The Cobourg Formation is a laterally extensive geological formation, extending
under much of the Michigan Basin, including beneath the entire South Bruce Site. No active

geological features (e.g., faults) or unfavourable heterogeneities have been identified in the
Cobourg Formation at the South Bruce Site to date.

In summary, given the thickness and extent of the Cobourg Formation and the extent of land

secured by the NWMO, there is sufficient volume of competent rock in the South Bruce Site to
host a deep geological repository.
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Figure 3.4: Location of the South Bruce potential repository site
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3.4 Composition of Rock, Groundwater and Porewater

The mineralogy of the rock, and the geochemical composition of the groundwater and porewater
at repository depth should be such that they:

e do not compromise the integrity of the multi-barrier system; and
e promote the retardation of radionuclide movement.

From a groundwater/porewater perspective, ensuring that reducing chemical conditions exist at
repository depth is important. This is because oxidizing chemical conditions, which indicate the
presence of waters containing dissolved oxygen, and therefore recent contact with the near-
surface environment, would suggest that the geological system is not able to retard radionuclide
movement. Oxidizing chemical conditions would also have a negative impact (e.g., copper
corrosion) on the integrity of the engineered barrier system. Total sulphide concentration in the
groundwater should also be low in order to maintain the durability of the engineered barrier
system. Highly saline groundwater/porewater at repository depth, although a favourable
attribute from the point of view of indicating isolation of the deep groundwater system from fresh
water in the shallow subsurface, can have complex effects with respect to the engineered
barrier system.

Regarding the mineralogy of the host rock, in order to contribute to maintaining the durability of
the engineered barrier system, it should have a low concentration of sulphur-bearing minerals.
The mineralogy of the host rock should also have favourable thermal properties in order to
ensure good dissipation of residual heat from the used fuel containers. In addition, the rock
should have low porosity in order to support the retardation of radionuclide movement. These
points are discussed below, except for the thermal properties of the rock which are discuss later
in Section 3.6. Overall, the results to date indicate the favourable nature of the mineralogy of the
rock, and the geochemical composition of the groundwater and porewater at repository depth,
for the South Bruce Site.

Where possible, groundwater samples were collected from different formations in the boreholes
and sent to laboratories for geochemical analysis. Information on the geochemical composition
of water at depth will also be obtained from the minute amount of porewater extracted from core
samples collected at different depths, including from the Cobourg Formation, and overlying and
underlying Ordovician formations.

Information on the porewater chemistry from data collected at the Bruce nuclear site can be
considered as an analogue for the South Bruce Site, given the proximity and lateral continuity of
the sedimentary formations. Analyses of porewater samples from the Ordovician-aged
sedimentary formations at the Bruce nuclear site indicated that the fluids (including high salinity
brines and gases) had resided within the rock for hundreds of millions of years, consistent with a
deep groundwater system has been isolated from the shallow groundwater system for a very
long time. At repository depth, conditions were reducing (i.e., dissolved oxygen is not present in
any of the Ordovician formations, including the Cobourg Formation). Based on this, oxidizing
conditions are not expected at repository depth at the South Bruce Site.

At the Bruce nuclear site, the analysis of a Cambrian groundwater sample was used to
understand the sulphide concentration expected at repository depth. The sulphide concentration
in that Cambrian groundwater sample was less than 0.5 mg/L (Intera 2011). Similar low
sulphide concentrations, which would therefore not likely impact the durability of the copper
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within the engineered barrier system, are expected in the deep subsurface at the South Bruce
Site.

Site-specific data on the mineralogy (i.e., mineral content) of the Cobourg Formation is being
gathered from core samples collected in the boreholes, and results are not yet available.
Preliminary core logging data from the boreholes confirmed that the Cobourg Formation is an
argillaceous limestone, which is consistent with observations from investigations conducted at
the Bruce nuclear site as part of OPG’s proposed Deep Geological Repository for Low &
Intermediate Level waste. Mineralogical analyses conducted at the Bruce nuclear site showed
that the Cobourg Formation is mostly composed of calcite, with subordinate amounts of
dolomite, quartz, and illite. Minor to trace amounts of the sulphide-bearing mineral pyrite were
identified in the Ordovician-aged sedimentary formations (Intera 2011). Given the lateral
consistency of the Ordovician formations in southern Ontario, a similar mineralogy is expected
at the South Bruce Site. These low concentrations of sulphur-bearing minerals are not likely to
impact the durability of the copper within the engineered barrier system.

At the Bruce nuclear site, the Ordovician shales and argillaceous limestones of the Cobourg
Formation exhibit low porosity, which is to be expected in these types of sedimentary rock. The
average total porosity of the Ordovician shales is 7.2 volume %. The average total porosity of
the Cobourg Formation is 1.5 volume % (Intera, 2011). Overall, these low porosities will
contribute to the retardation of radionuclide movement through the rock.

The majority of the rock and water chemistry properties expected to be encountered at
repository depth at the South Bruce Site will also not likely adversely impact the repository multi-
barrier system. The expected high salinity conditions will require additional analysis regarding
its potential effects on the engineered systems. However, it should also be noted that the overall
containment and isolation properties of the geosphere are very likely to mitigate this. Based on
the transferability of available information from the Bruce nuclear site, it is very likely that the
properties of the rock and water chemistry at the South Bruce Site will promote the retardation
of radionuclide movement. The discussion of the favourable retardation properties of the rock is
also continued in Section 3.5 below.

3.5 Hydrogeological Regime

To retard or slow down the movement of any radionuclide and ensure the isolation of the used
fuel from the environment, the hydrogeological regime within the host rock should exhibit low
rates of mass transport at repository depth, i.e., the properties of the host rock must be such
that if a radionuclide were to be released, its transport through the groundwater would be so
slow that radionuclides would have time to decay to insignificant levels before reaching the
surface. The ability of water to move through rock is referred to as the rock’s hydraulic
conductivity (or the related property permeability). The larger the value of hydraulic
conductivity, the more easily water can move through the rock.

During the drilling of the boreholes at the South Bruce Site, groundwater samples were
collected when possible. For groundwater samples to be collected while drilling, appreciable
groundwater must be able to flow into the borehole, which is an indirect indication of
groundwater velocities of the host rock at subsurface. In the two deep boreholes drilled in the
South Bruce Site, opportunistic groundwater samples could only be collected from six different
formations. These samples were collected from formations that are known to be permeable and
are hundreds of metres above the proposed repository host rock formation. The deepest
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groundwater sample was collected at approximately 325 m below ground surface. This is more
than 300 m above the Cobourg Formation. No appreciable groundwater was able to flow into
the borehole from the Cobourg Formation, or the overlying Ordovician shales.

The primary source of information on the host rock’s hydraulic conductivity is downhole
hydraulic packer testing in the deep boreholes. Packer testing will be conducted in each
borehole in intervals at different depths to develop an understanding of the rock’s hydraulic
conductivity. Additional information on groundwater flow was also obtained from other down
hole testing (i.e., geophysical logging) and from long-term pressure monitoring at discrete
intervals along some of the deep boreholes. At this stage, given that results from downhole
testing are not available for the South Bruce Site yet, understanding of the hydrogeological
regime at depth is mostly based on borehole geophysical logging and hydraulic packer testing,
as well as Westbay multilevel monitoring system for 10 years, at the deep boreholes at the
Bruce nuclear site (Intera, 2011; NWMO, 2011).

Information from the Bruce nuclear site has shown that in the Cobourg Formation, the horizontal
hydraulic conductivities have an average value of 10-** m/s. Model results suggest that vertical
hydraulic conductivities were equivalent to or less than the horizontal hydraulic conductivities
from field and laboratory testing at the Bruce Site (Normani et al. 2017). For comparison, the
hydraulic conductivity of pure sand ranges from 10 to 10 m/s; the estimated hydraulic
conductivities in the Cobourg Formation at the Bruce nuclear site were over 1 million times
smaller.

Following the completion of drilling and downhole testing in the first borehole, a Westbay
multilevel monitoring system will be installed. This long-term monitoring system is being
installed to obtain data on the natural fluid pressures within the different rock formations below
the South Bruce Site.

At the Bruce nuclear site, similar measurements indicated in particular that the 200 m of shale
just above the Cobourg Formation had a very low formation pressure relative to an assumed
hydrostatic level, in other words these shales were determined to be underpressured. Similarly,
the argillaceous limestones of the Cobourg, Kirkfield, and Sherman Fall formations are also
underpressured at the Bruce nuclear site. The presence of these underpressures provide
natural evidence that the Cobourg and its bounding formations have extremely low permeability
across the entire Bruce nuclear site and any transport (movement) in these layers will be
diffusion-dominated. Preliminary results also indicate similar underpressured conditions within
the Cobourg and its bounding formations at the South Bruce Site.

Another geological feature at the Bruce nuclear site was the Cambrian sandstone unit, which
was about 200 m below the Cobourg Formation. This rock formation is known to be permeable
and also to be under high pressure relative to the hydrostatic level based on results from the
Bruce nuclear site. The updated geological model (Carter et al., 2021) predicted that the
Cambrian unit pinches out (i.e., becomes very thin to non-existent) beneath the South Bruce
Site. Consistent with this prediction, the Cambrian unit was not encountered in the two
boreholes drilled at the site. Future field investigations will continue to explore for the presence
and hydraulic character of the Cambrian unit beneath the site.

At the Bruce nuclear site, groundwater and porewater was observed to be saline (> 100 g/L total
dissolved solids) below 200 m depth, with the exception of one aquifer unit at ~325 m depth that
had lower salinity. This showed evidence of recharge within that last 10,000 years in that one
aquifer. There was no evidence of infiltration of glacial or recent meteoric water into the
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underlying Ordovician formations. High salinity can be an indicator of lower rates of mass
transport, as a result of the associated increase in fluid density. The presence of high salinity
conditions, as shown in Park et al. (2009), can indicate a hydrogeologically stable environment
at depth (i.e., low rates of mass transport between the shallow and deep groundwater systems).
Site specific salinity information is currently being collected for the South Bruce site.

The very low hydraulic conductivities estimated in preliminary results from hydraulic testing in
the first borehole, as well as hydrogeological and hydrogeochemical information from the Bruce
nuclear site, provides confidence that the hydrogeological regime at repository depth in South
Bruce Site has low rates of mass transport. This is still to be confirmed at the second borehole.

3.6 Geomechanical and Thermal Properties

The Cobourg Formation, which is the identified host rock, must be strong enough to withstand
natural stresses as well as stress changes induced by the presence of the repository. This
requires measuring the rock mechanical properties and considering both natural stresses in the
rock as well as those induced by the repository constructions, and thermal stresses caused by
the residual heat from the used fuel containers. These are discussed below.

Site-specific geomechanical and thermal data will be obtained from the current borehole drilling
and testing program at the South Bruce Site. While these results are still pending, there is a
large volume of geomechanical property data available from detailed drilling and testing
investigations at the nearby Bruce nuclear site (NWMO, 2011, Golder Associates Ltd., 2013),
and from regional compilations of geomechanical data (NWMO and AECOM Canada Ltd., 2011;
Golder Associates Ltd., 2003) and from similar rocks reported in the literature (Clauser and
Huenges, 1995; Sass et al., 1984; Cermak and Rybach, 1982).

It is reasonable to assume transferability of the geomechanical and thermal properties from
these sources to the South Bruce Site based on the lateral traceability and predictability of the
Paleozoic sequence (the sedimentary rock formations) in southern Ontario. The
geomechanical and thermal properties of the Paleozoic sequence at the South Bruce Site are
expected to be similar to those measured at the Bruce nuclear site and elsewhere in southern
Ontario. The regional information presented in the subsections below provides confidence that
the Cobourg Formation has the favourable geomechanical properties to withstand natural
stresses as well as those induced by the presence of the repository.

Rock Mechanical Properties

To date, data on the strength of the Cobourg Formation is mainly based on laboratory testing of
intact core samples from the Bruce nuclear site, and limited laboratory testing of rock samples
from rock quarries where the Cobourg Formation is exposed at surface.

Based on the available regional data, the Cobourg Formation is sufficiently mechanically strong.
Average mechanical properties of the Cobourg Formation at the Bruce nuclear site indicated a
uniaxial compressive strength of 113 MPa (NWMO, 2011). Average mechanical properties of
the Cobourg Formation from surface samples collected at other locations in southern Ontario
indicated a uniaxial compressive strength of 72 MPa (NWMO and AECOM Canada Ltd., 2011).
Site specific measurements will be made on core retrieved from the deep boreholes currently
being drilled and tested at the South Bruce Site.
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Rock Mass Properties

In addition to determining the mechanical properties at the core sample scale it is also important
to assess the structural integrity of the rock mass, which refers to a larger scale representation
of the bedrock, considering the presence of fractures, weathering, and alteration. A significant
presence of these features could have a negative effect on the integrity of the rock mass. Site-
specific rock mass properties will be obtained mostly from core logging and downhole testing
(i.e., geophysical logging) activities, which are currently underway at the South Bruce site.

Data on rock mass properties of similar sedimentary rocks are available from studies completed
at the Bruce nuclear site (NWMO, 2011; NWMO and AECOM Canada Ltd., 2011). Golder
Associates Ltd. (2003) estimated rock mass classification ratings in common usage for
geomechanics purposes for selected rock formations based on shallow bedrock excavation
experience in southern Ontario.

Rock-quality designation (RQD) is a quantitative index of rock quality based on the total
cumulative length of core recovered in lengths greater than 10 cm (4 inches), as measured from
midpoint to midpoint of natural broken discontinuities (i.e., fractures). ‘Good’ quality rock has an
RQD of more than 75%, and ‘excellent’ quality rock has an RQD of more than 90%, whereas
poor quality rock has an RQD of less than 50%.

At the Bruce nuclear site, the Upper Ordovician shale and limestone units, including the
Cobourg Formation, are very sparsely fractured and of excellent quality (NWMO, 2011). The
rock mass designation, based on RQD (Deere at al. 1967), for all of the Upper Ordovician shale
formations is generally excellent (RQD of 90 to 100%) with occasional local zones of lower
quality. Recorded RQD values tend to represent lower bounding values due to the intersection
of vertical boreholes with sub-horizontal bedding layers.

The measured fracture frequency in the sedimentary rocks beneath the Bruce nuclear site was
similar in all formations and ranges from 0 to 1.7 fractures per metre, with an average value of
generally less than 0.3 fractures per metre. The fractures appear to be very tight and well
sealed. Similarly, the Trenton Group limestone formations (i.e. Cobourg and Sherman Fall
formations) have a rock mass designation of excellent with RQD generally ranging between 90
and 100%. The fracture frequency in all three Trenton Group formations is comparable.

Preliminary results from the first borehole drilled at the South Bruce Site show similar trends
with regards to RQD values throughout the sedimentary sequence. RQD values in the Upper
Ordovician shale formations and the Trenton Group limestones generally fall between 90-100%.
A photographic example of recovered core from the Cobourg Formation at the South Bruce Site
is shown in Figure 3.5. Information on rock mass properties from investigations at the Bruce
nuclear site provide a good preliminary indication of what can be expected for the South Bruce
Site, and indicate that the rock mass properties of the host rock formation at the South Bruce
Site are typical of strong sedimentary rocks.
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Figure 3.5: Photo of Cobourg Formation core sampl from the
the South Bruce Site.
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Bedrock Stresses

Bedrock stresses are measured underground, for example in a borehole, and represent the
natural forces acting on the bedrock. Understanding the magnitude and direction of stresses in
the bedrock is an important input for the design of the repository, specifically when aligning the
orientation of the rooms and panels of the repository to optimize stability. At this stage of the
site selection process, no direct stress measurements are planned for the South Bruce Site.

There are no direct measurements of stresses for the sedimentary (Paleozoic) rocks at the
South Bruce Site; during detailed site characterization site specific stress measurements are
planned to be measured to refine the repository layout. However, information on the state of
stress expected to exist in the sedimentary rocks beneath the South Bruce Site is indirectly
available from regional summaries of measurements made in the surrounding Appalachian and
Michigan Basins (NWMO and AECOM Canada Ltd., 2011), from behaviour of borehole core
and the borehole walls at the Bruce nuclear site, and from numerical modeling to develop a
preliminary stress model for the Bruce nuclear site (NWMO, 2011).

The available regional information on the distribution of principal stresses with depth in the
Appalachian and Michigan Basins indicate the presence of relatively high horizontal
compressive stresses, characteristic of a thrust fault regime, where both horizontal stresses are
greater than vertical stresses. These regional data also indicate that the maximum horizontal
in-situ stress is consistently oriented in a northeasterly to east-northeasterly direction (NWMO
and AECOM Canada Ltd., 2011). Analysis of borehole ellipticity data from the Bruce nuclear
site suggests a similar direction of maximum horizontal stress for Paleozoic rocks (NWMO,
2011).
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Thermal Properties

The host rock should be capable of conducting away the residual heat generated from the used
fuel containers, and withstanding thermal stresses induced by this heat, without significant
structural deformations or fracturing that could compromise the safe containment and isolation
functions of the repository.

Thermal testing results of core samples are being obtained from the current borehole drilling
and testing program at the South Bruce Site. However, results are still pending.

The literature on thermal conductivities of sedimentary rocks similar to those present beneath
South Bruce suggest values of about 2.07 W/(m.K) for shale, 2.29 W/(m.K) for limestone, 2.47-
4.5 W/(m.K) for sandstone, 3.62-5.50 W/(m.K) for dolostone, 4.05-5.14 W/(m.K) for anhydrite
(Clauser and Huenges, 1995; Sass et al., 1984). A host rock with similar values would be
capable of removing the decay heat from the fuel and withstanding thermal stresses induced by
the repository (NWMO, 2018).

The geothermal gradient of the South Bruce Site is expected to be similar to that of the Bruce
nuclear site. Data from the Bruce nuclear site shows a natural geothermal gradient for the
sedimentary sequence of about 14°C/km (NWMO, 2018). This gradient is suitable for repository
design.

Host Rock Geomechanical and Thermal Summary

The Paleozoic (sedimentary rock) sequence in southern Ontario is predictable and the
formations at the South Bruce Site are not expected to be unusual in their mechanical and
thermal behaviour. Based on regional data, including data from the Bruce nuclear site, the
South Bruce host rock should be capable of removing the residual heat from the used fuel
containers, and withstanding the natural and thermal stresses induced by the repository. On-
going site-specific investigations are expected to confirm this.
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4. LONG-TERM GEOLOGICAL STABILITY OF THE SITE

The site must provide long-term geological stability for the repository. In particular, the
repository should not be unacceptably affected by future geological processes and climate
changes, including earthquakes and glacial cycles.

The ability of a site to provide this stability is assessed through the following site evaluation
factors:

1. Seismicity: Seismic activity (i.e., earthquakes) at the site should not adversely impact the
integrity and safety of the repository during operation and in the very long term.

2. Land uplift, subsidence, and erosion: The expected rates of land uplift, subsidence and
erosion at the site should not adversely impact the repository.

3. Future glacial cycles: The evolution of the conditions at repository depth during future
climate change such as glacial cycles should not have a detrimental impact on the
repository.

4. Distance from geological features: The repository should be located at a sufficient
distance from geological features such as zones of deformation or faults that could be
potentially reactivated in the future.

Each of these are discussed in the subsections below.

4.1 Seismicity

The South Bruce Site is located in a stable, seismically quiet setting overlying the Precambrian
rocks of the Canadian Shield at the heart of the North American continent, away from tectonic
plate boundaries.

The Canadian government has maintained a network of monitoring stations that record the
location and magnitude of seismic events across the country. In southwestern Ontario, these
have been supplemented with additional stations by OPG to improve the data coverage and
accuracy. Figure 4.1 shows seismic activity for southwestern Ontario as recorded by the
Canadian Hazard Information Service between 1985 and 2021. Earthquakes are measured
using the Nuttli Scale (my), developed for Eastern North America, which represents a modern
refinement of the older Richter scale. To date there have not been any earthquakes above
magnitude 3 my, a magnitude typically felt by most humans, recorded within 50 km from the
South Bruce Site. Further discussion regarding the regional faults identified on Figure 4.1 is
included in Section 4.4 below.

A Probabilistic Seismic Hazard Assessment was conducted for the Bruce nuclear site in 2010
(AMEC Geomatrix, 2011). Seismic analyses of a hypothetical underground emplacement room
in the Cobourg Formation at the Bruce nuclear site using ground motions of 10° and 10 annual
probability events show that seismic shaking would not induce damage to the host rock, other
than potentially dislodging any already fractured rock mass around the excavated openings.
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Figure'4.1: Earthquakes recorded in southern Ontafio, 1985-2021. Figure also shows
location of regional faults in southern Ontario.

A network of microseismic monitoring stations was installed around the South Bruce Site in
2021. These five stations will provide increased ability to identify and locate smaller
earthquakes within a 50 km radius of the site. This microseismic network will continuously
record seismic events in the long term. Monitoring of earthquakes, even small magnitude events
(magnitude 3 my and lower), will provide information on the overall seismicity and geological
structure of the region.

4.2 Land uplift, subsidence and erosion

To ensure the containment and isolation functions of the repository continue in the future, it is
important to understand potential changes in land uplift, subsidence and erosion. Land uplift,
subsidence and erosion in the Michigan Basin where the South Bruce Site is located are
expected to be mostly related to future glacial cycles (Robin et al. 2020). The bedrock in the
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South Bruce area is presently uplifting at 1-3 mm per year, as the continental rock slowly
recovers from the last ice age (Sella et al. 2007). The rate at which these processes occur in the
future will need to be sufficiently slow to ensure that the repository remains isolated from the
surface environment over the long term.

Studies by Bell and Laine (1985) estimate an average glacial erosion rate for Canada of 40-70
metres per million years, based on studies of past glacial cycles. Hallet (2011) provides an
assessment of glacial erosion rates for southern Ontario, including the South Bruce area. The
study by Hallet (2011) concluded that although uncertainties remain in ice sheet reconstructions
and estimates of erosion by ice and melt water, all lines of study indicate that, in southern
Ontario, glacial erosion would not exceed a few tens of metres in 100,000 years with a
conservative estimate of 100 m per 1 million years for the Bruce nuclear site.

There is currently no indication that the South Bruce Site location will experience extreme rates
of erosion, uplift, or subsidence that would significantly impact repository safety or perturb the
geosphere, over the next million years.

4.3 Future glacial cycles

The climate is expected to change in the future. In the near term, the climate will be influenced
by global warming. This is expected to cause changes in weather in southwestern Ontario; the
nature of the changes is estimated in Golder (2020). These changes will be important to people
and to the surface environment, but are not likely to significantly affect conditions at the
repository depth, several hundred metres below surface.

In the future, 50,000 years or more, ice age conditions are expected to return. These conditions
have occurred approximately every 100,000 years for the past million years, largely due to the
nature of the earth’s orbit around the sun. The last ice age started about 100,000 years ago
and ended about 10,000 years ago, when the ice retreated out of Ontario towards northern
Canada. During an ice age, there can be up to a 2.5 km thick ice sheet over Ontario (Peltier
2011; Stuhne and Peltier 2015, 2016).

In the long-term, one of the key aspects to consider for the stability of the repository is the effect
that future glaciations could have on the subsurface. It is specifically important to demonstrate
that oxygenated water from future ice sheets will not penetrate to repository depth; the presence
of oxygenated water would compromise the integrity of the repository, in part through enhancing
corrosion of the used fuel containers, and potentially, erosion of the bentonite buffer. Based on
previous analyses, the evolution of the conditions at repository depth during future climate
change scenarios such as glacial cycles should not have a detrimental impact on the long-term
safety of the repository (NWMO, 2018).

Currently, the best indication of the impact of future glaciation on the South Bruce Site is
evidence of how the laterally equivalent formations beneath the Bruce nuclear site performed
during past glaciations. There was no geochemical evidence found for the infiltration of glacial
or recent meteoric recharge water into the host or bounding shale formations beneath the Bruce
nuclear site. In addition, numerical simulations indicate: 1) that glacial perturbations do not alter
the governing solute transport mechanisms within the deep groundwater system; and 2) that
single and multiple glaciation scenarios, when modelled using regional and site-specific
parameters, do not result in the infiltration of glacial meltwater into the deep groundwater
system (NWMO, 2011). Therefore, based on the understanding that glaciations have had
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minimal impact on the rocks at repository depth at the Bruce nuclear site, it is reasonable to also
suggest that glaciations will also have minimal impact at the South Bruce Site. This will be
confirmed as part of ongoing site characterization activities.

Future ice sheets should also not have a negative impact on the geomechanical stability of the
repository. During past glaciations, ice sheets over where the South Bruce Site is located were
up to about 2.5 km thick; the weight of the thick ice sheets, and the changing stress conditions
and bedrock surface topography during advance and retreat of the ice, need to be taken into
consideration in the design of both the repository and the multi-barrier system. For instance, the
used fuel containers (Section 7) are designed to withstand the long-term repository loads
including future ice sheets over the repository. A key component of the repository design is
sealing for decommissioning and the post-closure phase; specifically, all emplacement rooms
with containers are filled with bentonite clay to aid in stability under these loads. Similarly, all
other underground openings and shafts (e.g., access tunnels, services area, etc.) will be fully
backfilled and/or sealed.

Based on information obtained to date, there is no evidence that the evolution of the conditions
at repository depth during future climate change scenarios such as glacial cycles will have a
detrimental impact on the long-term safety of the repository.

4.4 Distance from geological features

The repository should be located at a sufficient distance from geological features such as zones
of large-scale deformation or regional faults that could be potentially reactivated in the future.

Regional faults in southern Ontario are shown on Figure 4.1. As indicated in the legend to this
figure, the faults are grouped based on observation of the youngest stratigraphic unit that is
offset. The largest faults in southern Ontario are located near the northern edge of Lake Erie,
many 10’s of kilometres south of the South Bruce Site. The nearest known fault to the site is a
fault located approximately five kilometres north of the South Bruce Site. This fault is interpreted
to offset rocks as young as the Ordovician limestones. The fault is not sufficiently close to
influence the integrity of the repository. Overall, based on all available information, the South
Bruce Site is located at a sufficient distance from known geological features such as large-scale
deformation zones or major regional faults.

The Cambrian unit is a permeable formation on top of the Precambrian (Canadian Shield)
basement in some parts of the Michigan Basin. The Cambrian unit is important because it is
known to be permeable, and because it can be under high pressure in places due to its deep
confinement. The Cambrian unit was not intersected in the two boreholes drilled at the South
Bruce Site. Importantly, there are also low permeability argillaceous limestone layers bounding
the Cobourg Formation from below, regardless of whether the Cambrian is present or not.

The presence or absence of deep geological features in the subsurface beneath the South
Bruce Site, including faults, is continuing to be investigated by analysis of results from a recently
completed 3D seismic survey, on-going borehole core logging and hydraulic testing, and on-
going microseismic monitoring.
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5. FUTURE HUMAN INTRUSION

The site should be selected such that the repository is not likely to be disrupted by future human
activities that could compromise the containment and isolation of the fuel. For example, future
societies should not have reason to inadvertently drill into the repository.

To minimize the likelihood of inadvertent future human intrusion, the repository:

1. Should not be located within rock formations containing economically exploitable natural
resources such as gas/oil, coal, minerals and other valuable commodities as known
today.

2. Should not be located within geological formations containing groundwater resources at
repository depth that could be used for drinking, agriculture or industrial uses.

Each of these are discussed in the subsections below.

5.1 Economically exploitable natural resources

Natural resources assessed for the area broadly include: petroleum resources (conventional
and unconventional oil and gas), metallic mineral resources, non-metallic mineral resources
(sand and gravel, bedrock resources and salt) and deep potable groundwater resources
associated with the Guelph Formation.

There are no known areas of active exploration interest for metallic mineral resources within the
area, as evidenced by the lack of active mining claims (MNDM, 2021a) and the lack of metallic
mineral occurrences (Figure 5.1; MNDM, 2021b). The Abandoned Mines Information System
(MNDM, 2018) and Mineral Deposits Inventory (MNDM, 2021b) show that there are no current
or past producing metallic mineral mines within the Municipality of South Bruce.

The South Bruce Site is located within an area that has been identified as a Sand and Gravel
Resource Area with a large proportion judged to be of primary significance, and with an average
deposit thickness of 5 m (Rowell 2012). There are also a number of discretionary limestone
occurrences related to bedrock quarrying for aggregate and building stone use in the central
portion of the Municipality; the potential for limestone as a resource for extraction, however, is
limited to very shallow depths (typically less than 20 m) and is not considered as a constraint for
repository construction.

A potential resource in the area is hydrocarbons. Commercial accumulations of hydrocarbons
have been discovered in more than a dozen stratigraphic units throughout the Paleozoic
sedimentary sequence of southern Ontario. Figure 5.1 shows the distribution of active and
former producing petroleum pools in southern Ontario based on the Qil, Gas and Salt
Resources Library (OGSRL, 2019). Most of the current exploration for oil and gas is
concentrated within the geographic triangle between London, Sarnia and Chatham-Kent
(AECOM Canada Ltd. and Itasca Consulting Canada Inc., 2011) (Figure 5.1). The South Bruce
Site is north of this area.
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Figure 5.1: Oil and gas producing pools in southern Ontario (OGSRL, 2019)

There are no known oil and gas pools within the Municipality of South Bruce. Prior to the
NWMO's work in this area, three previous exploration boreholes were drilled by exploration
companies within the Municipality, which resulted in dry holes with no petroleum potential
(Geofirma, 2014).

An assessment of potential hydrocarbon resources in the general area (the Huron Domain) was
recently completed (Chen et al, 2019). The study focussed on two rock formations within this
domain that are anticipated to be the most likely to contain oil or gas — the Collingwood and
Rouge River shale rock units. They concluded that there was likely shale oil and gas within the
domain, but the amounts were such that “the recovery factor for oil and gas in place resource
was exceptionally low.”

Overall, no known economically exploitable mineral resources, hydrocarbon resources, or salt
resources, have been previously identified at the potential repository site, and preliminary data
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from the two boreholes the NWMO has drilled at the site have not indicated economically
significant concentrations of any of these at the site.

Taken together, these findings indicate that while some resource potential may exist around the
South Bruce Site, no known economically exploitable mineral resources have been identified at
or around the proposed repository volume at the Site.

5.2 Groundwater Resources

Information concerning groundwater use in the Municipality of South Bruce can be obtained
principally from the Ontario Ministry of the Environment (MOE) Water Well Information System
(WWIS) database (Ontario Ministry of the Environment, 2013a), as well as from regional
groundwater studies and source water protection studies based on interpretation of these data.
The Municipality of South Bruce has public and municipal water supplies from wells sourcing
shallow bedrock aquifers and occasionally overlying overburden aquifers. All known water wells
in the Municipality of South Bruce obtain water from overburden or shallow bedrock sources at
depths ranging from about 3 to 163 metres below ground surface (MBGS; Geofirma, 2014).
Shallow bedrock is the most important source of drinking water in South Bruce, and is the
primary source of most of the municipal water supplies located inland from Lake Huron.

The potential for groundwater resources within the host and bounding formations at the South
Bruce Site is extremely low. The top of the shallowest bounding formation, the Queenston
Formation, is encountered at greater than 400 m below surface at the South Bruce Site.
Experience from other areas in southern Ontario, and from the studies completed at the Bruce
nuclear site, has shown that there is no active deep groundwater system in the area due to the
very low hydraulic conductivities of the Upper Ordovician units. Trenton Group limestones (i.e.
Cobourg, Sherman Fall, and Kirkfield formations) at the Bruce nuclear site have average
horizontal hydraulic conductivity values ranging from 4x10%° to 1x10* m/s. Available
hydrogeological data from the Bruce nuclear site indicate that the deep groundwater system
within the Upper Ordovician units is diffusion-dominated and isolated from the shallow
groundwater system. In addition, the Bruce nuclear site exhibits a transition from fresh to non-
potable and highly saline groundwater below approximately 200 mBGS.

During the drilling of the boreholes at the site, groundwater samples were collected when
possible. For groundwater samples to be collected while drilling, appreciable groundwater must
be able to flow into the borehole, which is an indirect indication of groundwater velocities of the
host rock at subsurface. In the two deep boreholes in the South Bruce Site, opportunistic
groundwater samples could only be collected from six geological formations. These samples
were collected from formations that are known to be permeable and are hundreds of metres
above the proposed repository host rock formation. The deepest groundwater sample was
collected at approximately 325 m below ground surface. This is more than 300 m above the
Cobourg Formation. No appreciable groundwater was able to flow into the borehole from the
Cobourg Formation, or the overlying Ordovician shales.

In summary, based on the available information, the South Bruce Site does not contain
groundwater resources at repository depth that could be used for drinking, agriculture or
industrial uses.
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6. AMENABLE TO GEOLOGICAL SITE CHARACTERIZATION

The South Bruce Site must be understood sufficiently so that the repository can be appropriately
designed and for there to be sufficient confidence that the site will perform as expected.
However, as the host rock is not visible on surface, site characterization will only directly
measure a small portion of the site.

Therefore, to ensure confidence that the site is sufficiently understood it is important that the
host rock structure and characteristics are relatively predictable from the studies.

Based on all information available to date, the geometry and structure of the Ordovician host
rock and bounding formations found at the South Bruce Site and throughout southern Ontario
are sufficiently predictable and amenable to site characterization and data interpretation (e.g.,
Mazurek, 2004).

The lateral traceability of individual, near-horizontally layered and weakly deformed, bedrock
formations was demonstrated at the Bruce nuclear site and at the regional scale, especially for
the formations of Ordovician age (NWMO, 2011; AECOM and ITASCA CANADA, 2011). The
updated 3D geological model for southern Ontario continues to demonstrate the predictable
nature of the Ordovician sedimentary formations across southern Ontario (Carter et al., 2021).

Importantly, the site characterization activities at the Bruce nuclear site also indicated a high
degree of similarity in geoscientific properties for all Paleozoic (sedimentary) formations
between individual boreholes at the Bruce nuclear site (Intera, 2011).

While the site characterization activities at the South Bruce Site are still on-going, an initial
assessment of the predictability of the sedimentary rocks beneath the site in the two boreholes,
in comparison to the geological conditions encountered at the Bruce nuclear site and throughout
the region, indicates that:

» the overall thickness of the Paleozoic formations encountered is broadly consistent with
the regional stratigraphic model

» the thickness and character of the Ordovician formations is approximately 435 m based
on initial observations from the first boreholes, consistent with expectations

» Cambrian sandstone was not encountered at the base of the boreholes

» the lack of occurrence of significant hydrocarbon indicators is as expected

» the general locations where opportunistic groundwater samples were collected is as
expected

» the high fracture frequency encountered in the upper 200 m of the boreholes, and
extremely low fracture frequency throughout the Ordovician formations, is as expected

While further analysis is required to confirm if the additional geoscientific properties of the
sedimentary rocks beneath the South Bruce Site are consistent with their expected character,
all indications to date suggest that they will be, especially with respect to the Ordovician host
rock and bounding formations.

These studies provide confidence in the NWMO's ability to characterize and understand the
large-scale geometry and structure of the geology in the South Bruce Site.
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Table 7.1: Nominal Used Fuel Container Characteristics

Parameter Value
Length / Diameter ~ 2500 mm / ~ 600 mm
Steel shell ASME SA-106 Gr.C/ SA-516 Gr.70 Pressure Vessel Carbon Steel
~46 mm thick side shell walls; 30 mm thick head walls
Copper coating 3 mm, high purity copper
Number CANDU bundles 48
Mass (loaded) ~2,800 kg
Initial heat load ~165 W
Design basis (glaciation) 3 km thick icesheet
STEEL CONTAINER CORROSION-RESISTANT
CORE \ COATING

FUEL BASKET

48 CANDU
FUEL BUNDLES

HEAD

Figure 7.1: lllustration of reference copper coated Used Fuel Container

The reference container is designed for Canada’'s CANDU fuel bundles and has unique
elements to the design, but it shares the key similarities and best practices being investigated
and implemented by other leading international waste management organizations. For
example, the Swedish (SKB) and Finnish (Posiva) programs have developed a container for
light water reactor fuel, with an inner metallic core of cast-iron for structural strength and an
outer copper shell for corrosion protection. They are also designing for a future ice age event.
More information is provided on international waste management organizations that are
pursuing geological disposal in Section 11.

As noted in Section 2, all nuclear generating stations in Canada are CANDU reactors and this
fuel type accounts for ~99.9% of all current used fuel. There are plans for new reactors in
Canada, which use different technologies and fuel types. In particular, OPG is planning to
submit an application to build a GEH BWRX-300 BWR at its Darlington site. The BWRX-300
fuel is similar to the light water reactor fuel that Posiva and SKB manage.

As these plans develop and advance, the NWMO will assess the potential of using the current
container design for these other fuels. Fuel characteristics, geometry, and other considerations
may require alternative or modified container designs to be developed. NWMO will leverage and
build on the reference CANDU fuel container, as well as, international container designs
developed for these fuel types.
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The buffer boxes are placed in the underground placement rooms as shown in Figure 7.3;
stacked two containers high. Bentonite clay blocks are placed between buffer boxes for thermal
spacing purposes and to fill small voids used for handling and emplacement. The remaining
space between the rock and the buffer box, on the sides and top, is typically less than 30 cm.
This space is filled with loose granular bentonite material known as gap fill material.

Used Fuel Container

Host Rock

Granular Bentonite

Bentonite Buffer Box

Gap Fill Material

Figure 7.3: Cutaway lllustration of Emplacement Room Concept

The ends of the emplacement rooms, towards the access tunnels, would be sealed with room
end plugs made from bentonite clay and a thick concrete bulkhead. These would isolate the
filled rooms from the open access tunnels during the operating and extended monitoring
phases, and from the closed and back-filled tunnels in the long-term.

The tunnels and other underground openings would be filled with a mixture of crushed-rock and
clay based backfill at repository closure, that provides long-term mechanical support to the
surrounding rock and reduces the hydraulic conductivity of these openings. The shafts would
be sealed with combination of clays, concrete, rock backfill and possibly asphalt.

It is estimated that about 50 years will be needed to complete the container emplacement
underground for all of Canada'’s projected used nuclear fuel (NWMO, 2021a). This will be
followed by an extended monitoring period where tunnels will remain open for access
underground. For planning purposes, it is assumed that this period will be 70 years, but it could
be longer or shorter. It is important to note that monitoring systems will be designed to ensure
no impact to long term safety of the repository. Monitoring is discussed further in Section 12.
After a suitable monitoring period, and in consultation with stakeholders, all tunnels, shafts and
surface boreholes would be backfilled and sealed. There would be no remaining equipment that
needed to be maintained to ensure safety. Post-closure monitoring of the facility would,
however, continue for some time in order to confirm the repository was operating as expected.






Figure 7.4: Used Fuel Container cross-section undergoing a beyond-design-basis
crush test. Copper coating remained bonded to steel.

Figure 7.5: Prototype Used Fuel Container subjected to external pressure equivalent to
almost 6 km underwater. (Left) Test chamber lid being lowered into place;
(Right) Container removed after testing; fully intact — no containment failure.






