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EXECUTIVE SUMMARY

Ontario Power Generation (OPG) is proposing to build a Deep Geologic Repository (DGR) for
Low and Intermediate Level Waste (L&ILW) near the existing Western Waste Management
Facility at the Bruce nuclear site in the Municipality of Kincardine, Ontario. The Nuclear Waste
Management Organization, on behalf of OPG, is preparing the Environmental Impact Statement
(EIS) and Preliminary Safety Report (PSR) for the proposed repository.

The postclosure safety assessment evaluates the long-term safety of the proposed facility and
provides supporting information for the EIS and PSR.

This report presents an analysis of disruptive events that could potentially affect the DGR and
its environment. These are events that are very unlikely to occur, but if they did occur, they
would disrupt or bypass many of the repository barriers. The analysis, therefore, seeks to
understand the consequences of these events, and the robustness of the repository to them.

The following Disruptive Scenarios have been identified through the use of a systematic
approach:

¢ Unintentional intrusion into the repository as a result of an exploration borehole (the Human
Intrusion Scenario);

o The unexpected poor performance of the shaft seals (the Severe Shaft Seal Failure
Scenario);

e Poor sealing of a site investigation/monitoring borehole near the repository (the Poorly
Sealed Borehole Scenario); and

¢ A hypothetical transmissive vertical fault in close proximity to the DGR footprint (the Vertical
Fault Scenario).

Other disruptive events have been identified in the assessment of the DGR. However, these are
not considered in this report because: they are addressed in other reports (i.e., ice-sheets in the
Normal Evolution Scenario); or they are bounded by the identified scenarios (e.g. earthquakes),
or they are not plausible over the timescales of the assessment (e.g., volcanoes); or they have
no effect on the DGR (e.g., plane crashes).

Any of the Disruptive Scenarios considered in this report is very unlikely to occur in any given
year. Since these are unlikely or “what if’ scenarios, they are assessed using stylized
conceptual models, based on simple but conservative assumptions. The consequences are
compared with a public dose criterion of 1 mSv/a for disruptive events, as well as a reference
health risk value of 10™/a.

Consistent with the Normal Evolution Scenario, a reference calculation is undertaken for each
Disruptive Scenario. To avoid ambiguity with the Normal Evolution Scenario’s Reference Case,
the reference calculation for each Disruptive Scenarios is termed the Base Case calculation. In
addition to each Base Case calculation, one or more variant calculations have been undertaken
for each Disruptive Scenario. The calculated doses to the maximally exposed group for the
Disruptive Scenario’s Base Case calculations are summarized in Figure E.1 and discussed
below. Calculated doses within the shaded range are negligible and the magnitude of the
values within this area is illustrative.



Postclosure SA: Disruptive Scenarios - Vi- March 2011

Normal Evolution Scenario: Reference Case

Human Intrusion

Dose from Natural Background

Severe Shaft Failure

Poorly Sealed Borehole

Vertical Faul —

1.0E-15 1.0E-12 1.0E-09 1.0E-06 1.0E-03 1.0E+00
Maximum Calculated Effective Dose (mSv/a)

Dose Criterion for
Disruptive Events

Radiation

Figure E.1: Disruptive Scenarios: Maximum Calculated Doses for Base Case Calculations

The Human Intrusion Scenario could in principle result in contaminated gas and/or drill core
containing waste material being released to the surface (there is insufficient saturation in the
repository for a water release). Conservative assessment calculations have considered the
potential exposure of the drill crew and other people to these materials. The assessment does
not take account of good practice and many standard operating procedures that would reduce
the likelihood of the scenario and exposure; for example, the drill crew are assumed to leave
drill core debris on the site. The calculated peak annual dose of about 1 mSv occurs about
300 a after closure of the DGR and is to a future resident who uses the contaminated drill site
for farming after the borehole has been abandoned. The doses to other potential critical groups
are below the dose criterion for disruptive events of 1 mSv/a for the base case calculations
considering a surface release of contaminants. By around 5 ka, doses for the future site
resident is below the dose criterion, and by 70 ka doses for all critical groups are more than an
order of magnitude below the criterion.

The Severe Shaft Seal Failure Scenario indicates that, assuming significant degradation of the
shaft seals and excavation damage zone, the peak calculated dose to a person living directly on
the site is about 1 mSv/a after about 23 ka. The calculated doses are dominated by C-14,
which reaches the Shallow Bedrock Groundwater Zone in the gas phase with a breakthrough of
bulk gas from the DGR at around 20 ka. The C-14 then reaches the biosphere directly in
gaseous form, and by dissolving in groundwater and being pumped via a well. The dominant
exposure pathways are the inhalation of gas and ingestion of plants that have taken up C-14,
each of which contributes about 40% of the calculated peak dose. The calculated dose rapidly
falls from the peak at 23 ka, so that by 30 ka it is an order of magnitude below the criterion and
by 100 ka it is more than four orders of magnitude below.

The Poorly Sealed Borehole Scenario considers a site investigation/monitoring borehole

100 m from the site that is poorly sealed and provides an enhanced permeability pathway up
through the geosphere. The calculations show that it has an influence on the performance of the
system, compared with the Normal Evolution Scenario. However, the calculated doses are
about seven orders of magnitude below the dose criterion (Figure E.1).
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There is strong geological, hydrogeological, and geochemical evidence that transmissive
vertical faults/fracture zones do not exist within the footprint or vicinity of the DGR. Despite this
evidence, the Vertical Fault Scenario is a “what if’ scenario that investigates the safety
implications of a hypothetical transmissive vertical fault, either undetected or representing the
displacement of an existing structural discontinuity, which propagates from the Precambrian into
the Intermediate Bedrock Groundwater Zone in close proximity to the DGR. The assessment
calculations show the calculated doses are many orders of magnitude below the dose criterion.

As all the scenarios represent unusual events, the results can also be expressed as risks
(where risk is the product of probability and consequences, using an appropriate factor to
convert dose to health risk). Scenarios with dose consequences in the range of 1 mSv would
meet the reference health risk value of 10”°/a if the probability of occurrence were less than
about 1 per 10 years. Although the probability cannot be reliably estimated for the various
Disruptive Scenarios, their probability should be considerably lower than this value.

For example, based on current practice and the size of the repository, the probability of an
exploratory borehole inadvertently intercepting the repository can be estimated as around 10/a.
The Severe Shaft Seal Failure Scenario and Poorly Sealed Borehole Scenario would also
require unlikely conditions that result in the very poor performance of the entire shaft and
borehole seal materials. In addition, the Vertical Fault Scenario is not consistent with site
characterization information. Overall, the probability of the Disruptive Scenarios is low enough
that they all fall below the reference health risk value.

Calculations have also been undertaken to assess the impact of radionuclides on non-human
biota and the impact of non-radioactive elements and chemical species in the waste on humans
and other biota for the Disruptive Scenario base cases. The results indicate that potential
impacts are low. All non-radioactive contaminants and most radionuclides are below their
screening concentration criteria. There could be some local exceedance of screening criteria
for the Human Intrusion Scenario and the Severe Shaft Seal Failure Scenario. In particular, the
concentration of C-14 and Nb-94 would locally exceed soil criteria if drilling debris from the
repository were to be dumped on the surface at the site in the Human Intrusion Scenario. In
addition, C-14 would locally exceed the surface water screening criteria in the Severe Shaft
Seal Failure Scenario. Since these higher concentrations are local, the screening criteria are
conservative, and the scenarios are very unlikely, the risk to non-human biota from these
scenarios is low.

Overall, the isolation afforded by the location and design of the DGR limits the disruptive events
potentially able to bypass the natural barriers to a small number of situations with very low
probability. Even if these events were to occur, the analysis shows that the contaminants in the
waste would continue to be contained effectively by the DGR system such that dose criteria are
met in almost all circumstances, even with conservative assessment modelling assumptions.
Risk criteria would be met in all cases when account is taken of the probability of occurrence.

The assessment has adopted scientifically informed, physically realistic assumptions for
processes and data that are understood and can be justified on the basis of the results of
research and/or site investigation. Where there are high levels of uncertainty associated with
processes and data, conservative assumptions have been adopted to allow the impacts of
uncertainties to be bounded. Thus, the results presented in this report should be seen as being
generally conservative and liable to overestimate potential impacts.
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1. INTRODUCTION

Ontario Power Generation (OPG) is proposing to build a Deep Geologic Repository (DGR) for
Low and Intermediate Level Waste (L&ILW) near the existing Western Waste Management
Facility (WWMF) at the Bruce nuclear site in the Municipality of Kincardine, Ontario (Figure 1.1).
The Nuclear Waste Management Organization, on behalf of OPG, is preparing the
Environmental Impact Statement (EIS) and the Preliminary Safety Report (PSR) for the
proposed repository.

Figure 1.1: The DGR Concept at the Bruce Nuclear Site
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The postclosure safety assessment (SA) evaluates the long-term safety of the proposed facility
and provides supporting information for the EIS (OPG 2011a) and PSR (OPG 2011b).

This report (Human Intrusion and Other Disruptive Events) is one of a suite of documents that
presents the safety assessment (Figure 1.2), which also includes the Postclosure SA main
report (QUINTESSA et al. 2011a), the Normal Evolution Scenario Analysis report (QUINTESSA
2011a), the System and Its Evolution report (QUINTESSA 2011b), the Features, Events and
Processes (FEPs) report (QUINTESSA et al. 2011b), the Data report (QUINTESSA and
GEOFIRMA 2011), the Groundwater Modelling report (GEOFIRMA 2011), and the Gas
Modelling report (GEOFIRMA and QUINTESSA 2011).

Level | Postclosure Safety Assessment Report By

Analysis of Human
Intrusion and Other
Disruptive Scenarios

Level |l Analysis of Normal
Evolution Scenario

System and Features,
Its Evolution E\fents and
Level Il rocesses
Groundwater Gas

Figure 1.2: Document Structure for the Postclosure Safety Assessment
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A high-level description of the DGR system is provided below. More details are provided in the
System and Its Evolution report (QUINTESSA 2011b) and the Data report (QUINTESSA and
GEOFIRMA 2011).

Waste:

Repository:

Geosphere:

Biosphere:

The total emplaced volume of low and intermediate level waste (L&ILW) is
approximately 200,000 m*, comprised of low and intermediate level wastes from
OPG’s owned or operated nuclear reactors. The wastes are emplaced in a range
of steel and concrete containers and overpacks. The total activity at closure is
about 16,000 TBqg. Key radionuclides in terms of total activity include H-3, C-14,
Ni-63, Nb-94 and Zr-93 (Table 1.1). The waste generates about 2 kW of decay
heat at time of closure.

The repository is at a depth of about 680 m below ground surface and comprises
two shafts, a shaft and services area, access and return ventilation tunnels, and 31
waste emplacement rooms in two panels (Figure 1.1). The repository is not
backfilled. At closure, a concrete monolith is emplaced at the base of the shafts
and then the shafts are backfilled with a sequence of materials (bentonite/sand,
asphalt, concrete and engineered fill).

The DGR is located in competent and low permeability Ordovician argillaceous
limestone, with 230 m of Ordovician shales above and 160 m of limestones below.
Significant underpressures exist in the Ordovician rocks, whereas overpressures
exist in the Cambrian sandstones below the DGR. Above the Ordovician shales,
there are 325 m of Silurian shales, dolostones and evaporites. The porewater in
the Silurian and Ordovician sediments is highly saline brine (total dissolved solids of
150 to 350 g/L) and reducing, with pH buffered by carbonate minerals. Above the
Silurian sediments, there are 105 m of Devonian dolostones, the upper portions of
which contain fresh, oxidizing groundwater that discharges to Lake Huron. Site
investigations at the Bruce nuclear site have not found commercially viable mineral
or hydrocarbon resources.

The present-day topography is relatively flat and includes streams, a wetland, and,
at a distance of approximately 1 km, Lake Huron. The annual average temperature
is about 8 °C with an average precipitation rate of around 1.1 m/a. The region
around the Bruce nuclear site is mainly used for agriculture, recreation and some
residential development. Groundwater is used for municipal and domestic water in
this region, while the lake provides water for larger communities. The lake is used
for recreation and commercial fishing. A significant aboriginal traditional activity in
the region is fishing in Lake Huron.
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Table 1.1: Amounts of Potentially Important Radionuclides, Elements and Chemical
Species in Waste

Radio- (1) Amount (Bq) at 2062 Elements/ Amount (kg)
nuclide LLW ILW Total Chemicals LLW ILW Total
H-3 8.49E+14 1.56E+14 1.00E+15 | Antimony 3.23E+03 | 2.35E+01 | 3.25E+03
C-14 2.42E+12 6.07E+15 6.07E+15 | Arsenic 2.83E+02 | 1.42E+02 | 4.25E+02
CI-36 6.01E+08 1.42E+12 1.42E+12 | Barium 9.42E+03 | 1.59E+02 | 9.58E+03
Ni-59 5.01E+10 3.63E+13 3.64E+13 | Beryllium 1.11E+02 | 2.10E+01 1.32E+02
Ni-63 5.04E+12 3.95E+15 3.96E+15 | Boron 1.53E+03 | 5.25E+03 | 6.78E+03
Se-79 1.54E+06 1.25E+10 1.25E+10 | Bromine 1.30E+02 | 4.62E-01 1.30E+02
Sr-90¥ 8.96E+12 4.52E+13 5.42E+13 | Cadmium 1.12E+04 | 1.96E+01 | 1.12E+04
Mo-93 0.00E+00 1.00E+12 1.00E+12 | Chromium 7.85E+05 | 1.98E+05 | 9.84E+05
Zr-93 4.54E+06 2.13E+14 2.13E+14 | Cobalt 3.42E+02 | 3.01E+02 | 6.44E+02
Nb-93m 0.00E+00 9.26E+12 9.26E+12 | Copper 3.35E+06 | 7.01E+03 | 3.35E+06
Nb-94 2.46E+10 4.60E+15 4.60E+15 | Gadolinium 0.00E+00 | 5.41E+03 | 5.41E+03
Tc-99 6.28E+07 6.10E+10 6.10E+10 | Hafnium 0.00E+00 | 2.58E+02 | 2.58E+02
Ag-108m 3.43E+07 1.97E+13 1.97E+13 | lodine 6.60E+01 1.19E-01 6.61E+01
Sn-121m 0.00E+00 7.76E+13 7.76E+13 | Lead 1.52E+06 | 2.85E+02 | 1.52E+06
I-129 1.21E+06 1.33E+08 1.34E+08 | Lithium 4.47E+01 | 5.89E+03 | 5.94E+03
Cs-137% 1.32E+13 9.37E+13 1.07E+14 | Manganese 8.32E+05 | 1.71E+04 | 8.49E+05
Ir-192m 0.00E+00 1.14E+10 1.14E+10 | Mercury 6.83E+01 3.73E-01 6.87E+01
Pt-193 0.00E+00 1.15E+13 1.15E+13 | Molybdenum 2.15E+02 | 9.78E+02 | 1.19E+03
Pb-210 3.20E+10 0.00E+00 3.20E+10 | Nickel 1.63E+06 | 4.92E+04 | 1.68E+06
Ra-226 3.80E+09 0.00E+00 3.80E+09 | Niobium 1.02E+02 | 1.10E+04 | 1.11E+04
U-232 2.25E+08 7.71E+06 2.33E+08 | Scandium 2.29E+01 6.16E-01 2.35E+01
U-233 3.07E+08 8.88E+06 3.15E+08 | Selenium 8.14E+01 | 5.06E+00 | 8.64E+01
U-234 1.34E+09 1.30E+08 1.47E+09 | Silver 5.13E+00 | 2.13E+00 | 7.26E+00
U-235 2.16E+07 2.08E+06 2.36E+07 | Strontium 3.24E+03 | 3.35E+01 | 3.27E+03
U-236 2.56E+08 2.38E+07 2.80E+08 | Tellurium 2.03E+02 | 6.63E-02 | 2.03E+02
U-238 5.91E+09 1.60E+08 6.07E+09 | Thallium 2.41E-01 3.04E-01 5.45E-01
Np-237 1.23E+08 1.07E+07 1.34E+08 | Tin 1.37E+02 | 2.37E+03 | 2.51E+03
Pu-238 4.69E+11 2.77E+10%) | 4.96E+11"® | Tungsten 1.18E+00 | 1.48E+02 | 1.49E+02
Pu-239 8.32E+11 8.51E+10 9.18E+11 | Uranium 3.34E+02 | 2.49E+01 | 3.59E+02
Pu-240 1.23E+12 1.24E+11 1.35E+12 | Vanadium 8.97E+01 | 9.56E+02 | 1.05E+03
Pu-241 6.75E+10Y 1.76E+12 1.83E+12% | Zinc 1.47E+05 | 2.06E+03 | 1.49E+05
Pu-242 1.23E+09 1.26E+08 1.36E+09 | Zirconium 7.42E+02 | 5.95E+05 | 5.96E+05
Am-241 2.16E+12 2.30E+11 2.39E+12 | PAHs 3.43E+00 | 0.00E+00 | 3.43E+00
Am-242m 2.35E+09 2.39E+07 2.37E+09 Cl-Benzenes
Am-243 267E+09 | 4.31E+08 | 3.10E+09 | & Cl-Phenols | 276E*00 | 0.00E+00 | 2.76E+00
Cm-243 2.70E+09 5.30E+08 3.23E+09 | Dioxins &
Cm-244 1.93E+11 125E+11 | 3.18E+11 | Furans 9.25E-02 | 0.00E+00 | 9.25E-02
Total 8.83E+14" 1.53E+16 1.62E+16 | PCBs 1.31E-01 0.00E+00 1.31E-01

Notes:

1. Radioactive progeny are not listed in the table but are included in the safety assessment calculations.

2. Sr-90 and Cs-137 activities are total including their respective progeny.

3. Values are from draft version of the Reference L&ILW Inventory Report at the time of the data freeze for the

safety assessment (summer 2010). Values from final version of Reference L&ILW Inventory Report (OPG 2010)

are:

- Pu-238 - 3.23E+10 Bq (ILW) and 5.01E+11 Bq (total).
- Pu-241 - 2.87E+12 Bq (LLW) and 4.63E+12 Bq (total).

- LLW Total - 8.86E+14 Bq.
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1.1 Purpose and Scope

The potential future impacts from the repository are evaluated in the postclosure safety
assessment by considering a range of possible future evolutions of the DGR system (Chapters
7 and 8 of the System and Its Evolution report, QUINTESSA 2011b).

The Normal Evolution Scenario describes the expected evolution of the DGR system and its
degradation (gradual loss of barrier function) with time.

Disruptive Scenarios have also been identified that examine the impacts of unlikely events
that lead to the disruption or abnormal degradation of barriers and the associated loss of
containment. These Disruptive Scenarios have a low probability of occurrence; however, they
have an important role in demonstrating the robustness of the DGR’s performance in
unexpected (or “what if’) situations. They comprise:

¢ The Human Intrusion Scenario, which investigates the impact of an exploration borehole
being unintentionally drilled down into the DGR;

e The Severe Shaft Seal Failure Scenario, which considers rapid and extensive
degradation of the engineered seals in the shafts;

e The Poorly Sealed Borehole Scenario, which considers the consequences of a site
investigation/monitoring borehole in close proximity to the DGR being poorly sealed; and

e The Vertical Fault Scenario, which investigates the impact of a hypothetical transmissive
vertical fault in close proximity to the DGR.

Other disruptive events have been identified in the assessment of the DGR. However, these are
not considered in this report, either because they are addressed in other reports (i.e., ice-sheets
in the Normal Evolution Scenario Analysis report, QUINTESSA 2011a), or they are bounded by
the identified scenarios (e.g., earthquakes) or they are not plausible over the timescales of the
assessment (e.g., volcanoes) or they have no effect on the DGR (e.g., plane crashes). These
implausible or low consequence disruptive events are discussed and screened out from further
consideration in the Features, Events and Processes report (QUINTESSA et al. 2011b).

The purpose of the current report is to provide an analysis of the four selected Disruptive
Scenarios. It describes the scenarios and the associated conceptual models, outlines the
development of the mathematical models and their implementation in software tools, and
presents the results obtained and the uncertainties identified. A comparable analysis of the
Normal Evolution Scenario is provided in the Normal Evolution Scenario Analysis report
(QUINTESSA 2011a).

The preliminary design for the repository is described in Chapter 6 of the Preliminary Safety
Report (OPG 2011b). However, the postclosure safety assessment was initiated based on the
original preliminary design, and the design changes were made after the present assessment
was largely complete. The key changes were to the ventilation design and the handling of
T-H-E packages, and were made for operational safety and reliability reasons. They were not
expected to have any significant effect on postclosure safety assessment, as is shown in
detailed gas and groundwater modelling for the Normal Evolution Scenario. The detailed gas
and groundwater modelling referenced in this report is based on the original preliminary design.

Figure 1.3 shows the locations assumed in the current assessment for the four Disruptive
Scenarios. The figure shows that the locations assumed are conservative — for example, the
poorly sealed borehole is the closest borehole at repository depth, while two vertical faults are
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considered — one just outside the well-characterized site area and one within the area. The
scenarios are evaluated separately rather than in combination since the individual scenarios
have low probability and independent causes, and so their probabilities of occurring together are

even lower.
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Figure 1.3: Location of Disruptive Scenarios Evaluated in the Safety Assessment Relative
to Repository and to Site Characterization Activities
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1.2 Report Outline

Each of the four Disruptive Scenarios is considered in turn in Chapters 2 to 5. The following
structure, which reflects the approach used to develop the models for assessment (Appendix A),
is used in each chapter:

Overview of the scenario and development of the conceptual model;
Identification of the calculation cases;

Overview of the mathematical models, software implementation and data; and
Summary of the results.

A consideration of uncertainties and issues for further work is provided in Chapter 6, and
summary and conclusions are provided in Chapter 7.

Due to the good containment provided by the DGR system, some peak impacts may not occur
within one million years. Calculated results may, therefore, be presented beyond one million
years to show that these impacts are small. Over such long time periods the reliability of
quantitative predictions diminishes with increasing timescale due to growing uncertainties.
Therefore, graphs showing results beyond 1 million years use a grey background for the period
beyond 1 million years to emphasize the illustrative nature of the results over such timescales.

The report has been written for a technical audience that is familiar with the scope of the DGR
project, the Bruce nuclear site, and the process of assessing the long-term safety of a deep
geologic repository.
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2. HUMAN INTRUSION SCENARIO
2.1 Scenario Overview

The natural barriers around the repository might be breached in the future by human actions.
Of particular interest is inadvertent intrusion, in which the investigators are unaware of the
presence (or content) of the repository and, therefore, may not take precautions to limit
exposure of the investigators and to prevent contamination of the area. Intentional intrusion into
the repository has not been assessed since it is expected that the intruders would take
appropriate precaution.

Given the depth of the DGR, the most likely human activity that might directly impact the closed
repository is a deep borehole, unintentionally drilled into the repository as part of a future
geological exploration program (Chapter 8 of the System and Its Evolution report, QUINTESSA
2011b). Such intrusion could only occur after all institutional control of the site was lost, and
societal memory or markers had become ineffective. Even in this situation, intrusion is highly
unlikely because of the low resource potential of the rocks, the lack of potable groundwaters
below about 100 m, the uniform geology across a large area (i.e., nothing unique about the rock
at this location), and the small footprint of the DGR".

Nevertheless, the possibility of inadvertent human intrusion by this method cannot be ruled out
over the long timescales of interest to the safety assessment. If the scenario were to occur,
however, the borehole could provide a direct pathway from the repository to the surface
environment and the potential for direct exposure to waste inadvertently retrieved in the drill
core. This scenario is referred to as the Human Intrusion Scenario.

This scenario represents the evolution of DGR system in the same way as the Normal Evolution
Scenario with the only difference being that human intrusion into the repository could occur at
some time after control of the site is no longer effective.

In this scenario, an exploration borehole is drilled down through the geosphere. Upon
encountering the repository, the drill crew would register a loss of drill fluid to the repository void
if the repository pressure is less than the drill fluid pressure, or a sudden release of gas from the
repository up the borehole if the repository pressure is greater than the drill fluid pressure. No
significant amount of water is expected to be expelled, as the saturation of the repository is
projected to be very low (less than 1% for the Normal Evolution Scenario Reference Case,
Section 5.1.1.2 of the Gas Modelling report, GEOFIRMA and QUINTESSA 2011). Current
technology necessary to drill to 680 m depth would enable the drillers to ascertain the nature of
the void that had been encountered, and to limit upflow from the repository (“blowout
preventers” are standard practice in sedimentary rocks where one may encounter natural gas).
Having noted the presence of the repository, it is very likely that the nature of this anomaly
would be checked. Any such checks would be expected to examine the nature of material
originating from the repository, and this could result in the identification of significant
radioactivity. It is, therefore, very unlikely that drilling would be continued down beyond the
repository.

' The repository might appear as an anomaly in any surface/air-borne survey of the area, and this could encourage

drilling at the site. However, the uniformity of the sediments and general lack of interesting minerals or geologic
features in the area would argue against deliberate surveys of the area. Furthermore, a cautious approach to
drilling might be used if such an unexpected anomaly were identified that would minimise the consequences of any
intrusion into the DGR.
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If the drilling were to be continued through the repository down into the Cambrian, it would
ultimately encounter higher hydraulic heads and sufficient water supply (Sections 2.3.6.2 and
2.3.6.4 of the System and Its Evolution report, QUINTESSA 2011b). If the borehole was poorly
sealed (contravening standard practice and drilling regulations), there would then be sufficient
pressure for groundwater to flow up from the Cambrian via the borehole into the repository and
up to higher formations via the borehole. Groundwater flow modelling (Section 6.2.1 of the
Groundwater Modelling report, GEOFIRMA 2011) shows that upwards flows would occur
immediately after the intrusion.

In an exploration borehole, the investigators would most likely collect samples or conduct
measurements at the repository level, because of its unusual properties relative to the
surrounding rock. This would readily lead to the identification of high levels of radioactivity (e.g.,
gamma logging is a standard borehole measurement). Once the investigation was complete,
the drillers would close and seal the borehole, and ensure any surface-released materials were
appropriately disposed, since this is normal drilling practice. Sealing the borehole would avoid
any further release of residual radioactivity direct to the surface. Therefore, under normal
drilling, there would be little impact even should inadvertent intrusion occur.

Nevertheless, the Human Intrusion Scenario considers “what if’ the intrusion is inadvertent and:

o Itis not recognized that the drill has intercepted a waste repository so no safety restrictions
are imposed; and

o The borehole and drill site are not managed and closed to current standards, and material
from the borehole is released on surface around the drill site.

Further, the scenario also considers the long-term consequences of:

e The borehole being poorly sealed, resulting in the creation of a pathway for contaminants
into permeable geosphere horizons above the repository; and

e As a very unlikely variant case, "what if" the borehole were continued down into the
pressurized Cambrian formation, and again not properly sealed.

Therefore, for this scenario, contaminants could be released and humans and non-human biota
exposed via:

o Direct release to the surface of pressurized contaminated gas, prior to sealing of the
borehole;
Retrieval and examination of drill core contaminated with waste;

o Retrieval and uncontrolled dispersal of contaminated drill core debris on the site; and

e The long-term release of contaminated water from the repository into the permeable
geosphere horizons via the exploration borehole, if the borehole was continued down into
the pressurized Cambrian and subsequently poorly sealed.

The scenario is illustrated in Figure 2.1 and Figure 2.2.

These releases could result in the exposure of the drill crew, laboratory technicians (who
examine the drill core), residents living near the site at the time of intrusion, and site residents
who might occupy the site subsequent to the intrusion event.
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Figure 2.1: Human Intrusion: Schematic Representation of Short-term Gas Release
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Figure 2.2: Human Intrusion Scenario: Schematic Representation of Long-term
Groundwater Release
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2.2 Conceptual Model
221 Key Features

The conceptual model for the Human Intrusion Scenario has been developed by first identifying
the key features of the scenario. In the context of the safety assessment, “features” are distinct
physical elements of the repository system — the waste, engineered components, rock, and
parts of the surface environment such as soil and air, that are relatively homogeneous at any
given time (in the context of the overall assessment timescale) and have distinct physical
characteristics and associated processes. Features that require assessment include those
media in which contaminants of interest may be present in the greatest concentrations during
the evolution of the scenario and those media which significantly impact the migration of
contaminants. These can generally be grouped together as features relating to the source(s) of
the contaminants, the pathway(s) by which the contaminants migrate from the repository and
reach the surface environment, and the receptor(s) of the contaminants in the surface
environment.

The sources of contaminants for the scenario are the repository media that can be transported
to the surface environment via the exploration borehole. These are:

o Dirill core samples containing solid waste (either in consolidated or unconsolidated form);
Repository gas containing contaminants (mostly C-14) that have been released through
corrosion and degradation of the wastes; and

e Groundwater that has entered the repository and picked up contaminants.

The borehole itself is considered to act as a pathway by which contaminated materials from the
repository can be transported through the geosphere barriers. A release to the Shallow Bedrock
Groundwater Zone could persist for many thousands of years if the borehole was not
appropriately sealed after the intrusion, but only in the unlikely event that the borehole had been
continued down to the pressurized Cambrian and poorly sealed. If the borehole stops at the
repository horizon, then, even over long times, there is a slow downward groundwater flux into
the repository and then into the underpressured Ordovician formations (see Section 6.2 of the
Groundwater Modelling report, GEOFIRMA 2011).

The receptors reside in the biosphere. Because of the inherent uncertainties associated with
the Human Intrusion Scenario, it is appropriate to adopt a simple stylized representation? of the
biosphere. Specifically, a set of basic biosphere features have been identified consistent with
describing the media that could contain the highest concentrations of contaminants released via
the borehole, and to which people could be exposed.

The key features for the Human Intrusion Scenario are summarized in Table 2.1 and described
in greater detail in Appendix B.

2 A stylized representation of the biosphere, and human habits and behaviour is a representation that has been
simplified to reduce the natural complexity to a level consistent with the objectives of the analysis using
assumptions that are intended to be plausible and internally consistent but that will tend to err on the side of
conservatism.
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Table 2.1: Summary of Key Features for the Human Intrusion Scenario

Waste and Repository Features' Geosphere Features' Biosphere Features’
¢ Waste packages e Borehole e Well Water®
e Water? (Panels 1 and 2 emplacement ¢ Shallow Bedrock ¢ Surface Water and
rooms, access tunnels, and shaft & Groundwater Zone® Sediment (stream
service area) and wetland)?
¢ Gas (Panels 1 and 2 emplacement e Lake Water and
rooms, access tunnels, and shaft & Sediment®
service area) e Soil
e Engineered Structures (concrete monolith e Biota
shaft seals and shaft backfill)
e Atmosphere

Notes

1. Features in Bold require specific modelling assumptions for this scenario that differ from the Normal Evolution
Scenario.

2. Contaminants in water would only be released in significant volumes if the borehole were continued through the
repository and down to the pressurized Cambrian formation.

3. Only considered for long-term groundwater release.

2.2.2 Description of the Conceptual Model

The conceptual model is formulated by combining the identified features, processes and events
in a manner that describes the Human Intrusion Scenario. The resulting conceptual model is
described in the following sections as a narrative, which also highlights some key characteristics
of the model. Box 1 summarises the main aspects of the Human Intrusion Scenario, considering
the surface and groundwater release pathways.

2.2.2.1 Borehole Characteristics

It is most likely that any borehole drilled at the site would be associated with oil and gas
exploration, since these are sedimentary rocks which hold oil and gas in other parts of southern
Ontario, whereas there is no mineral exploitation in these rocks at depth in the region (Section
2.3.5 of the System and Its Evolution report, QUINTESSA 2011b). It is also noted that an oil and
gas borehole would have a larger diameter than a mineral exploration borehole.

It is assumed that a borehole of 20.3 cm (8 inch) diameter penetrates the upper and
intermediate formations (Shallow Bedrock Groundwater Zone and Intermediate Bedrock
Groundwater Zone). It would be cased in the Shallow Bedrock Groundwater Zone (to protect the
potable groundwater). Through the Ordovician shales and limestones (collectively termed the
Deep Bedrock Groundwater Zone), a narrower diameter borehole is drilled (15.24 cm or 6
inches), consistent with typical drilling practice of reducing borehole diameter with depth.
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Box 1: Key Aspects of the Conceptual Model for the Human Intrusion Scenario’

Gas Release:

¢ Intrusion via exploration borehole directly into an emplacement room in Panel 1 at some
time after controls are no longer effective (i.e., after 300 years — Section 3.8 of the
Postclosure SA main report, QUINTESSA et al. 2011).

e Resaturation profile prior to borehole intrusion consistent with the Normal Evolution
Scenario.

o H-3, C-14, CI-36, Se-79, I-129 and Rn-222, released via borehole from repository into
surface environment as gas due to pressure gradient between repository and surface.

o Gas release via the borehole is limited by blowout preventers, as per normal practice in
sedimentary rocks, but depressurization is allowed to occur.
Atmospheric dispersion of released gas.

o Direct impacts on drill crew and nearby resident (100 m) considered.

Drill Core Release:
¢ Intrusion via exploration borehole into an emplacement room in Panel 1 at some time
after controls are no longer effective (i.e., after 300 years).
o Retrieval of waste in drill core debris and subsequent spreading over the surface soil
resulting in direct impacts on drill crew and future resident using the soil.
¢ Retrieval of a sample of waste in drill core and subsequent direct impacts on laboratory
technician examining core.

Groundwater Release:
Consistent with the Normal Evolution Scenario. In addition consider:

e Intrusion via exploration borehole into an emplacement room in Panel 1 at some time
after controls are no longer effective (i.e., after 300 years).

e Resaturation profile prior to borehole intrusion consistent with the Normal Evolution
Scenario.

e The borehole is poorly sealed (seal has the properties of engineered fill) and the casing
degrades allowing relatively rapid resaturation of the repository following borehole
intrusion.

o If the repository pressurizes (i.e., the borehole penetrates down into the pressurized
Cambrian formation), then there will be a gradient causing contaminated groundwater
flow from the repository up via the borehole. The rate of release of groundwater into the
Shallow Bedrock Groundwater Zone is based on detailed groundwater modelling?.

e Impacts calculated for site resident group assumed living directly on site and pumping
groundwater for domestic use and irrigation.

Notes

1. All other modelling assumptions are as described for the Normal Evolution Scenario (Chapter 2 of
QUINTESSA 2011a)

2. See Section 6.2 of the Groundwater Modelling report (GEOFIRMA 2011).
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Drilling would be expected to cease once the repository had been encountered, as the void
would be registered by change in drill pressure. This anomaly would be investigated, the
presence of the wastes likely realized, and the borehole then appropriately sealed. However,
during the initial period, there could be some exposure of the drill crew or local residents. This
is the Base Case for the Human Intrusion Scenario. However, it is possible, although unlikely,
that the borehole could be continued to greater depth, reaching the Cambrian. If this were to
occur, there would be potential for groundwater flow upwards through the repository due to the
high pressure in the Cambrian. This variant case is, therefore, also examined in the
assessment.

2.2.2.2 Sources

The borehole could in principle penetrate any part of the repository with equal likelihood. For
this analysis, calculations are made on the basis of the average concentrations of contaminants
in gas, water and waste in Panel 1 which has the largest proportion of ILW (8 out of the 12 ILW
emplacement rooms; see Table 4.2 of the Data report, QUINTESSA and GEOFIRMA 2011),
and consequently a higher radionuclide inventory than Panel 2. The assumption is reasonable
for gas and water because the repository is anticipated to be sufficiently permeable that
contaminants would have dispersed within panels. It is conservatively assumed that the
borehole could extract a specific piece of waste material. Therefore, contaminant concentrations
in any extracted core are calculated for the average over the whole panel (as a representative
indication of the contents of the panel), and for each waste category.

Concentrations of the contaminants in the repository will vary with time, as they will be
dependent on radioactive decay, the rate of release of contaminants from the wastes, and the
rate of migration of contaminants into rock and the shafts. For potentially gaseous
contaminants, it will also depend on the partitioning of the element between water and gas.

The borehole provides a pathway for the release of any pressurized gas from the repository.
Standard drilling techniques involve the use of blowout preventers during drilling, and, if at
pressure, the combustible repository gases are assumed to be flared. Once the pressure
between the repository and the surface had equilibrated, releases of gas would effectively
cease (any ongoing gas generation would be at a very low rate). Various contaminants could be
present in the gas released from the repository:

¢ H-3 gas can be liberated from tritiated water in waste and in H2 generated during corrosion
reactions;

e (C-14 as CH, - detailed calculations show that more than 90% of C-14 is present in gas in
this form (Figure 5.12 of the Gas Modelling report, GEOFIRMA and QUINTESSA 2011);

o CI-36, Se-79 and I-129 from methylation and volatilization; and

e Rn-222 ingrown from Ra-226.

Calculations for the Normal Evolution Scenario’s Reference Case indicate that the repository
will be almost completely unsaturated over the modelled period, reaching a peak of less than
1% water saturation (Section 5.1.1.2 of the Gas Modelling report, GEOFIRMA and QUINTESSA
2011). Therefore, there would be no potential for water to be released through a borehole that
terminated at the repository. However, if the borehole was to penetrate the Cambrian and was
not properly sealed on closure, then, in the long term, pressurized water from the Cambrian
could continue to flow through the borehole, into the repository, and then up the borehole to the
permeable formations in the Intermediate and Shallow Bedrock Groundwater Zones (Section
6.2.1 of the Groundwater Modelling report, GEOFIRMA 2011).
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Waste may be brought to the surface as drill core samples if the borehole accidentally cores
through a waste package. It is expected that the drill core from the repository would be
considered unusual, and sent to laboratory for analysis. Also, contaminated drill core and
drilling mud could be brought to surface; it is assumed that this material is not properly disposed
and just spread around the drill site. As the borehole could strike any part of the repository, the
average concentration of contaminants in waste in Panel 1 is assumed to be present in the
retrieved contaminated materials. In addition, consideration is given to intercepting specific
waste categories.

2.2.2.3 Release Pathways

The borehole itself can be considered to be a “fast” pathway through the geosphere; that is,
contaminants would be transported rapidly up the borehole in comparison with the timescales
associated with other processes.

Two main points of release are assessed:

¢ Immediate release at the surface upon intrusion and shortly afterwards; and
¢ Long-term release to the Shallow Bedrock Groundwater Zone.

For the surface release, the pathway can be represented as a transfer of gas and drill core
directly from the repository to the surface environment where it may expose people, as well as
entering the atmosphere, soil and food chain. This is referred to as the Surface Release
Pathway. It has a relatively short duration, occurs at the time of intrusion and is driven by the
gas pressure in the repository.

In the longer term, if the borehole is conservatively taken to be poorly sealed, it provides an
enhanced permeability pathway for release into the geosphere, conducting contaminants at a
rate determined by the pressure difference between the point of release and the repository, and
the effectiveness of the borehole sealing. Groundwater flow modelling (Sections 6.1 and 6.2 of
GEOFIRMA 2011) indicates that this would only occur if the borehole is continued down into the
Cambrian. In this case, overpressured fluid from the Cambrian could flow up the borehole at a
steady long-term rate limited by the borehole permeability.

The calculations show that contaminants would be released into the Guelph and the Salina A1
upper carbonate formations, as well as the Shallow Bedrock Groundwater Zone. The
assessment adopts conservative assumptions that (a) there is no dilution of contaminated water
during its transit up the borehole, and (b) all the contaminated water is released into the Shallow
Bedrock Groundwater Zone (closest to the surface). The subsequent transport of contaminants
in the Shallow Bedrock Groundwater Zone is by advection and dispersion in the relevant
formations. A portion may be intercepted by a well, the remainder ultimately entering Lake
Huron. This is referred to as the Shallow Bedrock Groundwater Zone Release Pathway. The
conceptual model for this element of the transport pathway is consistent with the conceptual
model used for the Shallow Bedrock Groundwater Zone for the Normal Evolution Scenario and
is described fully in the Normal Evolution Scenario Analysis report (QUINTESSA 2011a).

2.2.2.4 Receptors for the Surface Release Pathway

In determining the relevant receptors for the Surface Release Pathway, it is necessary to
consider the potential for different routes of exposure associated with the release of
contaminants in gas and drill core.
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Gas

The conceptual model for exposure following a gas release is shown in Figure 2.3. Two
potential critical groups are assessed:

o Those directly exposed to gases close to the point of release (i.e., the drill crew); and
o Those exposed for a longer duration to the gas plume (e.g., a resident living nearby).

Atmosphere Atmosphere | Loss from
(Drill Rig) [Dispersion | (Nearby) | pispersion system
4\
Inhalation Inhalation
\ 4
Release via Humans
Borehole
Repository
Gas

Figure 2.3: Human Intrusion Scenario: Conceptual Model for Gas Release

No precautions against inhalation of the gas when the borehole strikes the repository are
included in the assessment of the drill crew, although borehole blowout controls are effective
and limit the flux of gas. Typical working patterns are used to define the exposure duration and
exposure conditions.

A nearby resident could also be exposed, but would live further from the borehole (as the
drilling site would not permit dwellings). A close distance of 100 m has been used in the
assessment. Potential exposure pathways associated with the uptake of contaminated gas by
plants, and inhalation by animals, are expected to be of limited significance compared with the
direct exposure of people by gas inhalation, and so are not assessed.

Drill Core Sample

While it is unlikely that an intact sample of waste could be retrieved via a borehole, a solid
sample of some quality and integrity might be retrieved. In this context, the most relevant
potential receptor is a laboratory technician due to the duration and proximity of the exposure
resulting from examining a core sample containing waste. Irradiation from a small (several kg)
sample of waste could occur when it is analyzed in the laboratory. Inadvertent ingestion (by
contamination of the skin during handling) and inhalation (of dust generated when cutting the
core into samples) may also expose the technician to the contaminants in the sample. The
conceptual model is illustrated in Figure 2.4. Note that exposure via dermal absorption is
expected to be minor for relevant radionuclides (only important for tritium, which will have
decayed) and so is excluded from the model.
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Figure 2.4: Human Intrusion Scenario: Conceptual Model for Exposure of the
Laboratory Technician to Contaminated Drill Core Sample

Drill Core Debris Left on Site

Drill core debris extracted from the borehole would be collected and disposed of with other
drilling wastes under current requirements. It is conservatively assumed, however, that this
waste is left on site where it becomes mixed with soil. This situation has been assessed with the
conceptual models shown in Figure 2.5 and Figure 2.6. Consideration of the potential exposure
pathways, with allowance for the scenario definition, indicates that two potential critical groups
should be assessed:

o Those directly exposed to contaminated drill core at the point of release (i.e., the drill crew)
(Figure 2.5); and

o Those exposed for a longer duration to contamination in the soil (e.g., a future resident using
the contaminated site for growing food after the completion of drilling) (Figure 2.6).

Exposure to contaminated material disposed of in a controlled manner elsewhere is not
evaluated as it would be controlled, and would result in less exposure than considered here for
the ‘future resident’ case.

Direct exposure of the drill crew can result from external irradiation, inhalation and inadvertent
ingestion of contamination directly from the drill core debris. The crew could also be exposed by
soil contaminated by the core material spread over the drill site. For the soil, relevant modes of
exposure include external irradiation, inadvertent ingestion, and inhalation of suspended dust.
Volatilization of contaminants is not expected to be a significant pathway for the drill crew, as
the amount of volatiles will be small and exposure time is relatively short and so is not
considered. Exposure via dermal absorption is also considered to be minor (mostly relevant for
tritium, which would have decayed) and so is excluded from the model.

A future resident could use the contaminated drill site for farming after the borehole has been
abandoned. The drill crew are assumed to leave drill core debris on the site, which is contrary to
current drilling practice. The characteristics of the future resident are the same as defined for
the site resident group in the Normal Evolution Scenario (QUINTESSA 2011a) but, due to the
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limited volume of extracted wastes and so the limited area of contamination, only the growing of
fruit and vegetables on the site is considered. The main exposure routes of relevance are
external irradiation from the soil and volatilized gas, inadvertent soil ingestion, consumption of
vegetables and fruit, and inhalation of volatilized contaminants and radon.

Atmosphere

Resuspension
uonisodaq

Disposal

—# Inhalation —» Ingestion —¥ External Irradiation

Figure 2.5: Human Intrusion Scenario: Conceptual Model for Exposure of the Drill
Crew from Contaminated Drill Core Debris
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Figure 2.6: Human Intrusion Scenario: Conceptual Model for Exposure of the Future
Resident to Soil from Contaminated Drill Core Debris

2.2.2.5 Receptors for the Shallow Bedrock Groundwater Zone Release Pathway

Releases to the Shallow Bedrock Groundwater Zone would occur only if the borehole were
continued down into the pressurized Cambrian formation and was also poorly sealed. This case
has conservatively been considered as a “what if’ variant calculation.

The model assesses the effects of release of contaminated groundwater from the borehole into
the shallow groundwater system, by considering exposure via a shallow well, and also to Lake
Huron. The relevant potential critical group is a site resident group. The group lives on a self-
sufficient farm and uses water from a well drilled into the Shallow Bedrock Groundwater Zone
for irrigation, watering animals and for domestic use. The group includes two adults, a child and
an infant. The irrigation water is used to grow grain, fruit and vegetables. The group raises
livestock, and hunt and fish locally. This is the same potential critical group considered in the
Normal Evolution Scenario, and further details of the biosphere conceptual model and critical
group characteristics are included in the Normal Evolution Scenario Analysis report (Section
2.3.3 of QUINTESSA 2011a).
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2.2.3 FEP Audit

The features, events and processes considered in the conceptual model have been audited
against the DGR FEPs list documented in QUINTESSA et al. (2011b). The FEPs list is
reproduced in Appendix C and an entry is made against each FEP to indicate its inclusion or
exclusion from the conceptual model and the reasoning for inclusion or exclusion.

2.24 Key Conceptual Model Uncertainties

The nature of the Human Intrusion Scenario is that it is inherently uncertain. The timing of the
intrusion event (if it ever occurs) is uncertain, and the precise conditions in which people are
exposed also can only be resolved in very broad terms. For this reason, the conceptual model
considers a small number of conservatively determined stylized exposure situations.

The quantity of gas or solid that could be released at a given time is dependent on the
repository conditions at that time. The uncertainties in repository conditions are discussed in the
Normal Evolution Scenario Analysis report (Section 2.5 of QUINTESSA 2011a). Consistent with
detailed modelling results (Chapter 8 of the Gas Modelling report, GEOFIRMA and QUINTESSA
2011), the Human Intrusion Scenario’s base case considers a repository that is largely
unsaturated, but contains a significant gas pressure and a significant fraction of the C-14 in the
gas phase.

2.3 Calculation Cases

Two primary calculation cases can be identified from consideration of the conceptual model and
uncertainties described in Section 2.2.

o A Base Case that considers the short-term surface release of contaminated gas and drill
core for the expected conditions in the DGR, which includes unsaturated conditions
extending beyond 1 Ma.

o A‘“what if’ variant case that considers the borehole extending to the Cambrian which is
subsequently poorly sealed leading to a long-term release of contaminated groundwater
to the Shallow Bedrock Groundwater Zone, driven by the hydraulic head in the Cambrian.
This situation could also lead to an initial surface release of gas, but the concentrations will
be no greater than the surface release case and, therefore, that aspect of the exposure
pathway is not assessed.

In addition, a case needs to be considered for the non-radioactive elements and chemical
species; this is based on the Base Case, but considers the non-radioactive contaminants that
may be present. These calculation cases are summarized in Table 2.2.

Given the commonality of many aspects of the conceptual model with that developed for the
Normal Evolution Scenario, calculation cases identified above have been derived with reference
to those considered in the Normal Evolution Scenario (see Chapter 3 of the Normal Evolution
Scenario Analysis report, QUINTESSA 2011a, for more details).
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Table 2.2: Calculation Cases for the Human Intrusion Scenario

Case ID? Brief Description Associated
Detailed
Modelling
Cases”
HI-BC-A Normal Evolution Scenario Reference Case (NE-RC-A) -

but with an exploration borehole drilled from surface down
to Panel 1 of the repository at some time after controls are
no longer effective (i.e., after 300 years). Borehole
terminated at repository depth. As in the Reference Case,
it is most likely that the repository is largely unsaturated.
The case considers the consequences of surface release
of contaminated gas immediately following intrusion.
Retrieval of contaminated drill core is also assessed.

HI-NR-A As for HI-BC-A, but assesses the consequences of a -
release of non-radioactive elements and chemical species.
HI-GR2-A As HI-BC-A but considers long-term release of HI-GR2-F3

radionuclides from the repository to the Shallow Bedrock
Groundwater Zone through an exploration borehole drilled
at 300 years into Panel 1 of the repository and
subsequently poorly sealed. The borehole is assumed to
penetrate down to the pressurized Cambrian, which
provides sufficient head to sustain a flow through the
repository and up the borehole for many thousands of
years.

Notes:

A Case naming conventions are as follows: HI — Human Intrusion Scenario; NE- Normal Evolution Scenario; BC —
Base Case; NR — non-radioactive contaminants; GR — groundwater release; RC — Reference Case; A — AMBER
model; F3 — FRAC3DVS model.

* Detailed modelling case is described in Section 6.2 of the Groundwater Modelling report (GEOFIRMA 2011).

For the Surface Release Pathway, the impacts of drilling the borehole can be evaluated at a
range of different times of intrusion in order to identify the time of peak impacts. For the Shallow
Bedrock Groundwater Zone Release Pathway, a fixed time of intrusion must be assessed due
to the need to model contaminant migration dynamically in the Shallow Bedrock Groundwater
Zone. The time at which controls are assumed to be no longer effective (300 years after DGR
closure — see Section 3.8 of the Postclosure SA main report, QUINTESSA et al. 2011a) is
adopted as the most conservative time for intrusion since, at this time, little contaminant
migration has occurred from the repository and limited decay has occurred and so contaminant
concentrations in the repository are at or near their highest.

24 Mathematical Models, Software Implementation and Data
241 Mathematical Models

In order to maintain consistency in approach, the Human Intrusion Scenario adopts the same
mathematical models as the Normal Evolution Scenario in respect to the representation of most
aspects of the conceptual models. The mathematical models specific to the Human Intrusion
Scenario are, therefore, developed in addition to, and alongside, those relating to the Normal
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Evolution Scenario described in Section 4.1 of the Normal Evolution Scenario Analysis report
(QUINTESSA 2011a). These include a full description of:

o The spatial discretization of the repository, geosphere and biosphere: the repository includes
distinct components to represent the wastes, which reflect the LLW and ILW waste
categories; the geosphere includes distinct components to represent the groundwater
zones, each discretized into a series of components that are spatially compatible with the
repository design and location, as well as being sufficiently discretized to represent
appropriately diffusive, advective and dispersive transport processes; and the biosphere
represents distinct surface features explicitly, such as soils, streams and the lake;

e Fundamental physical properties of media (including density, porosity, effective diffusivity
and saturation) and chemical properties of media (including consequential effects such as
capacity for sorption and elemental solubility of some contaminants);

o General contaminant processes including decay and degradation, sorption, advection (of
water and gas), dispersion and diffusion;

e Repository-specific processes, primarily related to wasteform saturation as a result of
repository resaturation, and contaminant release (including instant and congruent releases)
and the precipitation of C-14 in siderite (a corrosion by-product);

o Diffusion in the geosphere;

¢ Diffusion, advection and dispersion in the shafts and their associated Excavation Damaged
Zones (EDZs);

o Biosphere processes associated with contaminant transport in surface water, soils and
atmosphere; and

¢ Exposure models, considering external irradiation, inhalation (gas and dust), and ingestion
(soil, water, plants, animal products and fish).

Additional mathematical models have been developed for the Human Intrusion Scenario:

e To calculate contaminant concentrations in:
o  The gas released into the biosphere,
o Drill core containing waste,
o Soil contaminated by waste from drill core,

e To evaluate the impacts of exposure (via ingestion, inhalation, and external irradiation) to
contaminated drill core; and

o To determine the amounts of contaminated gas and water that could be released to the
surface and Shallow Bedrock Groundwater Zone, respectively.

Mathematical models for calculating exposures are specified in Appendix D, and the calculation
of the amounts of gas released from the repository is documented in Appendix E.

24.2 Software Implementation

In common with the Normal Evolution Scenario, the mathematical model for the Human
Intrusion Scenario has been implemented in AMBER Version 5.3 (QUINTESSA 20093, b).

The human intrusion model has been integrated into the same AMBER assessment model as
the Normal Evolution Scenario (see Section 4.2 of the Normal Evolution Scenario Analysis
report, QUINTESSA 2011a). The Human Intrusion Scenario is activated by multiplying
mathematical model expressions by a scenario-dependent parameter, taking a value of 1 when
the scenario is to be considered, and 0 otherwise.
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The individual wasteforms in the repository are modelled explicitly and the released
contaminants enter water and gas, which is distinguished between Panel 1 and 2 emplacement
rooms and the access tunnels and service area. Precipitation of C-14 in siderite (FeCO,),
formed under the geochemical conditions in the emplacement rooms, is also modelled.

The contaminant concentrations used in the Human Intrusion calculations in AMBER for the
surface release of contaminated gas and retrieval of drill core are derived directly from the
calculated concentrations of contaminants in the repository using the equations specified in
Appendix D.1.1. Dose calculations for the critical groups are implemented using equations
based on those specified in Appendix D.1.2. The amount of gas released is calculated using
the approach described in Appendix E.

The release of contaminated water to the Shallow Bedrock Groundwater Zone is represented in
a different manner. The conceptual model involves a transfer of contaminated water up the
borehole to the Shallow Bedrock Groundwater Zone. This is represented directly with an
additional model transfer derived from the results of FRAC3DVS_OPG code (see below)
between the repository water compartments and the Shallow Bedrock Groundwater Zone
compartment overlying the point of intrusion. The water is assumed to originate from the
Cambrian and travel through the borehole to the repository, where it mixes with water already in
the entire repository (which is assumed to have resaturated), before travelling up the borehole
to be released into the Shallow Bedrock Groundwater Zone. This transfer provides a “short-cut”
for contaminant releases to the Shallow Bedrock Groundwater Zone. All other aspects of the
model are identical to the Normal Evolution Scenario (including dose calculations for the site
resident group).

Supporting models have been implemented in the FRAC3DVS_OPG and T2GGM codes to
allow the derivation of certain input data for the assessment calculations. The implementation
of these models is described in Chapter 4 of the Groundwater Modelling report (GEOFIRMA
2011) (FRAC3DVS_OPG) and Section 4.3 of the Gas Modelling report (GEOFIRMA and
QUINTESSA 2011) (T2GGM).

2.4.3 Data

A data report has been developed to support the postclosure safety assessment (QUINTESSA
and GEOFIRMA 2011). This comprises reference data that describe the wastes, repository,
geosphere and biosphere for the Normal Evolution Scenario’s Reference Case. For context,
these data are summarized in Table 2.3.

Where the reference data are available and appropriate to the Human Intrusion Scenario and its
calculation cases, these data have been used. However, some scenario-specific data are
necessary, in order to reflect specific considerations and issues relevant only to the Human
Intrusion Scenario, and are described below. Exposure pathway data specific to the Human
Intrusion Scenario have been chosen to be a reasonable and consistent representation of the
potential exposure conditions envisaged for the scenario. Other data have been adopted with
reference to detailed groundwater and gas modelling (see Appendix F) and other sources of
information where possible.
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Table 2.3: Key Parameter Values for the Normal Evolution Scenario’s Reference Case
(Also Used in the Human Intrusion Scenario)

PARAMETER

VALUE(S)

Repository depth

Number of emplacement rooms

Volume of emplacement rooms

Average width of emplacement rooms
Average repository height

Distance between Panel 1 access tunnel
and Panel 2 emplacement rooms

Panel 1 access tunnels dimensions
Panel 2 access tunnels dimensions

Monolith dimensions (within repository)
Monolith dimensions (within shafts)
Panel footprint

Excavated volume

Waste volume (as emplaced)

Waste inventory

Mass of organics (waste, packages &
engineering)

Mass of concrete (waste, packages &
engineering)

Mass of metals (waste, packages &
engineering)

Backfilling of rooms and tunnels
Monolith properties

Repository HDZ

Repository EDZ

Rockfall

Resaturation profile
Corrosion rates

Degradation rates

Solubility and sorption in repository

Internal diameter (lower section)
Length (lower section)

Internal diameter (upper section)
Length (upper section)
Backfill and seals

Vertical and horizontal hydraulic
conductivity

Diffusion and transport porosity
Effective diffusion coefficient

Repository
680 m
Panel 1: 14; Panel 2: 17
Panel 1: 1.7 x 10° m%; Panel 2: 2.5 x 10° m®
Panel 1: 8.25 m; Panel 2: 8.5 m
7 m (used to represent the initial height throughout the repository)

20m

L537m,W54m,H7.0m

L787 m,W59m,H7.0m

L 85m, W 11.8 m, H 7.0 m (only modelled from open access tunnels to base of a
combined shaft)

Radius 5.9 m; H 13 m (from repository ceiling level upwards)

24x10°m?

Excavated: 5.3 x 10°m?; Void: 4.2 x 10°m°.

Panel 1: 6.8 x 10* m*; Panel 2, 1.3 x 10° m®

8.8 x 10 TBq LLW, 1.6 x 10* TBq ILW at 2062
2.2x 10" kg

2.1 x 10% kg (includes monolith)

6.6 x 10" kg

None except monolith in immediate vicinity of shafts

Kn and K, 1 x 10™"° m/s; porosity 0.1; effective diffusion coefficient 1.25 x 107° m?/s
(degraded from closure)

Kn 1 x 10 m/s, K, = Kp; porosity 4 x rock mass

Emplacement rooms and tunnels: 0.5 m thick above/below and sides
Supported tunnels: 2 m thick above/below, 0.5 m thick sides

Ky 10% x rock mass, K, = Ky; porosity 2 x rock mass

Emplacement rooms and tunnels: 8 m thick above/below and sides

Supported tunnels: 3 m thick above/below and sides

Rockfall affects all rooms and tunnels, extending 10 m into ceiling immediately
after closure

Variable — depends on calculation case

Un-passivated carbon steel and galvanised steel: 1 x 10° m/a (unsaturated),
2 x 10® m/a (saturated),
Passivated carbon steel, stainless steel and Ni-alloys: 1 x 107 m/a
Zr-alloys: 1 x 108 m/a
Cellulose: 5 x 10 /a
IX resins, plastics and rubber: 5 x 10° /a
Solubility limitation only considered for aqueous C releases (0.6 mol/m?).
No sorption considered

Shaft
Main: 9.15 m; Ventilation: 7.45 m; Combined: 11.8 m (concrete lining and HDZ
removed)
483.5 m (top of monolith to top of bulkhead at top of Intermediate Bedrock
Groundwater Zone)
Main: 6.5 m; Ventilation: 5.0 m
178.6 m (top of upper bulkhead to ground surface)
Sequence of bentonite-sand, asphalt, LHHPC and engineered fill. LHHPC
bulkheads (degraded from closure) keyed across the inner EDZ
Bentonite-sand: 1 x 10" m/s; Asphalt: 1 x 102 m/s;
LHHPC: 1 x 10" m/s; Engineered fill: 1 x 10 m/s
Bentonite-sand: 0.3; Asphalt: 0.02; LHHPC: 0.1; Engineered fill: 0.3
Bentonite-sand: 3 x 10"° m?/s; Asphalt: 1 x 10" m?/s;
LHHPC: 1.25 x 107" m?/s; Engineered fill: 2.5 x 10" m?/s
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PARAMETER

VALUE(S)

EDZ

Sorption in shaft and EDZ

Host rock type
Temperature at repository depth
Groundwater composition at depth

Hydraulic heads

Deep Bedrock Groundwater Zone:
horizontal hydraulic conductivity

vertical hydraulic conductivity

transport porosity
effective diffusion coefficient

horizontal hydraulic gradient
Intermediate Bedrock Groundwater Zone:
horizontal hydraulic conductivity

vertical hydraulic conductivity

transport porosity
effective diffusion coefficient

horizontal hydraulic gradient
Shallow Bedrock Groundwater Zone:
horizontal hydraulic conductivity

vertical hydraulic conductivity

transport porosity

effective diffusion coefficient

horizontal hydraulic gradient
Sorption in geosphere

Average annual surface temperature
Average total precipitation

Ecosystem

Geosphere-biosphere interface (for long-
term release to Shallow Bedrock
Groundwater Zone)

Sorption in biosphere

Land use

Critical groups

Volume of waste retrieved via the drill core
Density of the drill core

Depth of soil in which drill core is initially
mixed

Inner EDZ, 0.5 x shaft radius thick, K, x 100 rock, Ky = K,; porosity 2 x rock mass
Outer EDZ, 0.5 x shaft radius thick, K, x 10 rock, Ky = K,; porosity = rock mass
Certain elements (see Tables 4.25 and 5.13 of the Data report, QUINTESSA and
GEOFIRMA 2011)

Geosphere
Low permeability argillaceous limestone (Cobourg Formation)
22°C
Na-Ca-Cl dominated brine; TDS: 131-375 g/I; pH: 6.5 to 7.3;
Eh: reducing
+165 m at top of the Cambrian sandstone
Observed variable head profile with underpressures in the Ordovician (up to
-290 m)
0 m at the top of the Lucas formation (top of the Shallow Bedrock Groundwater
Zone)

8x 10 to 4 x 10" m/s (1 x 10? in the Shadow Lake and 3.0 x 10 in the
Cambrian sandstone)

10% of horizontal hydraulic conductivity for all, but Coboconk and Gull River
(0.1%) and Cambrian which is isotropic

0.009 to 0.097

2.2x 10" to 2.4 x 10" m?/s (some anisotropy — Section 5.5.1.4 of the Data report,
QUINTESSA and GEOFIRMA 2011a)
0

5x10™to 2 x 107 m/s

10% of horizontal hydraulic conductivity for all formations other than Guelph and
Salina A1 upper carbonate formations which are isotropic

0.007 to 0.2

3x10™1t0 6.4 x 10" m%s (some anisotropy — Section 5.5.1.4 of the Data report,
QUINTESSA and GEOFIRMA 2011a)
0

1x107 to 1 x 10* m/s
10% of horizontal hydraulic conductivity for all formations
0.057 to 0.077
6x10"t02.6x 10" m%s
0.003
Certain elements (see Table 5.13 of the Data report, QUINTESSA and
GEOFIRMA 2011)
Biosphere

8.2°C
1.07 m/a
Temperate
1) 80 m deep well located 500 m down gradient of combined shaft.

Well demand of 6388 m®/a for self-sufficient farm with crop irrigation.
2) near shore lake bed (for discharge from Shallow Bedrock Groundwater Zone)
For all elements except for B, Li, Tland W
Agriculture, recreation, forestry
Drill crew, laboratory technician, and residents (nearby, future and site) — see
Sections 2.2.2.4 and 2.2.2.5

0.1 m® (based on drill diameter of 15 cm and 6 m waste stack)

1000 kg/m®
15 cm (used for chronic exposure to drill crew)

LLW: Low Level Waste

ILW: Intermediate Level Waste

IX: lon exchange

Ky: vertical hydraulic conductivity
Kn: horizontal hydraulic conductivity

LHHPC: Low Heat High Performance Cement

Abbreviations in this Table
TDS: Total Dissolved Solids
L: Length
W: Width
H: Height
HDZ: Highly Damaged Zone
EDZ: Excavation Damaged Zone
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2.4.3.1 Surface Release of Contaminated Gas

The repository gas pressure profile is used to determine the availability of gas for release to the
surface via the borehole. Modelling for the Normal Evolution Scenario’s Reference Case
indicates that gas pressure exceeds atmosphere pressure after several thousand years (Figure
2.7; adapted from Figure 5.27 of the Gas Modelling report, GEOFIRMA and QUINTESSA 2011).
In practice, the release of any gas upon intercepting the repository would be inhibited by a
blowout preventer, routinely used in deep drilling operations.
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Figure 2.7: Gas Pressure Calculated for the Normal Evolution Scenario Reference Case

The scenario assesses the managed release of the gas by the drillers, using a blowout
preventer. A good example of the operation of a blowout preventer is that used during drilling of
the DGR investigation boreholes. In these boreholes, any gas release could be vented through
a 2-inch diameter pipe, which runs 50 m to a flare pit (stacks are generally required where sour
gas is present, but sour gas is not present at the DGR site). The blowout preventers used on the
DGR investigation boreholes enable any gas to be bled off at a rate of up to 1 m%s at
atmospheric pressure. This is similar to typical landfill gas flares, which operate at a gas flux of
about 1 m%/s or less at atmospheric pressure. This value is, therefore, adopted for the
assessment. Neglecting change in temperature and taking the volume of gas to equal the
repository void and the simulated peak gas pressure, it can be estimated that the gas release
would continue for about a year or more if the borehole were not sealed (Appendix E).

The drill crew could inhale released gas while working on the site. Nearby residents could also
inadvertently inhale the gas, although there would be greater dilution in the atmosphere. The
drill crew is assumed to work in the contaminated area for 12 hours a day over 30 days prior to
the sealing of the borehole. For the assessment, a nearby resident is taken to be 100 m from
the point of gas release via the borehole. They are assumed to inhale contaminated gas
continuously for 30 days (prior to the sealing of the borehole).

A minimal amount of atmospheric dispersion is assumed associated with the initial release of
gas, and a time integrated air dispersion factor of 0.003 s/m* is used in the calculations for the
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exposure of the drill crew, calculated using a simple Gaussian dispersion model and assuming a
short-term release at a distance of 50 m from the flare pit, on the plume centre-line (Clarke
1979). Using Clarke (1979), a time integrated air dispersion factor of 2.1 x 10™ s/m* is used for
the longer term exposure of a nearby resident. This value is smaller than the corresponding
value for the short-term release, as consideration is given to varying wind direction and
atmospheric conditions. Note that if release from the blowout preventer was flared rather than at
ground level, the dispersion would be greater than that assumed above.

2.4.3.2 Retrieval of Contaminated Drill Core

The assessment considers a laboratory technician closely examining a sample of core (a mass
of 5 kg is adopted, corresponding to a length of about 60 cm) for a duration of 1 hour. The core
contains undiluted waste. The concentration of the waste will be dependent upon the specific
contents of the waste package intercepted by the borehole; for this analysis, the average
concentration of all waste in the Panel 1 is used as a reference assumption. A calculation is also
made of the consequences of intercepting specific waste categories, to estimate the highest
dose that could occur. It is noted that most of the waste is unlikely to be in a form that could be
retrieved intact in the drill core.

The examination of the core is assumed to lead to inadvertent ingestion and inhalation of dust
(e.g., as a result of any grinding, etc.). An enhanced dust concentration of 5.9 x 107 kg/m?
(10 times ambient concentrations given in Table 6.8 of the Data report, QUINTESSA and
GEOFIRMA 2011), with inhalation and inadvertent ingestion rates consistent with those
considered for the Normal Evolution Scenario (8400 m*/a and 0.33 g/d, Tables 7.1 and 7.2 of
QUINTESSA and GEOFIRMA 2011, respectively). To take account of the limited size of the
sample, external irradiation is calculated with the assumption of a point-source geometry and
exposure at an average distance, over the one hour period, of 1 m.

2.4.3.3 Contamination of Soil

Material retrieved from the repository may be in an unconsolidated form (drill core and drilling
mud), and could become dispersed round the drilling site if poor waste management practices
exist. Itis assumed that about 0.1 m® of waste could be transferred to the surface, and become
mixed with soil in this way. This corresponds to the waste in a 6-inch diameter borehole through
a waste stack with a nominal height of 5 m.

In calculating contaminant concentrations in the drill core debris, the average activity
concentration in waste is assumed. Calculations are also made of the consequences of
intercepting specific waste categories to estimate the highest dose that could occur.

Drill Crew

The drill crew is initially exposed to undiluted drill core debris for a period of 4 hours (half a
normal shift), and they then continue to work in the contaminated area (taken to be about

1280 m? — see next paragraph) for 12 hours a day over 30 days prior to the sealing of the
borehole. The drill crew is exposed to an elevated dust level of 5.9 x 107 kg/m? (i.e., 10 times
the ambient level given in Table 6.8 of the Data report, QUINTESSA and GEOFIRMA 2011), to
reflect dusty drilling conditions, with an inhalation rate of 8400 m*/a (Table 7.1 of QUINTESSA
and GEOFIRMA 2011). The inadvertent ingestion rate for the contaminated material is 0.33 g/d
(Table 7.2 of QUINTESSA and GEOFIRMA 2011).
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Future Resident

For the long-term exposure to drill core debris diluted in soil, the future resident farms the land
contaminated with contaminants from the debris. It is conservatively assumed that the
contaminants become mixed with soil, but are not leached from it. The habits of the exposed
people are the same as adopted for the site resident group assessed in the Normal Evolution
Scenario (see QUINTESSA and GEOFIRMA 2011) but, due to the limited volume of the debris,
a limited area of contamination is considered. Specifically, an area of about 1280 m?, sufficient
for growing of fruit and vegetables for human consumption, is assumed contaminated by drill
core debris.

2.4.3.4 Shallow Bedrock Groundwater Zone Pathway

The rate of release of contaminated water to the Shallow Bedrock Groundwater Zone via a
borehole into the repository has been calculated by detailed groundwater release analysis
(Section 6.2 of the Groundwater Modelling report, GEOFIRMA 2011). The case evaluates the
effect of a poorly sealed borehole through the repository extending down to the Cambrian, in
which there is a significant overpressure. The flow rate through the borehole is based on the
analysis presented in the Groundwater Modelling report that takes account of the Ordovician
underpressures (GEOFIRMA 2011). It is assumed that all contaminated repository water is
discharged to the Shallow Bedrock Groundwater Zone. The peak flow rate is 15 m*/a, and the
variation with time is illustrated in Figure 2.8 based on output from the HI-GR2-F3 case (Section
6.2.1 of the Groundwater Modelling report, GEOFIRMA 2011). The borehole is assumed to
have a hydraulic conductivity of 10 m/s and porosity of 0.25.
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Figure 2.8: Flow through Borehole into Shallow Groundwater in the Human Intrusion
Shallow Bedrock Groundwater Zone Pathway

The discharge is conservatively taken to commence immediately after control is no longer
effective (300 years after repository closure). This is the earliest plausible time at which
inadvertent intrusion could occur, and results in a conservative estimate of dose. It would result
in the (relatively) rapid resaturation of the repository, which is, therefore, assumed to be filled
with water from 300 year onwards in this case.
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All other data considered for the Shallow Bedrock Groundwater Zone Release Pathway
calculations, including the description of potential critical group, are the same as the Reference
Case for the Normal Evolution Scenario documented in the Data report (QUINTESSA and
GEOFIRMA 2011).

2.5 Results
2.51 Release of Contaminants via the Borehole

The magnitude of potential exposures associated with the Human Intrusion Scenario is
dependent on the concentrations of contaminants in the materials that are released. The
concentrations are calculated by a model identical to that adopted for the Normal Evolution
Scenario, except that transport in the borehole from repository to the surface or Shallow
Bedrock Groundwater Zone is included.

2.5.1.1 Surface Release Pathway — Contaminants in Solid

Under the reference conditions, most of the activity remains in the wastes. The peak saturation
of the repository is less than 1%, and under these conditions fluid would not be released from
the repository via a borehole. Amounts of radionuclides in the repository decrease over time due
to radioactive decay and by migration into the geosphere and shafts. Decay is dominant, and
the migration component is very small until very long times because the repository is not
expected to resaturate to any significant degree until well after 1 Ma.

Figure 2.9 shows how the average activity concentration in wastes (solids only) changes with
time by showing the total volume of waste (solids only) with activity concentration greater than
certain levels. This has been calculated with the assessment model, with allowance for the
release of contaminants from the wastes by the processes described in Section 2.2.2. In
practice the primary mechanism by which contaminant concentrations decrease is radioactive
decay. It can be seen that there is an appreciable reduction in the amount of waste with
concentrations greater than 100 Bg/g over the first few hundred years (around 75%). By about
100 ka only about 9% of the waste exceeds 10 Bqg/g. For comparison, the natural radioactivity
of the shale caprock above the repository is around 1 Bq/g.

Average calculated concentrations in the wastes in Panel 1 are given in Figure 2.10, which
shows that key contaminants include C-14, Ni-59, Nb-94 and Zr-93/Nb-93m.

For the model that considers the release of drill core debris to the surface, it is assumed that the
contaminated material is mixed with soil (Section 2.2.2.3). The ratio of the calculated peak
concentrations for radionuclides in the soil to the No Effect Concentrations for soil (listed in
Table 7.11 of the Data report, QUINTESSA and GEOFIRMA 2011) is given in Table 2.4. This
shows that both C-14 and Nb-94 exceed the screening criterion by about a factor of 20, while all
other radionuclides are below the criterion.

For disruptive scenarios, the acceptance in such a situation is to be judged on a case-by-case
basis taking into account the likelihood and nature of the exposure, uncertainty in the
assessment, and conservatism in the dose criterion (QUINTESSA et al. 2011a). Since this
intrusion is an unlikely scenario and the exposure is localized around the drill site, the risk is
low. Furthermore, less conservative ecological risk assessment calculations show that the
resulting doses to site-specific Valued Ecosystem Components biota are around 3% of relevant
dose criterion. Further details of this assessment are presented in Appendix G.
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Figure 2.9: Volume of Wastes with Activity Concentration Greater than 10, 100 and
1000 Bqg/g, as a Function of Time for the Human Intrusion Base Case (HI-BC)

1.E+09 :
E w— C-14 e Nj-59
H Ni-63 e—71-93
1.E+08 3 oo oNb-93m Nb-94
_ ., —_—
Ce— L, s AQ-108 M e PU-240
\\ ..
—, . - — .

3)1 E+07 | P . Am-241 Total
ke .
Q
= L
u§1.E+06§ — e — .
g —
o L
5
O 1.E+05 3

1.E+04 3

1.E+03 : e — e . S . e

100 I 1,000 10,000 100,000 1,000,000
End of institutional control (300 a) Time (a) 17-Nov-2010

Figure 2.10: Calculated Average Concentrations of Radionuclides in Wastes in Panel 1,
as a Function of the Time, for the Human Intrusion Base Case (HI-BC)
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Table 2.4: Ratio of Calculated Maximum Concentration of Radionuclides in Soil to No
Effect Concentrations for the Human Intrusion Base Case (HI-BC)

Radionuclide Ratio Radionuclide | Ratio
C-14 1.8E+01 Ra-226 1.2E-04
Cl-36 1.5E-01 Np-237 2.2E-05
Zr-93 3.6E-04 U-238 6.9E-04
Nb-94 1.9E+01 Pb-210 8.9E-06
Tc-99 1.4E-03 Po-210 1.1E-03
1-129 6.1E-09

Notes: Exceedances highlighted in bold. No Effect
Concentrations for non-human biota are given in Table 7.11 of
the Data report (QUINTESSA and GEOFIRMA 2011). This
case assumes that an intrusion borehole results in drill core
debris becoming mixed with soil.

Concentrations of non-radioactive contaminants in soil are also calculated using the same
model as for radioactive contaminants. The ratio of the calculated peak concentration of each
contaminant in the soil to its Environmental Quality Standard (EQS) for soil (listed in Table 7.12
of the Data report, QUINTESSA and GEOFIRMA 2011) are given in Table 2.5. Even with the
conservative assumptions (e.g., drilling debris left on site), the ratio for all contaminants is less
than the relevant EQS value.

Table 2.5: Ratio of Calculated Peak Concentration of Non-radioactive Contaminants in
Soil to Environmental Quality Standards for the Human Intrusion Base Case (HI-NR)

Contaminant Ratio Contaminant Ratio
Ag 1.3E-05 Pb 2.2E-01
As 9.4E-05 Sb 6.0E-03
B 2.7E-04 Se 2.0E-04
Ba 9.0E-05 TI 6.1E-07
Be 2.9E-04 U 1.1E-03
Cd 3.3E-02 Vv 0.0E+00
Co 7.9E-05 Zn 1.4E-03
Cr 1.1E-01 Chlorobenzene/ 1 6E-04
Cu 2.3E-01 Chlorophenol

Hg 1.3E-03 Dioxins/Furans 8.1E-03
Mo 2.7E-01 PAH 2.8E-05
Ni 1.5E-01 PCB 3.2E-07

Notes: Environmental quality standards are given in Table 7.12 of
the Data report (QUINTESSA and GEOFIRMA 2011). This case
assumes that an intrusion borehole results in drill core debris
becoming mixed with sail.
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2.5.1.2 Surface Release Pathway — Contaminants in Gas

Gas is present in the repository at significantly greater than atmospheric pressure throughout
the assessment timeframe and would be released after the borehole penetrates the repository.
Gas is assumed to mix throughout the repository, so the concentrations reflect the overall
average. Radionuclides present in repository gas are H-3, C-14, Se-79, 1-129 and Rn-222. As
shown in Figure 2.11, only C-14 and Rn-222 are present at concentrations above 1 Bg/m?®.
C-14, released primarily from ion exchange resins under saturated and unsaturated conditions,
is present with the greatest activity. The concentration of C-14 in gas at repository pressure
peaks at 3 ka, then decreases due to radioactive decay. The concentration of Rn-222
decreases at first due to the decay of its Ra-226 parent (present as a sealed source in some
wasteg) at repository pressure but then shows subsequent ingrowth from longer-lived U-238/
U-234°.
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Figure 2.11: Calculated Concentrations of Radionuclides in Repository Gas at Repository
Pressure as a Function of Time for the Human Intrusion Base Case (HI-BC)

2.5.1.3 Shallow Bedrock Groundwater Zone Pathway following Intrusion after 300 a

If the borehole were not sealed properly, it could remain as an enhanced permeability pathway
over the long-term. Under such circumstances, contaminants could be released from the
repository through the borehole, only if the borehole penetrated the repository and continued to
the pressurized Cambrian rocks below it. The calculation case conservatively considers this

® These concentrations do not include loss of C-14 by isotope exchange with stable carbon in the carbonate rock,
and trapping and decay of Rn within its source material.
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case, with the borehole drilled through the repository 300 a after closure and subsequently only
poorly sealed.

The model calculates fluxes of contaminants through the borehole based on the groundwater
flow rate provided by the Groundwater Flow model (Figure 2.8; Section 6.2 of the Groundwater
Modelling report, GEOFIRMA 2011). The fluxes are presented in Figure 2.12. Contaminants are
released to the Shallow Bedrock Groundwater Zone, with peak releases for some contaminants
occurring immediately after the intrusion event. For this case, shorter-lived radionuclides such
as C-14 and Ni-63 can be released to the Shallow Bedrock Groundwater Zone due to the
relatively rapid transport from the repository, and dominate over those longer-lived radionuclides
identified as being of significance in the Normal Evolution Scenario.
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Figure 2.12: Flux of Contaminants Released into the Shallow Bedrock Groundwater Zone
via an Intrusion Borehole Drilled into Cambrian Formation 300 years after Repository
Closure and Poorly Sealed (HI-GR2)

The result of the borehole pathway is that much higher concentrations occur in the Shallow
Bedrock Groundwater Zone than calculated for the Normal Evolution Scenario. This is because
the borehole provides a rapid (but limited capacity) pathway that bypasses the engineered shaft
seals and the intermediate and deep geological barriers. The dominant calculated doses relate
to the release of contaminants in groundwater via a well. Figure 2.13 shows the calculated
concentrations of contaminants present in well water. C-14 is dominant up to 25 ka, then Nb-94
to 90 ka, with Nb-93m (ingrown from the Zr-93) dominant thereafter. The ratio of the resulting
environmental concentrations to the no effect concentrations (given in Table 7.11 of the Data
report, QUINTESSA and GEOFIRMA 2011) are summarized in Table 2.6. It can be seen that
there are no exceedances.
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Figure 2.13: Calculated Concentration of Radionuclides in Well Water, Assuming a Poorly
Sealed Intrusion Borehole Provides a Pathway from the Cambrian via the Repository to
the Shallow Bedrock Groundwater Zone (HI-GR2)

Table 2.6: Ratios of Calculated Peak Concentration of Radionuclides in Surface Media to
No Effect Concentrations (HI-GR2)

Radionuclide | Well Water Irrigated Sediment | Surface Water
Soil
C-14 1.6E-04 3.7E-02 2.7E-05 3.1E-01
CI-36 9.1E-09 6.6E-04 2.8E-10 1.4E-06
Zr-93 8.0E-08 2.0E-10 1.7E-06 4.4E-04
Nb-94 9.0E-05 1.1E-05 5.7E-04 3.4E-01
Tc-99 6.2E-10 2.3E-06 <1E-10 1.1E-06
1-129 <1E-10 <1E-10 <1E-10 3.4E-09
Ra-226 9.5E-08 1.7E-09 2.4E-08 1.6E-04
Np-237 9.1E-09 1.9E-09 5.6E-10 1.5E-07
U-238 6.0E-08 1.5E-09 9.2E-10 2.4E-06
Pb-210 3.2E-10 <1E-10 1.2E-06 1.9E-08
Po-210 1.1E-07 2.4E-10 1.7E-09 1.3E-05

Notes: No Effect Concentrations for non-human biota are given in Table 7.11 of the
Data report (QUINTESSA and GEOFIRMA 2011). This case assumes that a poorly
sealed intrusion borehole provides a pathway from the Cambrian via the repository to
the Shallow Bedrock Groundwater Zone.
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2.5.2 Calculated Radiation Doses

2.5.2.1 Surface Release Pathway — Radionuclides in Solid and Gas

At the time of intrusion, the main release pathway is direct release to surface of gas and
contaminated drill core. The peak calculated doses to the various critical groups assessed for
the Surface Release Pathway, based on the Base Case, are summarized in Table 2.7. Peak
doses for three of the critical groups are below the dose criterion of 1 mSv/a applied to
Disruptive Scenarios (see Section 3.4.2 of QUINTESSA et al. 2011a), while the dose for one
group (the future resident) is equal to the criterion.

Table 2.7: Summary of Annual Peak Calculated Doses for the Human Intrusion Surface
Release Pathway for the Base Case (HI-BC), Showing Time of Peak, Dominant Pathway
and Radionuclide, as a Result of Released Gas or Exposure to Contaminated Drill Core

Critical Group
Drill crew Laboratory Nearby Future
technician resident resident

Peak dose 7.6E-1 mSv 6.3E-2 mSv 1.0E-1 mSv 1.0E+0 mSv/a
Duration of exposure (h) 360 4 720 8760
Time of peak (a) 300 300 300 300
Dominant pathway External External Inhalation External

irradiation irradiation (gas) irradiation
Dominant radionuclide Nb-94 Nb-94 C-14 Nb-94

The future resident (i.e., a person subsequently living on the site and using soil contaminated
with drill core debris) could receive a peak annual dose of 1.0 mSv, based on the average
concentration of radionuclides in Panel 1 wastes, with external irradiation from Nb-94 being the
dominant pathway. The drill crew, exposed to contaminated drill core debris receives a dose of
0.76 mSv. A nearby resident assumed to live close to the drilling site and therefore also
exposed to the contaminated gas receives a peak dose of 0.1 mSv from the inhalation of C-14.
The doses to those involved with inspecting any wastes in retrieved drill core are 0.063 mSv
and are dominated by external irradiation by Nb-94.

The Human Intrusion Scenario has a low probability of occurrence of about 10°/a (see
Section 2.5.3). Based on a health risk of 0.057/Sv (ICRP 2007), the associated risk of serious
health effects for the future resident is around 6 x 10'%a, well below the reference health risk
value of 10™/a given in Section 3.4.2 of QUINTESSA et al. (2011a).

The above doses are calculated using the average concentration of radionuclides in Panel 1. If
the wastes with the highest activity concentrations were encountered (retube wastes), the dose
to a laboratory technician and future resident could be around an order of magnitude higher.
However, the small proportion of the total volume of wastes occupied by such wastes (less than
7%3 reduces the probability of such an exposure, resulting in the health risks remaining around
107/a.

As the intrusion event is not constrained to occur at any particular time, it is of value to examine
how the potential dose varies with time of intrusion. The results, shown in Figure 2.14, reflect
the calculated concentrations presented in Section 2.5.1. The potential dose from human
intrusion decreases after about 10 ka due to decay.
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Figure 2.14: Calculated Doses from Human Intrusion Surface Release of Gas and Drill
Core, as a Function of the Time of Intrusion, for the Human Intrusion Base Case (HI-BC)

2.5.2.2 Shallow Bedrock Groundwater Zone Release Pathway

The Shallow Bedrock Groundwater Zone Release Pathway evaluates the potential effects of
long-term release of contaminated water from the repository through a borehole that has not
been properly sealed. This could only occur if the borehole is drilled down to the Cambrian; if it
were terminated at the repository there would be no releases as flow would be directed towards
the repository since the Ordovician rocks are underpressured (Section 6.1.1 of GEOFIRMA
2011).

The potential exposures arising from the Shallow Bedrock Groundwater Zone Release Pathway
are assessed for the same site resident group as in the Normal Evolution Scenario, a resident
that uses the land at the site for agricultural purposes. The main source of contamination is well
water obtained from the Shallow Bedrock Groundwater Zone. The figures presented in Section
2.5.1.3 show that the concentrations in well water and irrigated soil are higher than calculated
for the Normal Evolution Scenario. The doses peak at approximately 30 mSv/a after 400 a. The
dominant contaminant is again C-14, and the dominant pathways are the ingestion of
contaminated plants. After 60 ka Nb-94 is the dominant radionuclide, but at this time the
calculated annual dose has decreased to 0.003 mSv/a.

Assuming the same probability of occurrence as for intrusion into the repository (thereby
conservatively assuming the probability of continuing into the Cambrian and poorly sealing the
borehole is unity), the peak dose equates to a risk of serious health effects of around 2 x 10%/a,
more than two orders of magnitude below the reference health risk value of 10”°/a.

2.5.3 Likelihood

The calculated doses presented in Section 2.5.2 would obviously only arise if the intrusion event
actually occurs, clearly unlikely in any given year. The likelihood would be very small due to the
depth of the DGR (over 680 m), and because the DGR site is located in a regional geology that
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is relatively uniform and predictable over an extensive area, and does not have any significant
resource potential. Although this likelihood cannot be reliably quantified, its general scale can
be assessed though the following discussion.

Records of the areal frequency of deep borehole drilling indicate a reasonably broad range,
depending on the nature of exploration and the resource potential of the area being
investigated. A range of values from Canadian, Japanese and UK sources suggested deep
drilling rates to greater than 500 m as around 0.1-10 x 10™° /(m? a) (Section 8.4.2 of
Gierszewski et al. 2004).

This estimate is supported by the following conceptual argument. If a geological region of
interest is re-surveyed every 100 years, and a representative survey area covered by a single
deep borehole is 10 km x 10 km, the areal frequency of deep boreholes would be 107 /(m? a).

The footprint of the panels is around 0.25 km? and about 0.065 km?is the actual emplacement
room area (Table 4.3 of the Data report, QUINTESSA and GEOFIRMA 2011). This implies a
likelihood of intrusion of about 10°%/a. The likelihood of encountering the most radioactive
wastes, such as retube wastes, is lower still. For example, retube wastes occupy 7% of the
volume of all wastes.

Although there are no specific anti-intrusion aspects of the design, equipment capable of drilling
to the depth of the DGR would be sufficiently sophisticated to be able to detect the presence of
the DGR, and any retrieved material that was unusual in character would be expected to be
carefully investigated. The consequences assessed above are based on assuming that the
drilling is handled poorly, that retrieved material is not recognized as radioactive, and that
subsequently the site is improperly abandoned.

This estimate of likelihood can be interpreted in two ways as: 1) a measure of the likelihood that
an individual is exposed in a given year (see Section 2.5.2.1); 2) a measure of the likelihood that
intrusion occurs during the assessment timeframe. Over the 1 Ma timescale under consideration
in the assessment, the estimate of likelihood implies a high probability that intrusion will occur at
some stage.

However, it is important to recognise that the probability of the consequences occurring is lower
than that of intrusion occurring, since the scenario makes a range of additional conservative
assumptions, for example:

¢ Drill Crew — the gas is assumed to be released at a relatively high rate, the workers do not
recognise and respond to the risk, and there is conservative parameterization of exposure
pathways (e.g., inhalation of contaminated gas);

o Laboratory Technician — the conservative parameterization of exposure pathways, such as
the assumed high dust loading and lack of dust mask;

o Nearby Resident — the nearest resident is assumed to be only 100 m from the drill site, and
gas is assumed to be released at a relatively high rate; and

e Future Resident —drill core debris is assumed to be spread on site contrary to current
regulations, the residents start farming on the site immediately after closure of the site, and
the parameterization of the critical group is conservative.

Finally, the results show that the peak consequences from Human Intrusion occur within 5 ka.
At longer times, especially after 70 ka, although the likelihood of intrusion may increase, the
actual consequences become small mostly due to the decay of C-14 and Nb-94.
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3. SEVERE SHAFT SEAL FAILURE SCENARIO
3.1 Scenario Overview

Another scenario in which the containment offered by the DGR system might be degraded is
concerned with the performance of the shaft seals. The shafts provide a potential pathway for
the migration of contaminated water and gas from the repository through the geosphere. To limit
the release of contaminants, seals are installed in the shaft at closure. The Normal Evolution
Scenario takes account of the role of these engineered barriers and assumes their performance
meets design specifications. It also includes an expected degree of degradation of shaft seal
properties with time.

However, an alternative scenario is considered in which the shaft seals fail (Section 8.2.2 of the
System and Its Evolution report, QUINTESSA 2011b). This could be because the shaft seal
materials are not fabricated or installed appropriately, or the long-term performance of the seal
materials is poor due to unexpected physical, chemical and/or biological processes. Either
situation could result in an enhanced permeability pathway to the surface environment. The
scenario is referred to as the Severe Shaft Seal Failure Scenario. Given the quality control
measures that will be applied to the DGR shaft seal closure, and the multiple durable material
layers in the shaft, the scenario is very unlikely and should be seen as a hypothetical “what if”
scenario that is designed to investigate the robustness of the DGR system.

The Severe Shaft Seal Failure Scenario represents the evolution of DGR system in the same
way as the Normal Evolution Scenario with the only difference being that there is rapid and
extensive degradation in the shafts seals and the repository/shaft EDZs. The exposure
pathways and critical group assessed are the same as those considered in the Normal
Evolution Scenario (Section 2.3 of the Normal Evolution Scenario Analysis report, QUINTESSA
2011a). In common with the Normal Evolution Scenario, a house is assumed to be located on
the main shaft, and the soil for growing vegetables is above the ventilation shaft.

The scenario is illustrated in Figure 3.1.

3.2 Conceptual Model
3.21 Key Features, Processes and Events

The internal features, processes and events considered for the Severe Shaft Seal Failure
Scenario are the same as for the Normal Evolution Scenario (as described in the Normal
Evolution Scenario Analysis report, QUINTESSA 2011a) with the exception that the shaft seals
do not function as planned and the repository/shaft EDZs have significantly degraded
properties. This could be due to human factors (i.e., the shafts are not sealed to the required
specification), or natural factors (i.e., chemical and/or physical conditions in the geosphere
cause the seals to degrade more rapidly than anticipated). The key features are summarized in
Table 3.1.
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Figure 3.1: Schematic Representation of Severe Shaft Seal Failure Scenario

Table 3.1: Summary of Key Features for the Severe Shaft Seal Failure Scenario

Waste and Repository Features'

Geosphere Features'

Biosphere Features’

o Waste packages

e Water (Panels 1 and 2 emplacement
rooms, access tunnels, and shaft &
service area)

¢ Gas (Panels 1 and 2 emplacement
rooms, access tunnels, and shaft &
service area)

¢ Engineered Structures (concrete
monolith, shaft seals and shaft
backfill)

¢ Deep Bedrock
Groundwater Zone

¢ Repository Highly
Damaged Zone

¢ Repository and Shaft

Excavation Damaged
Zones

e Intermediate Bedrock
Groundwater Zone

e Shallow Bedrock
Groundwater Zone

o Well Water

e Surface Water and
Sediment (stream and
wetland)

e Lake Water and
Sediment

¢ Soil
¢ Biota
¢ Atmosphere

Note:

1. Features in Bold require specific modelling assumptions for this scenario that differ from the Normal Evolution

Scenario.
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3.2.2 Description of the Conceptual Model

The conceptual model is the same as for the Normal Evolution Scenario Reference Case
(Section 2.3 of the Normal Evolution Scenario Analysis report, QUINTESSA 2011a), since the
changes to the FEPs can be represented using modifications to parameter values. These
changes are used to represent:

e Degraded physical and chemical characteristics of the concrete monolith and the shaft seals
(from the time of closure); and
¢ Increased permeability of the repository/shaft EDZs.

Detailed modelling (Sections 6.1 and 6.2 of the Gas Modelling report, GEOFIRMA and
QUINTESSA 2011) of the Base Case for the Severe Shaft Seal Failure Scenario shows that
these differences initially result in a much increased flow of water via the shafts into the
repository. This increases the rate of resaturation of the repository such that it reaches a water
saturation of about 68% by about 500 ka. After about 20 ka, the pressure and saturation in the
repository is sufficient to create a free gas pathway via the Highly Disturbed Zone above the
monolith and up the degraded shafts. A desaturated pathway is established and permits gas
transport up the shaft until the water level in the repository rises above the top of the Highly
Disturbed Zone at approximately 150 ka. This terminates the high-permeability connection and
gas transport up the shaft ceases.

The results of the groundwater modelling (Section 6.3 of GEOFIRMA 2011) indicate that
groundwater flows down the shafts towards the DGR in the Ordovician throughout the million
year simulations. The gas modelling (Chapter 6 of GEOFIRMA and QUINTESSA 2011)
indicates that free gas flow up the shafts is rapid when it occurs and it can reach the Shallow
Bedrock Groundwater Zone. The conceptual model for the fate of any free gas reaching the
Shallow Bedrock Groundwater Zone is described in Appendix H.

The key aspects of the conceptual model for releases from the repository are summarized in
Box 2.

3.2.3 FEP Audit

As noted in Section 3.2.2, the conceptual model for the Severe Shaft Seal Failure Scenario is
broadly the same as the Normal Evolution Scenario (as described in Section 2.3 of the Normal
Evolution Scenario Analysis report, QUINTESSA 2011a) with only differences relating to
parameters describing the performance of the seals and repository/shaft EDZs (Section 3.2.2).

Thus, the only internal FEPs that differ in the Severe Shaft Seal Failure Scenario relate to the
seals and EDZs; these are itemized below.

o FEP 2.1.05 (Shaft characteristics) — the shaft seals (including the concrete monolith) have
degraded physical and chemical characteristics from the time of closure due to the
human/natural factors discussed in Section 3.2.1.

o FEP 2.1.06 (Mechanical processes and conditions in shafts) — mechanical fracturing may
occur in shaft materials from the time of closure.

e FEP 2.1.07 (Hydraulic/hydrogeological processes and conditions in shafts) — enhanced
water and gas flow from the time of closure due to physically and chemically degraded state
of shafts.
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Box 2:
Key Aspects of the Conceptual Model for the Severe Shaft Seal Failure Scenario'

Waste and Repository:

e The repository EDZ permeability is increased by an order of magnitude compared with the
Normal Evolution Scenario Reference Case.

o Resaturation of the repository is determined by detailed modelling (Chapter 6 of GEOFIRMA
and QUINTESSA 2011) which evaluates water inflow/outflow, gas generation, gas
inflow/outflow and gas pressure (see Section 3.4.3).

¢ Contaminants migrate into the host rock and shafts by diffusion and/or advection or by gas
permeation (driven by repository gas pressure relative to the porewater pressure) or by gas
dissolution into groundwater.

Geosphere and Shafts:

¢ The entire shaft seals are physically and chemically degraded from the time of closure. This
includes increased permeability and zero capillary pressure.

¢ The shaft EDZs have increased permeability (two orders of magnitude for inner EDZ and one
order of magnitude for outer EDZ) compared with the Normal Evolution Scenario Reference
Case.

¢ Reduced sorption of Zr, Nb, Pb, U, Np and Pu by an order of magnitude on bentonite/sand
compared with the Normal Evolution Scenario Reference Case.

¢ Groundwater flows towards the DGR via the shafts throughout the modelled period (Sections
6.3 and 6.4 of GEOFIRMA 2011).

¢ Flow of free-phase gas via the shafts/EDZs (Chapter 6 of GEOFIRMA and QUINTESSA
2011) to the Shallow Bedrock Groundwater Zone.

Biosphere:
e Model is the same as the Normal Evolution Scenario.

Note:
1. All other modelling assumptions are as described for the Normal Evolution Scenario Reference Case (Section 2.3
of QUINTESSA 2011a)

e Degradation of the shaft materials from time of closure.
FEP 2.1.09 (Biological/biochemical processes and conditions in shafts) — enhanced
degradation of the shaft materials from time of closure.

e FEP 2.2.03 (Disturbed Zone (in geosphere)) — enhanced permeability in repository and shaft
EDZs.

3.24 Key Conceptual Model Uncertainties

Since the Severe Shaft Seal Failure Scenario and the Normal Evolution Scenario have
essentially the same conceptual models, the conceptual model uncertainties are also largely the
same. These are discussed in Section 2.5 of the Normal Evolution Scenario Analysis report
(QUINTESSA 2011a) and so are not repeated here.

However, it should be noted that one of the motivations behind considering the Severe Shaft
Seal Failure Scenario is specifically to examine the effects of uncertainties relating to the
performance of the shaft seals and the repository/shaft EDZs (a key conceptual model
uncertainty for the Normal Evolution Scenario). The Severe Shaft Seal Failure Scenario
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investigates these uncertainties by considering “what if’ treatment of the performance of the
shaft seals and the repository/shaft EDZs.

3.3 Calculation Cases

Three calculation cases can be identified from the conceptual model developed in Section 3.2,
which consider the release of radioactive and non-radioactive contaminants (Table 3.2).

Table 3.2: Calculation Cases for the Severe Shaft Seal Failure Scenario

Case ID | Brief Description Associated
Detailed
Modelling
Cases*

SF-BC-A | As for the Normal Evolution Scenario Reference Case (NE-RC- | SF-BC-F3 and
A) but properties of shaft seals and repository/shaft EDZs setto | SF-BC-T2
significantly degraded values from closure (e.g., hydraulic
conductivity of 10 m/s for the seals), zero capillary pressure for
shaft sealing materials, and reduced sorption on bentonite/sand.
Groundwater flow from the DGR via the shafts based on detailed
gas and groundwater modelling. Free gas flows via the shafts
based on detailed gas modelling case.

SF-ED-A | As SF-BC-A, but increased bentonite/sand, asphalt and SF-ED-F3 and
concrete hydraulic conductivity (10 m/s) in order to understand | SF-ED-T2

the sensitivity of system performance to shaft seal properties.
This is in the range of a fine sand/silt material, about 4-5 orders
of magnitude more permeable than the design-basis
bentonite/sand and asphalt seals.

SF-NR-A | As SF-BC-A, but assesses consequences of non-radioactive SF-BC-F3 and
elements and chemical species. SF-BC-T2

Notes:

SF — Severe Shaft Seal Failure Scenario; BC — Base Case; ED — Extra Degradation; NR — non-
radioactive contaminants; RC — Reference Case; A — AMBER; F3 — FRAC3DVS; T2 - T2GGM

* Detailed modelling cases are described in Sections 6.3 and 6.4 of the Groundwater Modelling report
(GEOFIRMA 2011) and Chapter 6 of the Gas Modelling report (GEOFIRMA and QUINTESSA 2011).

Given the commonality of many aspects of the conceptual model with that developed for the
Normal Evolution Scenario, calculation cases identified above have been derived with reference
to those considered in the Reference Case for the Normal Evolution Scenario (see Chapter 3 of
the Normal Evolution Scenario Analysis report, QUINTESSA 2011a, for more details). The only
modifications for SF-BC-A, SF-ED-A and SF-NR-A cases are:

o Both cases adopt the initial vertical head gradient from the Reference Case of the Normal
Evolution Scenario, which includes the underpressures observed in Ordovician formations;

e The properties of shaft seals and repository/shaft EDZ are set to significantly degraded
values from closure, with zero capillary pressure for all shaft seal materials;

¢ More rapid transfers of groundwater through the shafts are specified (based on detailed
groundwater modelling of the scenario, Sections 6.3 and 6.4 of GEOFIRMA 2011);
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e Periodic free gas flow occurs via the shafts (based on detailed gas modelling of the
scenario, Chapter 6 of GEOFIRMA and QUINTESSA 2011); and

o A resaturation profile based on detailed gas modelling of the scenario (Sections 6.1.2.2 and
6.2.2.2 of GEOFIRMA and QUINTESSA 2011). Figure 3.2 compares the depth of water in
the repository for the SF-BC and SF-ED cases with that calculated for the Reference Case
of the Normal Evolution Scenario (NE-RC).

The modifications required for the calculation cases can be represented in model parameters,
and no changes are necessary to the conceptual model presented in Section 3.2.
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Figure 3.2: Repository Resaturation Profiles Assessed for the Severe Shaft Seal Failure
Scenario

34 Mathematical Models, Software Implementation and Data
3.4.1 Mathematical Models

The Severe Shaft Seal Failure Scenario adopts the same general mathematical models as the
Normal Evolution Scenario. There is no need to modify any aspects of the mathematical
models, since the scenario can be represented by simply modifying the properties of the shaft
seal materials and the repository/shaft EDZs and simulating the associated flow rates of
groundwater and gas. The mathematical models used are described in detail in Section 4.1 of
the Normal Evolution Scenario Analysis report (QUINTESSA 2011a).

3.4.2 Software Implementation

The scenario is implemented in AMBER Version 5.3 (QUINTESSA 2009a, b). The scenario-
specific data are implemented as alternative parameter values that can be selected by defining
model run settings with a scenario-dependent parameter taking a value of 1 when the scenario
is to be considered, and 0 otherwise.
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In addition, models have been implemented in the FRAC3DVS and T2GGM codes to allow the
derivation of certain input data for the assessment calculations (see Appendix F). The
implementation of these models is described in Chapter 4 of the Groundwater Modelling report
(GEOFIRMA 2011) (FRAC3DVS) and Chapter 4 of the Gas Modelling report (GEOFIRMA and
QUINTESSA 2011) (T2GGM).

343 Data

The Severe Shaft Seal Failure Scenario adopts the same parameter values as for the Normal
Evolution Scenario Reference Case (summarized in Table 2.3) with the exception that
pessimistic values are adopted for the engineered materials in the shaft and the repository and
shaft EDZs. These are conservatively assigned to the model from closure onwards. The
hydraulic conductivities, porosities, densities and diffusion coefficients are summarized in Table
3.3. The sorption values are presented in Table 3.4 and are an order of magnitude lower than
the reference values given in the Data report (QUINTESSA and GEOFIRMA 2011). The Data
report only presents values for bentonite/sand; no sorption is assumed for other materials.

It is assumed that the hydraulic conductivity of the inner and outer shaft EDZs are four and two
orders of magnitude greater than the rock mass, respectively (rather than the two and one
orders of magnitude assumed for the Normal Evolution Scenario Reference Case). The
hydraulic conductivity of the repository EDZ is four orders of magnitude greater than the rock
mass (rather than the three orders of magnitude assumed for the Normal Evolution Scenario
Reference Case). The advective velocities that are used in the AMBER model are taken
directly from the results of groundwater modelling (Sections 6.3 and 6.4 of GEOFIRMA 2011).
The models include the underpressures observed in the Ordovician formations above the DGR.
The detailed modelling indicates that groundwater flow via the shafts, within the Deep Bedrock
Groundwater Zone, remains downwards throughout the million year simulations for both severe
shaft seal failure cases.

The detailed gas modelling indicates the potential for free gas to travel up the shafts. Some of
this gas will dissolve in the Shallow Bedrock Groundwater Zone (Sections 6.1 and 6.2 of
GEOFIRMA and QUINTESSA 2011), and some may reach the surface as free gas. The gas
reaching the surface via the ventilation shaft is directed to the soil, whereas that reaching the
surface via the main shaft is directed into a house. The area of soil that may receive gas from
the ventilation shaft is taken to be ten times the area of the shaft itself, to reflect the potential
dispersion of the gas through the relatively high permeability Shallow Bedrock Groundwater
Zone.

The resaturation profile used is based on detailed model results (Section 6.1.2.2 and 6.2.2.2 of
GEOFIRMA and QUINTESSA 2011) (see Figure 3.2).
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Table 3.3: Properties of Shaft Sealing Materials for the Severe Shaft Seal Failure Scenario

Parameter Shaft Sealing SF-BC and SF-ED NE-RC (9)
Material SF-NR
Vertical and Concrete (3) 1E-09 (4) 1E-07 (4) 1E-10 (10)
Horizontal Hydraulic | Bentonite/sand 1E-11 (10)
Conductivity (m/s) Asphalt 1E-12 (10)
(1) Engineered Fill 1E-04 (5) 1E-04 (5) 1E-04 (10)
Diffusion and Concrete (3) 0.3 (4) 0.3 (4) 0.1 (10)
Transport Porosities | Bentonite/sand 0.29 (10)
() (2) Asphalt 0.02 (10)
Engineered Fill 0.25 (5) 0.25 (5) 0.25 (10)
Dry Bulk Density Concrete (3) 2390 (11)
(kg/m3) Bentonite/Sand 1600 (11)
Asphalt 1860 (6) 1860 (6) 1960 (11)
Engineered Fill 1990 (11)
Horizontal and Concrete (3) 3.0E-10 (7) | 3.0E-10(7) | 1.25E-10 (8)
Vertical Effective Bentonite/Sand 3.0E-10 (8)
Diffusion Coefficient | Asphalt 1.0E-13 (8)
(m?/s) Engineered Fill 2.5E-10 (8) | 2.5E-10(8) | 2.5E-10(8)
Notes:

1. Slightly lower values (less than a factor of two) can be expected for saline conditions due to greater

o

©x N>

density and viscosity of water. However, the Data report (QUINTESSA and GEOFIRMA 2011) adopts
freshwater hydraulic conductivity values irrespective of salinity conditions.

The transport (effective) porosity values are taken to be the same as the diffusion (accessible) porosity
values for all materials.

Value for LHHPC concrete.

For the SF-BC-A and SF-NR-A cases the value corresponds to a two orders of magnitude increase in
the bentonite/sand value compared to the NE-RC case. Value for SF-ED-A case corresponds to a
value for compacted sand fill.

Reference value for engineered fill in Table 4.22 of the Data report (QUINTESSA and GEOFIRMA
2011).

Consistent with porosity of 0.3 and nominal grain density of 2650 kg/m3.

Consistent with porosity of 0.3 and free water diffusion coefficient of 1 x 10° m?s.

Table 4.270f the Data report (QUINTESSA and GEOFIRMA 2011).

Normal Evolution Scenario Reference Case.

10. Table 4.22 of the Data report (QUINTESSA and GEOFIRMA 2011).
11. Table 4.26 of the Data report (QUINTESSA and GEOFIRMA 2011).
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Table 3.4: Sorption Coefficients for Bentonite/Sand for the Severe Shaft Seal Failure

Scenario
Element Sorption Coefficient (m®kg)
Zr 0.005
Nb 0.01
Pb 0.0001
U 0.001
Np 0.0004
Pu 0.05
All other elements and 0
organic contaminants

3.5 Results

3.5.1 Release of Contaminants via the Shaft

3.5.1.1 Base Case

The FRAC3DVS modelling indicates that there is no advective groundwater flow away from the
DGR via the shafts (Section 6.3.1 of GEOFIRMA 2011). T2GGM indicates that gas pressures
in the DGR for the Base Case (SF-BC) are sufficient to force a free gas pathway after about 20
ka (Section 6.1.1 of GEOFIRMA and QUINTESSA 2011). Figure 3.3 shows the calculated flux
of radionuclides to the Shallow Bedrock Groundwater Zone. The flux to the shallow system is
dominated by C-14 in gaseous form. Because the only release is of gas, there is essentially no
transfer of radionuclides in groundwater to the shallow system.
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Figure 3.3: Calculated Radionuclide Transfer Flux to the Shallow Bedrock Groundwater
Zone from the Shaft for the Severe Shaft Seal Failure Scenario, Base Case (SF-BC)
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T2GGM indicates that free gas breaks through via the shaft after about 22 ka at a rate of about
840 kg/a (Table 8.2 of GEOFIRMA and QUINTESSA 2011). Insight calculations (see

Appendix H), that are used to parameterise the AMBER model, indicate that about 5% of the
gas flux reaching the Shallow Bedrock Groundwater Zone would dissolve in the flowing
groundwater. The free gas carries C-14 labelled gases from the DGR, which can similarly
dissolve in groundwater in the shallow system. AMBER modelling results shown in Figure 3.4
indicate that the calculated concentrations in well water peak at about 3000 Bg/m?® after about
23 ka and are directly related to the release of C-14 in gas to the Shallow Bedrock Groundwater
Zone.

About 95% of the gas flux to the Shallow Bedrock Groundwater Zone does not dissolve in the
groundwater and reaches the biosphere as free gas. Some of this gas enters a house that is
conservatively taken to be positioned directly above the main shaft. The calculated radionuclide
concentrations in the air inside the house peak at about 16,000 Bq/m?® after about 23 ka.
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Figure 3.4: Calculated Radionuclide Concentrations in Well Water for the Severe Shaft
Seal Failure Scenario, Base Case (SF-BC)

Calculated concentrations of radionuclides in biosphere media (soils, surface water and
sediment) are well below the reference no effect concentrations for protection of non-human
biota (Table 3.5). The only exception is the peak calculated concentration of C-14 in surface
water around the site (i.e., the highest concentrations are in Stream C), which is a factor of 1.4
above the associated no effect concentration.

For disruptive scenarios, the acceptance in such a situation is to be judged on a case-by-case
basis taking into account the likelihood and nature of the exposure, uncertainty in the
assessment, and conservatism in the dose criterion (QUINTESSA et al. 2011a). In this case,
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the shaft seal failure is an unlikely scenario and these consequences would only apply if the
failure is within about 50 ka (due to C-14 decay). Also, the high concentration is in the local
stream not the larger downstream area, and is slightly above the screening no effect
concentration criterion. Based on these points, and the conservatisms in the screening criterion
(see Appendix G), the actual risk to non-human biota is expected to be low.

There is a negligible release of non-radioactive contaminants via the groundwater pathway, and
all calculated values lie many orders of magnitude below the relevant EQS values (Table 3.6).

Table 3.5: Ratio of Calculated Peak Concentrations of Radionuclides in Biosphere Media
to No Effect Concentrations for the Severe Shaft Seal Failure Scenario Base Case (SF-

BC)
Radionuclide | Well Water Irrigated Sediment | Surface Water

Soil
C-14 2.1E-06 1.8E-01 1.2E-04 1.4E+00
CI-36 <1E-10 4.8E-08 <1E-10 1.0E-10
Zr-93 <1E-10 <1E-10 <1E-10 <1E-10
Nb-94 <1E-10 <1E-10 <1E-10 <1E-10
Tc-99 <1E-10 <1E-10 <1E-10 <1E-10
1-129 <1E-10 <1E-10 <1E-10 <1E-10
Ra-226 <1E-10 <1E-10 <1E-10 <1E-10
Np-237 <1E-10 <1E-10 <1E-10 <1E-10
U-238 <1E-10 <1E-10 <1E-10 <1E-10
Pb-210 <1E-10 <1E-10 <1E-10 <1E-10
Po-210 <1E-10 <1E-10 <1E-10 <1E-10

Notes: Exceedance highlighted in bold. No effect concentrations for non-human biota are
given in Table 7.11 of the Data report (QUINTESSA and GEOFIRMA 2011).
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Table 3.6: Ratio of Calculated Peak Concentration of Non-radioactive Contaminants in
Biosphere Media to Environmental Quality Standards for the Severe Shaft Seal Failure
Scenario Base Case (SF-NR)

Contaminant | Well Water | Irrigated Soil Sediment Surface Water
Ag 3.2E-09 <1E-10 <1E-10 <1E-10
As 4.4E-09 <1E-10 <1E-10 <1E-10
B <1E-10 <1E-10 - <1E-10
Ba 2.1E-09 <1E-10 - -
Be 3.5E-08 <1E-10 - <1E-10
Br - - - <1E-10
Cd 3.0E-06 <1E-10 8.3E-10 1.5E-07
Co 2.3E-08 <1E-10 <1E-10 <1E-10
Cr 3.8E-05 <1E-10 4.1E-09 6.9E-07
Cu 9.4E-05 <1E-10 1.3E-07 7.8E-07
Gd - - - 1.7E-10
Hf - - - <1E-10
Hg 9.1E-08 <1E-10 <1E-10 3.8E-09
I - - - <1E-10
Li - - - <1E-10
Mn - - - 2.0E-09
Mo 1.9E-06 <1E-10 - 1.8E-09
Nb - - - <1E-10
Ni 3.1E-05 <1E-10 6.7E-08 2.8E-08
Pb <1E-10 <1E-10 <1E-10 <1E-10
Sb 2.8E-07 <1E-10 - <1E-10
Sc - - - <1E-10
Se <1E-10 <1E-10 - <1E-10
Sn - - - <1E-10
Sr - - - <1E-10
Te - - - <1E-10
T 1.5E-10 <1E-10 - <1E-10
U <1E-10 <1E-10 - <1E-10
\Y, <1E-10 <1E-10 - <1E-10
w - - - <1E-10
Zn 1.2E-07 <1E-10 1.8E-09 1.6E-09
Zr - - - <1E-10
Chlorobenzene/ 3.6E-08 <1E-10 1.5E-10 <1E-10
Chlorophenol
Dioxins/Furans 8.2E-07 <1E-10 - <1E-10
PAH 4.5E-09 <1E-10 <1E-10 9.3E-10
PCB <1E-10 <1E-10 <1E-10 <1E-10

Note: Environmental quality standards are given in Table 7.12 of the Data report (QUINTESSA
and GEOFIRMA 2011). *-* indicates no environmental quality standard identified.
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3.5.1.2 Extra Degradation Case

The SF-ED calculation case assumes that there is additional degradation of the bentonite/sand
shaft seals so that it essentially becomes a fine sand and silt material.

The primary effect of the assumption of greater degradation of the shaft seal materials is to
permit greater flows of water and gas through the shafts. The consequence is a more rapid
ingress of groundwater to the repository, increased saturation and greater generation of gas. As
can be seen from Figure 3.2, the repository saturation is very much higher than for the Normal
Evolution Scenario’s Reference Case and, up to about 220 ka, higher than that for SF-BC.
Results from detailed gas modelling (Section 6.2 of GEOFIRMA and QUINTESSA 2011)
indicate that the increased gas pressure results in a series of degassing events in which there
are a significant gas release via the shaft. These occur because overpressure in the repository
builds up until a free gas breakthrough can occur. The pressure is then dissipated as gas
escapes, with gas flow rates reducing significantly from the peak. Pressures then increase until
another free gas release can occur. These events occur at about 2 ka, 4 ka and 13 ka as a
result of the repository gas pressure exceeding a critical value that permits a release of free
gas.

Calculated fluxes of contaminants are illustrated in Figure 3.5 for the case in which the whole
shaft seal system is severely degraded (SF-ED). Results from the Normal Evolution Scenario
are not included for comparison because the peak flux is extremely small, only 4 x 10 Bg/a.
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Figure 3.5: Calculated Fluxes of Contaminants through the Shaft to the Shallow Bedrock
Groundwater Zone for the Severe Shaft Seal Failure Scenario, Extra Degradation Case
(SF-ED)



Postclosure SA: Disruptive Scenarios -51- March 2011

For this case, the degassing events result in substantial fluxes of free gas containing C-14 into
the Shallow Bedrock Groundwater Zone as shown in Figure 3.5. The peak flux occurs at 3.8 ka.
After 20 ka there is a gradual decrease and radioactive decay of C-14 becomes significant.

T2GGM indicates that free gas breaks through via the shaft after about 1.9 ka, at a rate of about
3500 kg/a, although the peak flow of about 9300 kg/a occurs at 3.8ka*. Simple calculations
(see Appendix H) indicate that only 0.6% of this gas flux would dissolve in the flowing
groundwater in the Shallow Bedrock Groundwater Zone. The maijority of the gas is, therefore,
released directly to the biosphere, which results in peak calculated concentration in indoor air of
1.6 x 10° Bg/m® in a house positioned directly above the main shaft after 3.8 ka.

Calculated concentrations in well water peak at about 3 x 10* Bg/m?® after 1.9 ka.

3.5.2 Calculated Radiation Doses
3.5.2.1 Base Case

The base case assumptions for the shaft seal failure result in doses, to persons living directly
over the repository, that reach a maximum of 1.1 mSv/a after about 23 ka (see Figure 3.6). This
coincides with the release of C-14 labelled gases to groundwater in the Shallow Bedrock
Groundwater Zone and directly to the biosphere. The dominant exposure pathways are the
inhalation of gas and ingestion of plants that have taken up C-14, each of which contributes
about 40% of the calculated peak dose. It is noted that a scenario likelihood of around 10 or
less would result in the risk of serious health effects being less than the reference health risk
value of 10°/a. The probability of instant severe shaft seal degradation combined with a house
positioned directly above one of the shafts can reasonably be considered to be significantly
lower than this.

3.5.2.2 Extra Degradation Case

The assumptions for the extra degradation of the shaft seals results in calculated doses to the
site resident group that reach about 80 mSv/a after 3.8 ka. The dominant radionuclide is C-14
and the dominant pathway is the inhalation of the gas under the very conservative assumption
of a house located on the point of release of C-14 gas. Other exposure pathways such as the
ingestion of animal products and crops give rise to peak doses of around 10 mSv/a. Itis
emphasized that this calculation case is a highly conservative case and was undertaken with
the purpose of investigating the sensitivity of dose impacts to shaft seal properties.

4 T2GGM results (that do not include the Ordovician underpressures) suggest that dissolved gases will also reach
the Shallow Bedrock Groundwater Zone, but at a rate more than two orders of magnitude less than the free gas
(Table 8.2 of the Gas Modelling report, GEOFIRMA and QUINTESSA 2011).
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Figure 3.6: Calculated Effective Doses to the Site Resident Group for the Severe Shaft
Seal Failure Scenario, Base Case (SF-BC)

3.5.3 Likelihood

The Severe Shaft Seal Failure Scenario makes a range of additional conservative assumptions,
such as the instant (rather than gradual) degradation of the shaft seals and the existence of a
house directly on a shaft It illustrates the consequences of poor performance of the shaft seals,
for example as a result of unexpected physical, chemical and/or biological processes that cause
much more extensive degradation of materials than are anticipated in the Normal Evolution
Scenario. This could include, for example, a profound change in geochemical conditions.
However, such processes are very unlikely due to the stability of the deep geosphere at the
DGR site as demonstrated by site characterization evidence (Section 2.3 of the System and Its
Evolution report, QUINTESSA 2011b). Also, geomechanical modelling of the shaft indicates
that seismic shaking due to large earthquakes with 10"°/a and 10%/a probabilities had little effect
(Section 6.4.3 of NWMO 2011).
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4, POORLY SEALED BOREHOLE SCENARIO
4.1 Scenario Overview

A third scenario in which the DGR containment barrier might be breached is through a site
investigation/monitoring borehole in close proximity to the repository not being properly sealed
(Section 8.2.3 of the System and Its Evolution report, QUINTESSA 2011b).

The DGR site will have several deep boreholes around the repository. Six have been drilled for
site investigation and monitoring purposes. These boreholes respect the requirement that the
separation distance between any part of the repository and deep boreholes is at least 100 m
(NWMO 2010) and are licensed through the Ontario Ministry of Natural Resources.
Furthermore, they will be appropriately sealed on completion of site investigation/monitoring
activities and consequently they will have no effect on the repository performance.

However, if a deep borehole were not properly sealed or were to extensively degrade, then it
could provide a small but relatively permeable pathway for the migration of contaminants from
the repository horizon. Like the Severe Shaft Seal Failure Scenario, such a situation would be
prevented by normal quality control. However, the situation is one of a limited number of
potential events that could result in an enhanced permeability pathway to the surface
environment and, therefore, merits investigation as a threat to the containment function of the
disposal system. The scenario is termed the Poorly Sealed Borehole Scenario.

The evolution of the system considered for the Poorly Sealed Borehole Scenario is similar to the
Normal Evolution Scenario with the key difference being that the poorly sealed site
investigation/monitoring borehole provides an enhanced permeability connection between the
level of the repository, the overlying groundwater zones and the biosphere, thereby bypassing
part of the natural geological barrier to contaminant migration from the DGR. The subsequent
exposure pathways and critical group assessed are the same as those considered in the
Normal Evolution Scenario (Section 2.3 of the Normal Evolution Scenario Analysis report,
QUINTESSA 2011a).

The scenario is illustrated in Figure 4.1.

4.2 Conceptual Model
4.2.1 Key Features, Processes and Events

The internal features, processes and events considered for the Borehole Scenario are the same
as for the Normal Evolution Scenario (as described in Section 2.2 of the Normal Evolution
Scenario Analysis report, QUINTESSA 2011a) with the exception that the DGR-2 site
investigation borehole is taken to be poorly sealed. The borehole provides an enhanced
permeability connection between the geosphere in close proximity to the repository, the
overlying groundwater zones and the biosphere. DGR-2 has been selected as it is the closest
of the existing boreholes to the repository footprint. It extends from the surface to the
Precambrian and is located 100 m to the south east of Panel 2 (Figure 1.3).

The key features are summarized in Table 4.1.
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Site
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» Gas transfer (bulk and/or
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Figure 4.1: Schematic Representation of Poorly Sealed Borehole Scenario

Table 4.1: Summary of Key Features for the Poorly Sealed Borehole Scenario

Waste and Repository Features ' | Geosphere Features' Biosphere Features '
¢ \Waste packages e Poorly sealed borehole o Well Water
e Water (Panels 1 and 2 ¢ Deep Bedrock Groundwater | e Surface Water and
emplacement rooms, access Zone Sediment (stream and
tunnels, and shaft & service area) | ¢ Repository Highly Damaged | Wetland)
e Gas (Panels 1 and 2 Zone ¢ Lake Water and
emplacement rooms, access « Repository and Shaft Sediment
tunnels, and shaft & service Excavation Damaged e Soil
areas) Zones
e Engineered Structures (concrete | o |ntermediate Bedrock «Biota
monolith, shaft seals and shaft Groundwater Zone
kfill o Atmosphere
backill ¢ Shallow Bedrock P
Groundwater Zone

Note:
1. Features in Bold require specific modelling assumptions for this scenario that differ from the Normal
Evolution Scenario.

4.2.2 Description of the Conceptual Model

The conceptual model is largely the same as for the Normal Evolution Scenario (as described in
Section 2.3 of the Normal Evolution Scenario Analysis report, QUINTESSA 2011a) since the
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status of the FEPs is broadly the same. The only difference is that, due to the poor sealing of
the site investigation/monitoring borehole, there is an additional pathway for contaminants to
migrate from the repository - via the Deep Bedrock Groundwater Zone into the borehole. From
there it can potentially reach the surface following release into the Shallow Bedrock
Groundwater Zone.

Groundwater flow modelling (Section 6.5.2 of GEOFIRMA 2011) shows that the presence of the
borehole does not perturb the transport of contaminants in the vicinity of the repository to any
notable degree due to the very low permeability host rock around the DGR. Flow rates from the
repository horizontally towards the borehole are comparable to diffusion rates, and
contaminants transported by the borehole have diffused through the rock prior to intercepting
the conductive pathway. The conceptual model for contaminant transport, therefore, only
considers a diffusive flux of contaminants from repository to the borehole.

The key aspects of the conceptual model for releases from the repository are summarized in
Box 3.

Box 3:
Key Aspects of the Conceptual Model for the Poorly Sealed Borehole Scenario *

Waste and Repository:

¢ Instantaneous resaturation of the repository, which maximises the release of contaminants
into groundwater that may subsequently migrate via the borehole.

Geosphere and Shafts:

¢ Poorly sealed site investigation/monitoring borehole located 100 m from south east edge of
Panel 2. Borehole extends from surface down to Precambrian.

¢ Contaminants may migrate along the poorly sealed borehole by advection, and no sorption
is assumed to occur.

Biosphere:

e Model is the same as the Normal Evolution Scenario.

Note:
1. All other modelling assumptions are as described for the Normal Evolution Scenario (QUINTESSA 2011a)

4.2.3 FEP Audit

As noted in Section 4.2.2, the conceptual model for the Poorly Sealed Borehole Scenario is
broadly the same as the Normal Evolution Scenario (as described in the Normal Evolution
Scenario Analysis report, QUINTESSA 2011a) with only differences relating to presence of the
poorly sealed site investigation/monitoring borehole. For the purposes of the FEP assessment,
the borehole can be treated as part of the Engineered System and can be treated in a similar
manner to the shaft. Therefore, the only internal FEPs that differ are:

o FEP 2.1.05 (Shaft characteristics) — the borehole is poorly sealed when it is closed; and
e FEP 2.1.07 (Hydraulic/hydrogeological processes and conditions in shafts) — enhanced
water and gas flow from the time of closure due to poor sealing of borehole.

4.2.4 Key Conceptual Model Uncertainties

Since the Poorly Sealed Borehole Scenario and the Normal Evolution Scenario have essentially
the same conceptual models, the main conceptual model uncertainties are also the same.
These are discussed in Section 2.5 of the Normal Evolution Scenario Analysis report
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(QUINTESSA 2011a) and so are not replicated here. One of the motivations behind considering
the Poorly Sealed Borehole Scenario is specifically to examine the effects of uncertainties
relating to the performance of the site investigation/monitoring borehole seals. The scenario
investigates these uncertainties by considering an extreme (‘what if’) treatment of the
performance of the borehole sealing material.

4.3 Calculation Cases

Two calculation cases can be identified from the conceptual model developed in Section 4.2
that consider the release of radioactive and non-radioactive contaminants (Table 4.2).

Table 4.2: Calculation Cases for the Poorly Sealed Borehole Scenario

Case ID Brief Description Associated
Detailed
Modelling
Cases*
BH-BC-A | As for the Normal Evolution Scenario with immediate BH-BC-F3

resaturation after closure (NE-RS-A), but assuming the
presence of a poorly sealed site investigation/monitoring
borehole from surface down to Precambrian located 100 m
from the southeast edge of Panel 2 (i.e., DGR-2). Borehole
flow conditions are based on the detailed groundwater case
(BH-BC-F3) (see Section 4.4.3) assuming a hydraulic
conductivity of the borehole of 10* m/s and porosity of 0.25,
equivalent to graded sand fill. No sorption on borehole seal.

BH-NR-A | As for BH-BC-A, but with the inventory of non-radioactive BH-BC-F3
elements and chemical species emplaced in the repository.

Notes:

BH — Poorly Sealed Borehole Scenario; NE- Normal Evolution Scenario; RS — instant repository resaturation; NR —
non-radioactive contaminants; BC - Base Case; A — AMBER; F3 — FRAC3DVS

* Detailed modelling cases are described in Section 6.5 of the Groundwater Modelling report (GEOFIRMA 2011).

The instantaneous resaturation of the repository (see Chapter 3 of the Normal Evolution
Scenario Analysis report, QUINTESSA 2011a, for more details) is chosen conservatively to
maximise the release of contaminants into groundwater that may subsequently migrate via the
borehole. The only modification for the BH-BC-A and BH-NR-A cases is the introduction of the
poorly sealed borehole that provides an enhanced permeability connection between the level of
the repository and the overlying Shallow Bedrock Groundwater Zone.

4.4 Mathematical Models, Software Implementation and Data
441 Mathematical Models

The Poorly Sealed Borehole Scenario adopts the same general mathematical models as the
Normal Evolution Scenario. The models used are described in detail in Section 4.1 of the
Normal Evolution Scenario Analysis report (QUINTESSA 2011a). The exception is the
incorporation of a specific pathway to represent the more rapid transport of contaminants in the
borehole.
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44.2 Software Implementation

The scenario is implemented in AMBER Version 5.3 (QUINTESSA 2009a, b). The scenario can
be selected by defining model run settings with a scenario-dependent parameter, taking a value
of 1 when the scenario is to be considered, and 0 otherwise.

The release of contaminated water to the Shallow Bedrock Groundwater Zone via the borehole
is represented with a transfer derived from the results of FRAC3DVS code (see below) between
the compartments that represent the Deep Bedrock Groundwater and the Shallow Bedrock
Groundwater Zones. This transfer provides a “short-cut” for contaminant releases to the Shallow
Bedrock Groundwater Zone. The approach is similar to that adopted for the groundwater
release calculation case for the Human Intrusion Scenario (see Section 2.4). All other aspects
of the model are identical to the Normal Evolution Scenario (including dose calculations for the
site resident group).

A T2GGM model has not been developed for the Poorly Sealed Borehole Scenario. This is
because the scenario is primarily concerned with the transport of contaminants in groundwater.
The Severe Shaft Failure Scenario presented in Chapter 3 provides an indication of the
significance of gas transport through a permeable shaft pathway to the Shallow Bedrock
Groundwater Zone. The Poorly Sealed Borehole case will have much lower impacts because
there is no permeable connection between the repository gas and the borehole. Any gas would
be required to migrate through the low-permeability formations by diffusion before intercepting
the borehole.

4.4.3 Data

The borehole is located 100 m from the south eastern edge of Panel 2 (i.e., consistent with the
location of DGR-2 since it is the closest of the existing boreholes to the repository footprint).
The rate of transfer of contaminated water from the Deep to the Shallow Bedrock Groundwater
Zones via a borehole has been calculated by detailed groundwater analysis. The approach has
been to use the calculated volumetric flow rate through the borehole to the Salina F formation.
The FRAC3DVS results indicate a flow rate from the repository horizon via the borehole that
varies with time, between 11 and 15 m®a (see Figure 4.2 and discussion in Section 6.5 of the
Groundwater Modelling report, GEOFIRMA 2011). The detailed modelling shows that the flow
rate is reduced above the relatively conductive Guelph Formation, where horizontal flow may
occur; however, for the purposes of the assessment modelling, it is conservatively taken to be
maintained up to and enter the Shallow Bedrock Groundwater Zone.

This approach takes into account the poorly sealed nature of the borehole (the borehole is
assumed to have a hydraulic conductivity of 10™ m/s and a porosity of 0.25, i.e., graded sand
engineered fill).

All other data considered for the calculations, including the description of potential critical group,
are the same as the Reference Case for the Normal Evolution Scenario documented in the Data
report (QUINTESSA and GEOFIRMA 2011).
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Figure 4.2: Calculated Flow Rate through the Poorly Sealed Borehole, Assuming the
Repository is Resaturated at Closure

4.5 Results
451 Release of Contaminants via the Poorly Sealed Borehole

The poorly sealed borehole provides an additional pathway for contaminants from the rock in
the vicinity of the repository to be transported to the Shallow Bedrock Groundwater Zone.
Although the fluxes of water are relatively small (11 to 15 m*/a, via the borehole), they are not
insignificant in the context of the transport of contaminants through the DGR geosphere. Indeed,
the calculated fluxes via the borehole (shown in Figure 4.3) are substantially higher than the
fluxes that occur via the shaft and geosphere for the Normal Evolution Scenario’s Reference
Case (which peak at 3 x 10° Bg/a, Section 5.2.2 of QUINTESSA 2011a). The dominant
radionuclides are Ni-59 and Zr-93 (and Nb-93m).

The results illustrate that the enhanced permeability pathway could increase the release of
contaminants to the Shallow Bedrock Groundwater Zone. Although there is insufficient
permeability in the rocks to sustain advective flow between the DGR and the borehole, the
borehole, nevertheless, captures contaminants diffusing from the repository and provides a
short-cut to the overlying groundwater system.

While the calculated concentrations in biosphere media are increased by the presence of the
poorly sealed borehole, they remain extremely small, with concentrations in the well water for
the self-sufficient farmer living on the site peaking at 0.05 Bg/m? after 0.9 Ma. Calculated
concentrations in irrigated soil peak at a similar time (1 Ma) but are much lower. The calculated
concentrations are far below the relevant no effect concentrations for non-human biota by more
than six orders of magnitude (Table 4.3).

The calculated concentrations of non-radioactive contaminants in well water, soil and sediment
are also very low. The highest concentration in well water (Cu) is less than a thousandth of a
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Mg/L. Consequently the calculated values are far below the EQS for all non-radioactive
contaminants. The closest value is for Pb in well water, which is about one five thousandth of

the EQS value (Table 4.4).
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Figure 4.3: Calculated Radionuclide Transfer Flux to the Shallow Bedrock

Groundwater Zone via the Poorly Sealed Borehole

Table 4.3: Ratio of Calculated Peak Concentrations of Radionuclides in Biosphere Media
to No Effect Concentrations for the Poorly Sealed Borehole Scenario (BH-BC)

Radionuclide | Well Water Irrigated Sediment | Surface Water
Soil
C-14 <1E-10 <1E-10 <1E-10 <1E-10
CI-36 <1E-10 2.8E-09 <1E-10 <1E-10
Zr-93 <1E-10 <1E-10 <1E-10 2.6E-08
Nb-94 <1E-10 <1E-10 <1E-10 1.6E-08
Tc-99 <1E-10 <1E-10 <1E-10 <1E-10
1-129 <1E-10 <1E-10 <1E-10 <1E-10
Ra-226 <1E-10 <1E-10 <1E-10 3.2E-09
Np-237 <1E-10 <1E-10 <1E-10 <1E-10
U-238 <1E-10 <1E-10 <1E-10 <1E-10
Pb-210 <1E-10 <1E-10 <1E-10 <1E-10
Po-210 <1E-10 <1E-10 <1E-10 2.7E-10

Notes: No effect concentrations for non-human biota are given in Table 7.11 of the Data report

(QUINTESSA and GEOFIRMA 2011).
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Table 4.4: Ratio of Calculated Peak Concentration of Non-radioactive Contaminants in
Biosphere Media to Environmental Quality Standards for the Poorly Sealed Borehole
Scenario (BH-BC)

Contaminant Well Water Irrigated Soil | Sediment | Surface Water
Ag 6.8E-09 <1E-10 <1E-10 <1E-10
As 9.4E-09 <1E-10 <1E-10 <1E-10
B 5.1E-10 <1E-10 - <1E-10
Ba 4.8E-09 <1E-10 - -

Be 7.9E-08 <1E-10 - <1E-10
Br - - - <1E-10
Cd 6.9E-06 <1E-10 1.9E-09 3.3E-07
Co 4.7E-08 <1E-10 <1E-10 3.3E-10
Cr 7.8E-05 <1E-10 8.3E-09 1.4E-06
Cu 1.9E-04 <1E-10 2.6E-07 1.6E-06
Gd - - - 3.2E-10
Hf - - - <1E-10
Hg 2.1E-07 <1E-10 <1E-10 8.7E-09
I - - - <1E-10
Li - - - <1E-10
Mn - - - 3.7E-09
Mo 3.7E-06 1.8E-10 - 3.5E-09
Nb - - - <1E-10
Ni 6.2E-05 <1E-10 1.3E-07 5.7E-08
Pb 2.3E-04 <1E-10 1.8E-06 7.2E-07
Sb 6.5E-07 <1E-10 - <1E-10
Sc - - - <1E-10
Se 2.6E-09 <1E-10 - <1E-10
Sn - - - <1E-10
Sr - - - <1E-10
Te - - - <1E-10
T 3.0E-10 <1E-10 - <1E-10
U <1E-10 <1E-10 - <1E-10
Y, <1E-10 <1E-10 - <1E-10
W - - - <1E-10
Zn 2.7E-07 <1E-10 3.9E-09 3.6E-09
Zr - - - 4 9E-08
Chlorobenzene/ 8.4E-08 <1E-10 3.5E-10 2.1E-10
Chlorophenol

Dioxins/Furans 1.9E-06 <1E-10 - <1E-10
PAH 1.0E-08 <1E-10 <1E-10 2.2E-09
PCB 2.1E-10 <1E-10 <1E-10 <1E-10

Note: Environmental quality standards are given in Table 7.12 of the Data report (QUINTESSA
and GEOFIRMA 2011). *- indicates no environmental quality standard identified.
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4.5.2 Calculated Radiation Doses

The calculated radiation doses for the Poorly Sealed Borehole scenario are greater than those
calculated for the equivalent Normal Evolution Scenario case, as the radionuclide flux through
the borehole is greater than the transport through the geosphere and shaft in the Normal
Evolution Scenario Reference Case. However, the calculated doses are still extremely small,
and are well below the 1 mSv/a dose criterion. Figure 4.4 shows that the calculated peak dose
is 4 x 10® mSv/a at 0.9 Ma.® The dominant radionuclide is Zr-93 and the dominant pathway is
ingestion of well water.

Dose from Natural Background Radiation

1.E+01 E
1.E+00 ' Dose Criterion
1.E-01
1.E-02 ’
1.E-03 *
1.E-04 ’
1605 |
1.E-06 *
1607 |

F Adult
1E-08 | chid . .

Calculated Effective Dose (mSv/a)

1.E-09 ; Infant ',-". A N ’

1.E-10 i 1 L £ 1 I 1 L 1 L 1 ! .
100 1,000 10,000 100,000 1,000,000 10,000,000

Time (a) 07-Dec-10

Figure 4.4: Calculated Effective Doses to the Site Resident Group for the Poorly Sealed
Borehole Scenario

4.5.3 Likelihood

The Poorly Sealed Borehole scenario is deliberately speculative. It assumes the failure of future
society to properly seal a borehole close to the DGR, which would be very unlikely. The
scenario also illustrates the consequences of very poor performance of the borehole seals as a
result of unexpected physical, chemical and/or biological processes. These could include, for
example, a change in geochemical conditions. Such processes are unlikely due to the stability
of the deep geosphere at the DGR site (Section 2.3 of the System and Its Evolution report,
QUINTESSA 2011b). However, due to the relatively small size of the boreholes, some

® This is based on the calculated well capture rate for a self-sufficient farm well at 80 m depth in the Shallow Bedrock
Groundwater Zone (Section 5.2.2.2 of GEOFIRMA 2011). However, even if 100% of the contaminant flux through
the borehole were to be captured by a small single-family domestic well of about 520 m*/a (i.e., no dilution in the
Shallow Bedrock Groundwater Zone), the peak drinking water dose would be about 3x10° mSv/a.
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degradation of these seals is plausible and, therefore, a high permeability value similar to
graded sand fill has been considered as a conservative limit for this scenario.

The results show that the presence of a poorly sealed borehole does not affect the overall
safety performance of the system. This is because the very low permeability of the host rocks
limits the influence of the borehole. Specifically, in order to reach the borehole, contaminants
must diffuse 100 m through rock. The impact of the borehole is further limited by its small
diameter.
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5. VERTICAL FAULT SCENARIO
5.1 Scenario Overview

There is strong geological, hydrogeological, and geochemical evidence that transmissive
vertical faults/fracture zones do not exist within the footprint or vicinity of the DGR (Section 2.3
of the System and Its Evolution report, QUINTESSA 2011b). This evidence has been gathered
through a deep drilling/coring program, a 2-D seismic reflection survey, petrophysics, in-situ
borehole testing and micro-seismic monitoring.

Despite this evidence, a “what if” scenario is considered to investigate the safety implications of
a hypothetical transmissive vertical fault, either undetected or representing the displacement of
an existing structural discontinuity. Regionally, any such discontinuities are often associated
with hydrothermal dolomitized carbonate and are found to originate in the Precambrian or
Cambrian and extend up to the Ordovician shales where they terminate (Armstrong and Carter
2010). The hypothetical fault is assumed to be in close proximity to the DGR and is assume to
extend beyond the Ordovician shales and into the permeable Guelph Formation. The scenario
is termed the Vertical Fault Scenario.

The evolution of the system is the same as the Normal Evolution Scenario, except that a
hypothetical transmissive vertical fault connects the Precambrian into the Guelph Formation in
the Intermediate Bedrock Groundwater Zone. Such a fault could provide an enhanced
permeability pathway that bypasses the Deep Bedrock Groundwater Zone, one of the natural
barriers to contaminant migration from the DGR. Groundwater flow in the Guelph is assumed to
be horizontal and to discharge to the lake. Consideration is given to exposure of a critical group
that obtains its water and fish from the lake near shore (the site shore group), as well as the site
resident group which has the same characteristics as those considered in the Normal Evolution
Scenario.

The scenario is illustrated in Figure 5.1.

5.2 Conceptual Model
5.21 Key Features, Processes and Events

The internal features, processes and events considered for the Vertical Fault Scenario are the
same as for the Normal Evolution Scenario (as described in Section 2.2 of the Normal Evolution
Scenario Analysis report, QUINTESSA 2011a) with the exception that a hypothetical
transmissive fault connects the Precambrian to the permeable Guelph Formation in close
proximity to the DGR. The key features are summarized in Table 5.1.
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Figure 5.1: Schematic Representation of Vertical Fault Scenario

Table 5.1: Summary of Key Features for the Vertical Fault Scenario

Waste and Repository Features'

Geosphere Features'

Biosphere Features'

o Waste packages

e Water (Panels 1 and 2
emplacement rooms, access
tunnels, and shaft & service area)

¢ Gas (Panels 1 and 2 emplacement
rooms, access tunnels, and shaft &
service areas)

¢ Engineered Structures (concrete
monolith, shaft seals and shaft
backfill)

¢ Deep Bedrock Groundwater
Zone

¢ Repository Highly Damaged
Zone

¢ Repository and Shaft

Excavation Damaged
Zones

e Intermediate Bedrock
Groundwater Zone

e Shallow Bedrock
Groundwater Zone

e Vertical Fault

o \Well Water

e Surface Water and
Sediment (stream and
wetland)

e Lake Water and
Sediment

e Soil
¢ Biota
¢ Atmosphere

Note:

1. Features in Bold require specific modelling assumptions for this scenario that differ from the Normal Evolution

Scenario.
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5.2.2 Description of the Conceptual Model

The conceptual model is largely the same as for the Normal Evolution Scenario (as described in
Section 2.3 of the Normal Evolution Scenario Analysis report, QUINTESSA 2011a). The only
difference is that it is conservatively assumed that there is a transmissive vertical fault
connecting the Precambrian and Guelph Formation and there is horizontal groundwater flow in
the Cambrian, the Guelph and Salina A1 upper carbonate formations. The fault provides an
additional pathway for contaminants to migrate vertically from the repository horizon into the
overlying Guelph Formation. In this case, since losses to the Guelph Formation may be
important, the formation is conservatively assumed to connect to the near-shore lake bottom.

The fault is taken to be 500 m to the northwest of the repository - i.e., beyond the area
considered in the site investigation program (Figure 1.3). A vertical fault is also considered at
100 m southeast from the repository, i.e., within the site investigation program footprint (Figure
1.3). This is a variant case.

The key aspects of the conceptual model for releases from the repository are summarized in
Box 4. In the conceptual model, the overpressurized Cambrian is assumed to be unaffected,
despite being connected by a permeable path to the lower head and permeable Guelph
Formation.

5.2.3 FEP Audit

The conceptual model for the Vertical Fault Scenario is broadly the same as the Normal
Evolution Scenario (Section 2.3 of the Normal Evolution Scenario Analysis report, QUINTESSA
2011a) with only the difference relating to the presence of a hypothetical transmissive fault.
Thus, only two internal FEPs differ, both of which relate to the hypothetical fault:

o FEP 2.2.04.01 (Large-scale discontinuities (in geosphere): faults and shear zones) — a
transmissive vertical fault is present in close proximity to the DGR; and

o FEP 2.2.12 (Undetected features in geosphere) — a transmissive vertical fault is present in
close proximity to the DGR that is not detected during site characterization.

5.2.4 Key Conceptual Model Uncertainties

There are various uncertainties associated with the Vertical Fault Scenario, additional to those
associated with the Normal Evolution Scenario (discussed in Section 2.5 of the Normal
Evolution Scenario Analysis report, QUINTESSA 2011a). These relate to the position of the
hypothetical fault with respect to the DGR footprint. To evaluate the robustness of the DGR, a
transmissive vertical fault was considered at different distances (100 m and 500 m) from the
repository (Figure 1.3). A currently undetected fault that intercepts the repository location would,
in fact, be detected during excavation of the repository. Formation of new fractures through the
repository is not plausible — fault movement is much more likely to occur along existing faults,
and geomechanical modelling of the repository under seismic and glacial loading did not identify
any such fracturing (Section 6.4.4 of NWMO 2011).
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Box 4:
Key Aspects of the Conceptual Model for the Vertical Fault Scenario’

Waste and Repository:

¢ Repository is assumed to be completely saturated from closure onwards. This is chosen
conservatively to maximise the release of contaminants into groundwater that may
subsequently migrate via the fault.

Geosphere and Shafts:

o Hypothetical vertical fault connects the Precambrian to Guelph Formation.

o The overpressure in the Cambrian sandstone drives groundwater flow through the
transmissive fault vertically upwards.
No sorption of contaminants in the fault.

e Horizontal flow in Guelph leading into lake near shore.

Biosphere:

¢ Model is the same as the Normal Evolution Scenario but, as well as considering a self-
sufficient family farm located on the repository site and using groundwater from a well, also
considers a group located in the shore region that receives the contaminated groundwater
from the Guelph Formation and Shallow Bedrock Groundwater Zone.

Note:
1. All other modelling assumptions are as described for the Normal Evolution Scenario (QUINTESSA 2011a).
5.3 Calculation Cases

Three calculation cases can be identified from consideration of the conceptual model developed
in Section 5.2 that considers the release of contaminants in groundwater (Table 5.2).

Given the commonality of many aspects of the conceptual model with the model developed for
the Normal Evolution Scenario, the calculation case has been derived with reference to the
instant resaturation case for the Normal Evolution Scenario (see Chapter 3 of the Normal
Evolution Scenario Analysis report, QUINTESSA 2011a, for more details). The only
modifications are the presence of a hypothetical transmissive fault connecting the Precambrian
to the Guelph (thereby providing an enhanced permeability connection between the level of the
repository and the overlying Intermediate Bedrock Groundwater Zone), the horizontal
groundwater flow in the Cambrian, Guelph and Salina A1 upper carbonate formations, and the
discharge of the Guelph and Salina A1 upper carbonate formations to the near-shore lake
bottom. Two locations for the hypothetical fault are considered (500 m to the northwest of the
DGR and 100 m to the southeast of the DGR) to investigate the sensitivity of results to the
location of the fault (Figure 1.3). The former is orientated such that it preferentially captures
contaminants from Panel 1 (in which more radioactivity is present) whereas the latter is closer to
the repository, but oriented towards Panel 2.
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Table 5.2: Calculation Cases for the Vertical Fault Scenario

Case ID Brief Description Associated
Detailed
Modelling
Cases*

VF-BC-A As for the Normal Evolution Scenario case with instant VF-BC-F3

resaturation (NE-RS-A) but with a hypothetical transmissive
fault 500 m northwest of the repository from the Precambrian
to the Guelph Formation. Characteristics of fault and
associated flow conditions to be the same as used for
detailed groundwater case VF-BC-F3, notably a hydraulic
conductivity of 10® m/s with horizontal groundwater flow in
the Cambrian, the Guelph and Salina A1 upper carbonate
formations. Flow in Guelph and Salina A1 upper carbonate
formations to the near-shore lake bottom.

VF-NR-A | As for VF-BC-A, but with the inventory of non-radioactive VF-BC-F3
elements and chemical species emplaced in the repository.

VF-AL-A As for the VF-BC-A case but with hypothetical transmissive VF-AL-F3
fault 100 m southeast of the repository.

Notes:

VF — Vertical Fault Scenario; NE- Normal Evolution Scenario; RS — instant repository resaturation variant; NR — non-
radioactive contaminants; BC - Base Case; AL — alternative location; A — AMBER model; F3 — FRAC3DVS model.

* Detailed modelling cases are described in Sections 6.6 and 6.7 of the Groundwater Modelling report (GEOFIRMA
2011).

54 Mathematical Models, Software Implementation and Data
5.41 Mathematical Models

The Vertical Fault Scenario adopts the same basic mathematical model as used for the Normal
Evolution Scenario due to the commonality of the associated conceptual models. The models
used are described in detail in Section 4.1 of the Normal Evolution Scenario Analysis report
(QUINTESSA 2011a). The exception is the incorporation of a specific pathway to represent the
more rapid transport of contaminants in the fault zone formations to the near-shore lake bottom.

Detailed groundwater flow modelling shows that the fault only has an influence on contaminant
transport below the Formation. The flows calculated by detailed groundwater modelling (see
Sections 6.6 and 6.7 of GEOFIRMA 2011) have been used directly in the AMBER model to
determine contaminant transport through the fault.

5.4.2 Software Implementation

The scenario is implemented in AMBER Version 5.3 (QUINTESSA 2009a, b). The modified
Normal Evolution Scenario model requires the fault zone to be explicitly represented with model
compartments. The compartments are discretized in the vertical direction in the same manner
as the other geosphere units; however, each represents a sub-vertical planar feature, within the
width of the fault zone, with enhanced permeability. Advective and diffusive transfers are then
assigned to represent the near-vertical transport along the fault, with the rate being determined
using the groundwater flows calculated by detailed groundwater modelling.
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The calculation case for the scenario is selected with an appropriate scenario-dependent
parameter. This parameter is used to activate the transfer used to represent the fault. A similar
approach is used to distinguish between the reference and alternative location of the fault
(calculation cases VF-BC-A and VF-AL-A). The detailed modelling is described in Chapter 4 of
the Groundwater Modelling report (GEOFIRMA 2011).

A T2GGM model has not been developed for the Vertical Fault Scenario, because the distance
of the fault from the repository is such that gas will not migrate in any significant quantities to its
zone of influence. It is expected that the impacts would be much less than those associated with
the Severe Shaft Failure Scenario presented in Chapter 3 due to the additional lateral travel
distance and the small fault width.

54.3 Data

The Vertical Fault Scenario adopts the same parameter values as for the Normal Evolution
Scenario (summarized in Table 2.3) with the exception that a hypothetical vertical fault is
considered. The fault is taken to be either 500 m to the northwest of the repository (i.e., beyond
the area considered in the site investigation program) or 100 m southeast of the repository (a
case to investigate the sensitivity of results to the location of the fault). Consistent with the
detailed groundwater modelling (which does not represent the Precambrian), the fault is taken
to extend from the Shadow Lake to the Goat Island Formations, thereby connecting the
Cambrian and Guelph Formation. The fault zone is 1 m wide, with a hydraulic conductivity of

1 x 10® m/s and porosity of 0.1 (Section 4.4.3 of the Groundwater Modelling report, GEOFIRMA
2011).

The fault’s other flow and transport characteristics are the same as the surrounding rock. The
advective velocities that are used in the AMBER model are derived from the results of
groundwater modelling (Sections 6.6 and 6.7 of GEOFIRMA 2011). For both fault locations, the
calculated groundwater flow in the fault is approximately 20 m®a for a 500 m lateral section of
fault (Sections 6.6.1 and 6.7.1 of GEOFIRMA 2011). The flow path in the Guelph from the fault
to the discharge point in the lake is taken to be about 1 km.

5.5 Results
5.5.1 Release of Contaminants via the Fault

The primary difference from the Normal Evolution Scenario (instant resaturation case) is the
presence of an additional pathway between the repository horizon and the more permeable
formations in the Intermediate Bedrock Groundwater Zone such as the Guelph. This pathway is
more permeable than the surrounding geosphere, enabling contaminants to migrate via it. A
measure of the comparative significance of this pathway is given in Figure 5.2. This shows that
if the fault is located closer to the DGR (VF-AL assesses a vault located 100 m from the
repository), the flux is increased at times less than 100 ka, by about an order of magnitude
compared with a fault at 500 m distance. This is due to geometrical factors, as a fault located
closer to the DGR will intercept diffusing contaminants earlier and at higher concentrations than
one further away. Beyond 100 ka, however, the difference in flux decreases with the result that
the peak flux of 3 x 10° Bqg/a is the same for both cases and occurs at about 1.8 Ma.
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Figure 5.2: Calculated Fluxes of Contaminants in Groundwater from the Fault to the
Guelph for a Vertical Fault Located 500 m (VF-BC) and 100 m (VF-AL) from the DGR

These contaminants are present with the highest concentrations in the shore region of the lake
close to the site, which receives contaminated groundwater from the Guelph Formation. The
peak calculated concentrations in the both cases are very small, at 3 x 10 Bg/m® after 1 Ma
(dominated by Zr-93 and its daughter Nb-93m).

The relatively low contaminant fluxes to the Guelph, together with dispersion within the lake
mean that calculated concentrations are much smaller than the no effect concentrations for non-
human biota (Table 5.3). The concentrations of non-radioactive contaminants in well water,
surface water, soil and sediment are all far below the EQS values for the VF-NR case. The
nearest to a limit is Cu, which remains almost five orders of magnitude below the EQS value for
surface water (Table 5.4).
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Table 5.3: Ratio of Calculated Peak Concentrations of Radionuclides in Biosphere Media
to No Effect Concentrations for the Vertical Fault Scenario Base Case (VF-BC)

Radionuclide | Well Water Irrigated Sediment | Surface Water
Soil
C-14 <1E-10 <1E-10 <1E-10 <1E-10
CI-36 <1E-10 <1E-10 <1E-10 <1E-10
Zr-93 <1E-10 <1E-10 2.1E-10 1.0E-07
Nb-94 <1E-10 <1E-10 <1E-10 3.0E-10
Tc-99 <1E-10 <1E-10 <1E-10 <1E-10
1-129 <1E-10 <1E-10 <1E-10 <1E-10
Ra-226 <1E-10 <1E-10 <1E-10 5.7E-10
Np-237 <1E-10 <1E-10 <1E-10 <1E-10
U-238 <1E-10 <1E-10 <1E-10 <1E-10
Pb-210 <1E-10 <1E-10 <1E-10 <1E-10
Po-210 <1E-10 <1E-10 <1E-10 <1E-10

Notes: No effect concentrations for non-human biota are given in Table 7.11 of the Data report
(QUINTESSA and GEOFIRMA 2011).



Postclosure SA: Disruptive Scenarios -71- March 2011

Table 5.4: Ratio of Calculated Peak Concentration of Non-radioactive Contaminants in
Biosphere Media to Environmental Quality Standards for the Vertical Fault Scenario Base
Case (VF-NR)

Contaminant Well Water Irrigated Soil Sediment Surface Water
Ag <1E-10 <1E-10 <1E-10 2.6E-10
As <1E-10 <1E-10 <1E-10 3.1E-10
B <1E-10 <1E-10 - <1E-10
Ba <1E-10 <1E-10 - -
Be <1E-10 <1E-10 - <1E-10
Br - - - <1E-10
Cd 4.8E-09 <1E-10 5.1E-08 2.4E-06
Co <1E-10 <1E-10 <1E-10 2.6E-09
Cr 6.1E-08 <1E-10 2.9E-07 1.1E-05
Cu 1.5E-07 <1E-10 4.3E-06 1.3E-05
Gd - - - 2.8E-09
Hf - - - 2.3E-10
Hg 1.5E-10 <1E-10 2.0E-10 6.3E-08
I - - - <1E-10
Li - - - <1E-10
Mn - - - 3.2E-08
Mo 3.0E-09 <1E-10 - 2.9E-08
Nb - - - <1E-10
Ni 4.9E-08 <1E-10 2.9E-06 4.6E-07
Pb <1E-10 <1E-10 3.0E-07 3.4E-06
Sb 4.6E-10 <1E-10 - 5.9E-10
Sc - - - <1E-10
Se <1E-10 <1E-10 - 1.6E-10
Sn - - - 1.2E-10
Sr - - - <1E-10
Te - - - <1E-10
T <1E-10 <1E-10 - <1E-10
U <1E-10 <1E-10 - <1E-10
V <1E-10 <1E-10 - <1E-10
w - - - <1E-10
Zn 2.0E-10 <1E-10 9.0E-09 2.7E-08
Zr - - - 3.0E-07
Chlorobenzene/

Chlorophenol <1E-10 <1E-10 5.0E-09 1.5E-09
Dioxins/Furans 1.3E-09 <1E-10 - <1E-10
PAH <1E-10 <1E-10 5.7E-10 1.6E-08
PCB <1E-10 <1E-10 <1E-10 5.0E-10

Note: Environmental quality standards are given in Table 7.12 of the Data report (QUINTESSA and
GEOFIRMA 2011). *- indicates no environmental quality standard identified.
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5.5.2 Calculated Radiation Doses

The calculated radiation doses for the Vertical Fault Scenario Base Case are very small. The
peak calculated dose to the maximally exposed group (the site shore group) is 5 x 107"° mSv/a
(an order of magnitude higher than the dose to the site resident group). This value is very far
below the relevant dose criterion of 1 mSv/a. The dominant pathway is ingestion of water, and
the key radionuclides are Zr-93 (via the ingestion of water) and its daughter Nb-93m (via the
ingestion of fish).®

Diffusion of contaminants over the entire repository footprint down to the Cambrian dominates
over diffusion from the side of the DGR as a transport pathway to the fault. Therefore, the
closer proximity of the fault to the DGR for the variant fault location case (VF-AL) has relatively
little impact on the calculated contaminant fluxes via the fault and the peak calculated dose to
the maximally exposed group (the site shore group) is the same, at 5 x 10™'° mSv/a.

5.5.3 Likelihood

There is strong geological, hydrogeological, and geochemical evidence indicating that there is
no transmissive fault within the footprint or in close proximity to the DGR that could provide an
enhanced permeability pathway from the repository horizon to an overlying aquifer (Section 2.3
of the System and Its Evolution report, QUINTESSA 2011b) (Sections 2.3.9 and 7.2 of NWMO
2011). Geomechanical modelling has also not indicated any tendency to formation of such
fractures, under likely gas pressure, seismic, or glacial loading (Section 6.4 of NWMO 2011).

The results demonstrate that even if such a situation were to occur, the consequence would be
very low. The consequences are limited by the slow diffusion of contaminants downward to the
Cambrian, or horizontally from the repository to the fault.

® The peak concentration in the water entering the Guelph Formation from the fault is about 500 Bg/L. Consumption
of water at this concentration would result in a dose of around 0.3 mSv/a if it were assumed that water was
pumped directly from the Guelph without any treatment. Note also that the total dissolved solids content of Guelph
water is around 375 g/L, a factor of 13 times higher than seawater, so the water is not drinkable without significant
dilution or treatment.
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6. UNCERTAINTIES

All Disruptive Scenarios are influenced by uncertainties in the undisturbed performance of the
system, described in Chapter 6 of the Normal Evolution Scenario Analysis report (QUINTESSA
2011a).

An additional significant source of uncertainty is the probability that the Disruptive Scenarios
occur. Disruptive Scenarios related to human actions, such as Human Intrusion Scenario, are
distinct because their probability of occurrence and nature cannot be reliably determined since
this is intrinsically linked to the character of human society and technology. It is possible to
make estimates based on current behaviour and technology, and these are used to identify
illustrative scenarios to test the robustness of the DGR concept.

The likelihood of inadvertent intrusion is expected to increase with time, in part due to the
assumed eventual loss of institutional control or society memory about the site. However, the
consequences of intrusion also decrease with time.

Unlike human events, the probability of occurrence, and nature of, natural disruptive events
themselves can, to some degree, be gauged by careful examination of site and historical
evidence. For example, the DGR is located at the edge of the Stable Cratonic Core Region of
Canada, the most stable part of the continent. The region’s seismic stability is generally
manifested by a lack of detectable structural features and low seismicity. This is supported by
historic monitoring of seismicity through the national network and the recent micro-seismicity
monitoring array installed in 2007 (Sections 2.2.6.5 and 6.2.2.1 of NWMO 2011). Furthermore,
modelling study investigations of the impact of earthquakes and ice-sheets loading and
unloading (e.g., Section 6.4 of NWMO 2011) indicate that the integrity and barrier capacity of
the host rock remains intact and that long-term safety is not compromised. This evidence has
been used to inform the assessment. Uncertainties in the nature and consequences of large
earthquakes have been approached by (1) assuming there is rockfall within the repository to a
stable equilibrium point; and (2) by bounding the consequences through the Severe Shaft Seal
Failure and Vertical Fault Scenarios.

Finally, in all the scenarios, the uncertainties associated with the potential exposure of humans
are managed through the adoption of conservative assumptions. In particular, they are located
at the most sensitive location (e.g., on land above the repository), and follow lifestyles that
maximise their exposure to any contaminant releases.
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7. SUMMARY AND CONCLUSIONS

The Normal Evolution Scenario analysis considers the likely evolution of the repository and site
over a 1 million year time frame, with illustrative calculations beyond this to 10 million years
(QUINTESSA 2011a). The present report considers Disruptive Scenarios — in particular, events
or processes that would potentially bypass the significant geological and engineered barriers
that provide long-term isolation and containment of the wastes.

The analysis of Human Intrusion and other Disruptive Scenarios has considered the following
scenarios:

¢ unintentional intrusion into the repository as a result of an exploration borehole (the Human
Intrusion Scenario);

¢ the unexpected poor performance of the shaft seals (the Severe Shaft Seal Failure
Scenario);

e poor sealing of a site investigation/monitoring borehole near the repository (the Poorly
Sealed Borehole Scenario); and

¢ a hypothetical transmissive vertical fault in close proximity to the DGR footprint (the Vertical
Fault Scenario).

Any one of the events that could initiate these scenarios is very unlikely to occur in any given
year. The likelihood of the modelled conditions occurring is even lower as the scenarios make
additional conservative assumptions, for example, relating to assumed material properties,
human practices and exposure mechanisms.

The calculated doses to the maximally exposed group for the Disruptive Scenario’s Base Case
calculations are summarized in Figure 7.1 and discussed below.
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Figure 7.1: Calculated Doses to the Maximally Exposed Groups for the Disruptive
Scenario Base Case Calculations
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The Human Intrusion Scenario could in principle result in contaminated gas and/or waste (in drill
core) being released to the surface. There is insufficient saturation in the repository for a water
release at time of intrusion. Assessment calculations have considered the potential exposure of
the drill crew and other critical groups to these materials. The assessment does not take
account of good practice and many standard operating procedures that would reduce the
likelihood of consequences; for example, the drill crew are assumed to leave drill core debris on
the site. The calculated peak dose of about 1 mSv occurs about 300 a after closure of the DGR
and is to a future resident who uses the contaminated drill site for farming after the borehole has
been abandoned. The doses to other potential critical groups are below the dose criterion for
disruptive events of 1 mSv/a for the base case calculations considering a surface release of
contaminants. By around 5 ka, the dose to the future site resident is below the dose criterion,
and by 70 ka the doses for all critical groups are more than an order of magnitude below the
criterion.

The Severe Shaft Seal Failure Scenario indicates that significant degradation of the shaft seals
and EDZ causes the peak calculated dose to a site resident group (living over the repository) to
reach about 1 mSv/a after about 23 ka. The calculated doses are dominated by C-14, which
reaches the Shallow Bedrock Groundwater Zone in the gas phase with a breakthrough of bulk
gas from the DGR at around 20 ka. The C-14 then reaches the biosphere directly in gaseous
form, and by dissolving in groundwater and being abstracted via a well. The dominant exposure
pathways are inhalation of gas and ingestion of plants that have taken up C-14, each of which
contributes about 40% of the calculated peak dose. The calculated dose rapidly falls from the
peak at 23 ka, so that by 30 ka, it is an order of magnitude below the criterion and by 100 ka it is
more than four orders of magnitude below (Figure 7.1).

The Poorly Sealed Borehole Scenario considers a site investigation/monitoring borehole 100 m
from the site that is poorly sealed and provides an enhanced permeability pathway up through
the geosphere. The calculations show that it has some influence on the performance of the
system, compared with the Normal Evolution Scenario’s Reference Case. However, the
calculated doses are less than 107 mSv/a, many orders of magnitude below the criterion (Figure
7.1).

There is strong geological, hydrogeological, and geochemical evidence that transmissive
vertical faults/fracture zones, which could provide an enhanced permeability pathway from the
repository horizon to an overlying aquifer, do not exist within the footprint or vicinity of the DGR.
Nevertheless, a “what if’ scenario has been considered to investigate the safety implications of
a hypothetical transmissive vertical fault, either undetected or representing the displacement of
an existing structural discontinuity that propagates from the Precambrian into the Intermediate
Bedrock Groundwater Zone in close proximity to the DGR. The assessment calculations show
the calculated doses to the most exposed group are less than 10° mSv/a, far below the dose
criterion (Figure 7.1).

Taken as a whole, the assessment of disruptive events has shown that, even with
conservatively defined critical groups, the impacts of the unlikely events that have been
assessed would not exceed the dose criterion for disruptive events of 1 mSv/a. Itis only if
extreme assumptions are taken that calculated doses could exceed about 10 mSv/a. For
example, if the human intrusion borehole is continued to the Cambrian and then poorly sealed,
or if the entire shaft seals degrading to a graded fine sand/silt type of fill and people were living
on top of the shafts. Even in these cases, these peak doses are to people living directly on the
site - consequences to those living off the site would be much smaller, and consequences
decrease significantly after about 30 ka due to C-14 decay.
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The primary risk in the Disruptive Scenarios is from the release of bulk gas from the repository
containing C-14. The potential impacts, therefore, decrease to well below the dose criterion
after about 60 ka due to C-14 decay. Since glaciation at the DGR site is not likely to occur prior
to then, there is little risk that glaciation will cause larger impacts for the Disruptive Scenarios.

As all the scenarios represent unusual events, the results can also be expressed as risks
(where risk is the product of probability and consequences, using an appropriate factor to
convert dose to health risk). Scenarios with dose consequences in the range of 1 mSv would
meet the reference health risk value of 10”°/a if the probability of occurrence were less than
about 1 per 10 years. Although the likelihood cannot be reliably estimated for the various
Disruptive Scenarios, their probability should be considerably lower than this value. For
example, based on current practice and the size of the repository, the likelihood of an
exploratory borehole inadvertently intercepting the repository can be estimated as around 10/a.
Overall, the likelihood of the Disruptive Scenarios is low enough that they all fall below the
reference health risk value.

Calculations have also been undertaken to assess the impact of radionuclides on non-human
biota and the impact of non-radioactive elements and chemical species in the waste on humans
and other biota for the Disruptive Scenario base cases. The results indicate that potential
impacts are low. All non-radioactive contaminants and most radionuclides are below their
screening concentration criteria. There could be some local exceedance of screening criteria
for the Human Intrusion Scenario and the Severe Shaft Seal Failure Scenario. In particular, the
concentration of C-14 and Nb-94 would locally exceed soil criteria by a factor of 20 if drilling
debris from the repository were to be dumped on the surface at the site in the Human Intrusion
Scenario. In addition, C-14 would locally exceed the surface water screening criteria by a factor
of 1.4 in the Severe Shaft Seal Failure Scenario. Since these higher concentrations are local,
the screening criteria are conservative, and the scenarios are very unlikely, the risk to non-
human biota from these scenarios is low.

In summary, the isolation afforded by the location and design of the DGR limits the likelihood of
disruptive events potentially able to bypass the natural barriers to a small number of situations
with very low probability. Even if these events were to occur, the analysis shows that the
contaminants in the waste would continue to be contained effectively by the DGR such that
dose criteria are met in almost all circumstances, even with conservative assessment modelling
assumptions. Risk criteria would be met in all cases when account is taken of the probability of
occurrence.

The assessment has adopted scientifically informed, physically realistic assumptions for
processes and data that are understood and can be justified on the basis of the results of
research and/or site investigation. Where there are high levels of uncertainty associated with
processes and data, conservative assumptions have been adopted to allow the impacts of
uncertainties to be bounded, consistent with the recommendations of G-320 (CNSC 2006).
Thus, the results presented in this report should be seen as being generally conservative and
liable to overestimate potential impacts.
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9.

BH
BH-BC
BH-NR
CNSC
CSA
DBGZ
DGR
EDZ
EIS
ENEV
EQS
ERA
F3
FEP
HDZ

HI
HI-BC
HI-GR2

HI-NR
IAEA
IBGZ
ICRP
ILW
L&ILW
LHHPC
LLW
NECs
NE-RC
OPG
PSR
SA
SBGZ
SF
SF-BC
SF-ED

ABBREVIATIONS AND ACRONYMS

AMBER model

Poorly Sealed Borehole Disruptive Scenario
Poorly Sealed Borehole Base Case

Poorly Sealed Borehole Non-Radioactive Contaminants Case
Canadian Nuclear Safety Commission
Canadian Standards Association

Deep Bedrock Groundwater Zone

Deep Geologic Repository

Excavation Damaged Zone

Environmental Impact Statement

Estimated No Effect Values

Environmental Quality Standards

Ecological Risk Assessment

FRAC3DVS model

Features, Events and Processes

Highly Damaged Zone

Human Intrusion Disruptive Scenario
Human Intrusion Scenario Base Case

Exploration Borehole Intersecting the Repository and the
Cambrian Case

Human Intrusion Scenario Non-Radioactive Contaminants Case
International Atomic Energy Agency

Intermediate Bedrock Groundwater Zone
International Commission on Radiological Protection
Intermediate Level Waste

Low and Intermediate Level Waste

Low-Heat, High-Performance Cement

Low Level Waste

No Effect Concentrations

Normal Evolution Scenario Reference Case

Ontario Power Generation

Preliminary Safety Report

Safety Assessment

Shallow Bedrock Groundwater Zone

Shaft Failure Disruptive Scenario

Shaft Failure Scenario Base Case

Severe Shaft Seal Failure — Extra Degradation Case
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SF-NR

VEC
VF
VF-AL
VF-BC
VF-NR
WWMF

Shaft Failure Scenario Non-Radioactive Contaminants Case
T2GGM model

Valued Ecosystem Components

Vertical Fault Disruptive Scenario

Vertical Fault Alternative Location Case

Vertical Fault Base Case

Vertical Fault Non-Radioactive Contaminants Case
Western Waste Management Facility
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APPENDIX A: MODEL DEVELOPMENT APPROACH

The approached used for the development of conceptual and mathematical models is illustrated
in Figure A.1 and described below. It is consistent with model formulation and implementation
processes described in International Atomic Energy Agency (IAEA) (2004).

First, the conceptual models are developed for each scenario using input from the assessment
context (documented in Chapter 3 of the Postclosure SA main report, QUINTESSA et al.
2011a), the system description (documented in Chapter 2 of the System and Its Evolution
report, QUINTESSA 2011), the DGR FEPs list (documented in QUINTESSA et al. 2011b), and
the scenarios for assessment (documented in Chapters 7 and 8 of the System and Its Evolution
report, QUINTESSA 2011). The aim is to provide, for each scenario considered, a description
of the release, migration and fate of contaminants from the repository through the identification
of key features, events and processes. The conceptual model provides the set of qualitative
and quantitative assumptions used to describe the DGR system for the purposes of the
postclosure SA. These assumptions concern the geometry and dimensionality of the system, its
temporal and spatial boundary conditions, and the nature of the relevant physical and chemical
processes. The associated features, events and processes are audited against the DGR FEPs
list to ensure that important issues have not been neglected in the conceptual models (for
example the audited FEPs list for the Human Intrusion Scenario is provided in Appendix C).

Once each conceptual model has been developed, there is a need to consider the various
sources of uncertainties associated with the model. This, together with consideration of future
and data uncertainty, allows various calculation cases to be identified. Each scenario can have
several associated calculation cases (a reference/base case and variant cases) due to the
range of associated conceptual model and data uncertainties identified.

The conceptual model for each calculation case is then used as a prescription for the
mathematical models that are required. The calculation cases and mathematical models
determine the parameters for which data are required. The mathematical models and
associated data are then implemented in a software tool to generate a computer model that is
used to simulate the migration of contaminants from the repository via the various pathways and
calculate the resulting endpoints.

Consistent with the IAEA safety guide on the safety case and safety assessment for radioactive
waste disposal (IAEA 2010), learning from the analysis of the initial results of the computer
model may cause refinements to understanding regarding the formulation of the conceptual
model. In particular, the results of detailed gas and groundwater modelling (i.e., modelling
undertaken using 2-D and 3-D finite-element/finite-difference codes) can be used to inform the
development of the conceptual model to evaluate in the assessment-level modelling (i.e.,
modelling using a simplified model to represent the entire DGR system). Therefore, there is a
process of feedback to the conceptual models, once the detailed mathematical models have
been implemented and analyzed. The finalized conceptual model is a result of this iteration and
feedback.
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APPENDIX B: FEATURES, EVENTS AND PROCESSES CONSIDERED IN THE
CONCEPTUAL MODEL OF HUMAN INTRUSION

B.1 FEATURES
B.1.1 Features Common to the Human Intrusion and Normal Evolution Scenario

The philosophy for the current assessment is to adopt a common set of features where
reasonable, in order that the safety assessment is self-consistent, as far as possible.
Consequently, the Human Intrusion Scenario adopts a representation of many of the features
that is consistent with the Normal Evolution Scenario described in the Normal Evolution
Scenario Analysis report (QUINTESSA 2011).

The repository features considered in the Human Intrusion Scenario that are also considered in
the Normal Evolution Scenario include:

o The wasteforms (corresponding to OPG waste categories);

o Water flowing through the repository (in the case of an exploration borehole penetrating
down to the Cambrian);

e The engineered features (e.g., the shaft seals determine, in part, the rate of release of the
contaminants from the repository and are, therefore, relevant); and

e The repository gas (distinguishing between Panel 1 and Panel 2 emplacement rooms and
the associated access tunnels and service area).

The repository features described above are necessary to include in the conceptual model in
order to describe the evolution of the repository and in particular the release of contaminants
from waste into gas and water. Only a subset of these features could be released to the surface
via the borehole: water from the Cambrian flowing through the repository (only in the case of the
exploration borehole penetrating down to the Cambrian), gas, and solid waste. The highest
concentrations occur in Panel 1; therefore, the conceptual model for the Human Intrusion
Scenario evaluates the consequences of a borehole into this part of the repository. The
concentrations of contaminants in waste and any groundwater from the Cambrian flowing
through the repository that are released, therefore, relate to those calculated for Panel 1.
Repository gas, however, will mix throughout the repository as the top of the walls sealing the
emplacement rooms will allow gas migration. Gas released from the repository would, therefore,
be characteristic of the whole repository.

It is necessary to represent only a portion of the geosphere, as the borehole acts to bypass
various geological barriers to contaminant migration. Detailed groundwater modelling presented
in Section 6.2 of the Groundwater Modelling report (GEOFIRMA 2011) indicates advective flow
could occur in the more permeable Guelph and Salina A1 Upper Carbonate formations, which
could therefore be receptors for releases of water from the repository via a borehole. However,
it is conservative to assume that releases are to the formations closest to the surface; therefore,
the only geological features represented directly are the upper formations, collectively referred
to as the Shallow Bedrock Groundwater Zone in the Normal Evolution Scenario.

The uncertain nature of the Human Intrusion Scenario means that it is appropriate to focus on a
simplified set of key biosphere media that are likely to receive the greatest concentrations of
contaminants from either releases of contaminants from the borehole to the surface
environment, or from releases of contaminated water into the Shallow Bedrock Groundwater
Zone. The key media are those into which contaminants are initially released. Some of the
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receptors are only relevant for releases to the Shallow Bedrock Groundwater Zone, and are
indicated so. The key media that receive contaminant releases are:

e Soils;

e Biota;

e Atmosphere; and

o Well Water (only relevant to Shallow Bedrock Groundwater Zone Release Pathway).

The temperate biosphere is taken as the reference state for the Human Intrusion Scenario. It is
comparable to current conditions, and allows the impacts to be calculated for receptors such as
farmers.

B.1.2 Features Specific to the Human Intrusion Scenario

The only feature that is specific to the Human Intrusion Scenario is the exploration borehole
itself. The borehole provides the primary pathway of interest for the scenario. It is categorized
as a geosphere feature, although it has the potential to connect the repository and the
biosphere directly. It can, therefore, be represented as a transfer of contaminants from one
location to another. Contaminated water released from the repository through the borehole may
enter the geosphere (the Shallow Bedrock Groundwater Zone has been conservatively
assumed, as discussed above).

B.2 KEY PROCESSES AND EVENTS
B.2.1 Processes Common to the Human Intrusion and Normal Evolution Scenarios

The Human Intrusion Scenario considers many of the same processes as the Normal Evolution
Scenario (described in detail in the Normal Evolution Scenario Analysis report (QUINTESSA
2011).

The following processes are relevant to the conceptual model of the repository component of
the DGR system for the Human Intrusion Scenario, and should be represented for both a
surface release of contaminants and a release to the Shallow Bedrock Groundwater Zone.
These processes are required to model the release of contaminants from the waste into the
various media that could be released via the borehole, and include:

Decay and waste degradation;

Physical and chemical degradation of wasteforms;

Physical degradation of engineered structures such as concrete monoliths and shaft seals;
Chemical evolution of engineered structures;

Gas generation;

Resaturation of the repository;

Chemical effects (that can influence sorption);

Aqueous release from the saturated wasteform types (instant release and congruent
release);

Gas release from saturated and unsaturated wasteforms;

Aqueous mixing in the repository;

Gas transport;

Gas dissolution in water;

Elemental solubility; and
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¢ Release of contaminants in water and gas from the repository into the geosphere.

It is also necessary to represent geosphere migration for the case of human intrusion that
results in a release via the borehole to the Shallow Bedrock Groundwater Zone. The processes
are the same as modelled in the Normal Evolution Scenario, but only migration in the Shallow
Bedrock Groundwater Zone is relevant to the Human Intrusion Scenario:

¢ Groundwater transport by advection; and
e Groundwater transport by dispersion.

Finally, human exposure in the biosphere should be assessed for both the case of borehole
release to the surface, and the case of release to the Shallow Bedrock Groundwater Zone. For
the latter, the model is identical to biosphere model for the Normal Evolution Scenario. The
processes modelled for the borehole release to the surface are more limited, consistent with the
more limited range of exposure pathways relevant to the critical groups assessed, and include:

Sorption;
e Gas transport in the biosphere;
Infiltration (modelled in a simplified manner, by simply mixing contaminants in a defined soil
depth);
Suspension of contaminated dust;
Uptake by biota;
Human ingestion of contaminated media;
Human inhalation of contaminated media;
External irradiation of humans by contaminated media; and
Radiation dosimetry.

B.2.2 Events Specific to the Human Intrusion Scenario

The scenario-initiating event is the penetration of the repository by an exploratory borehole,
which provides a pathway to either the Shallow Bedrock Groundwater Zone or the surface
environment for wastes, repository gas and repository water. It is assumed that the borehole
could occur at any time after control of the repository is no longer effective, although it is not
certain to occur at any time. For release to the Shallow Bedrock Groundwater Zone, the
borehole is assumed to be drilled immediately after the cessation of post-closure controls for the
DGR (assumed to be after 300 a). For other pathways, doses can be calculated as a function of
the time at which the intrusion occurs.

B.2.3 Processes Specific to the Human Intrusion Scenario

Several processes are specific to the Human Intrusion Scenario as they are consequential to
the scenario-initiating event. The processes of interest are related to the transport of
contaminants via the borehole to either the surface environment or the Shallow Bedrock
Groundwater Zone.

Gas Release via Borehole: Contaminated gas in the repository will be released via the
borehole, at a rate dependent on the pressure differential between the repository and surface,
and the borehole size, until the pressure has equalized or the borehole is sealed. The well
would be expected to be fitted with blowout protection that would limit the rate of gas release.
The repository gas pressure, and hence gas flux, has been evaluated as part of the support gas
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analysis work that has been undertaken in the Gas Modelling report (GEOFIRMA and
QUINTESSA 2011).

Groundwater Release via Borehole: Contaminated groundwater may be released, but only if it
is assumed that the borehole is continued through the repository to the Cambrian and is poorly
sealed. The possibility is examined in detailed groundwater modelling (Section 6.2 of
GEOFIRMA 2011). The volume discharged via the borehole would be driven by the head in the
Cambrian and hydraulic conductivity of the borehole seal. Released water may re-enter the
geosphere along the path of the borehole; however, it is assumed that the primary release is to
the Shallow Bedrock Groundwater Zone.

Solid Release via Borehole: Solid waste could be retrieved during coring activity if the drilling
is designed to extract drill cores intercepts waste. The contaminated drill core is taken for
examination in a laboratory. Potential exposures to waste have also been assessed assuming
that an amount of material is extracted from the repository as drill (core) debris and
subsequently discarded and dispersed in surface soil, where it has the potential to both expose
drill workers, and also subsequent users of the site.
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APPENDIX C: FEP AUDIT OF CONCEPTUAL MODEL FOR THE HUMAN INTRUSION
SCENARIO

The features, events and processes considered in the conceptual model for the Human
Intrusion and Scenario have been audited against the DGR FEPs list documented in
QUINTESSA et al. (2011a).

An entry is made against each FEP to indicate its inclusion or exclusion from the conceptual
model. In the case of inclusion, the section of this document in which the process is discussed is
identified and the FEP appears in bold font. In the case of exclusion, the reason for exclusion is
documented.

It should be noted that the treatment of many FEPs is the same as for the Normal Evolution
Scenario, as the Human Intrusion Scenario adopts a common modelling approach to, for
example, the evolution of the wastes and repository. Common treatment of a FEP is noted with
the phrase “As Normal Evolution Scenario”.



SoljslIe)oBIBYD BOIR SBOIAISS ® 1jeys
pue |auun} sseooe ‘wood Juswaoedws  $0°L'2

0LBUBIS UONNIOAT [eulON S “(BL10Z VINHI40ID
pue YSSI1NIND) Hodal ejeq 8y} Jo ¢ pue ¢'¢ se|qe pue (e110Z YSSILNIND)
1odal uonnjoAg s} pue Wa)sAg 8y) JO /°Z pue £°Z S8|qe | 88s - J8pISU0D ‘SBA syoedianQ zZ0'€0'L'2

0LIBUBDS UOIINIOAT [euloN S “(el L0Z VINYIJ03D
pue YSSILNIND) Hodal eyeq du3 Jo ¢'¢ pue ¢'¢ so|qe] pue (el 10z YSSILNIND)
1lodal uonnjoAd s} pue WwalsAg 8] JO /°Z PUB £°Z So|qe ] 99S - JopISuoD ‘SaA siaulejuon L0'€0° L2

sofsuajoeleyo buibeyoed-aysepp €012

oLBUSIS UOHNIOAT [eulioN SY *(8}10Z YSSILNIND) sajsem
110daJ uonnjoAg S| pue WalSAS 8yl 10 /'Z PUB Z'Z ‘"2 S8|qe 98S - 1apISuoD ‘S A ojueBioul ‘o1jje}aw-uoN €0'20°1L'2

oLIBUBIS UolNjoAT [ewloN SY *(BL1L0Z YSSILNIND)
Hodas uoinjoA] S} pue WalsAS 8y} JO 2 Z PUB Z'Z ‘1°Z S9|qeL 998S - JopISuod ‘SO saj)sem o1uebiQ 202012

oLBUBIS UONNIOAT [euwlON S “(BL10Z VSSILNIND)
uodal uonnjoAg s)| pue wWalsAg 8y) JO /2 pue Z'Z ‘L°Z Se|geL 98s - JopISuod ‘SaA sa)seMm ol|jelo N 10°20°'L°2

salisualoeleyd WIo)-al1sepN co’'L'¢c

oLBUBIS UOlNIOAT [eulioN Sy “(BL10Z YSSILNIND)
uodal uonNjoAg S)| pue WaISAS Y] JO 9°Z 9|ge | 99s - JapIsuod Apioldxa ‘saA JU3lUO0I [edIWdY) 201012

oLIBUBIS UONNjoAT [eulioN SY (L 102
VSSILNIND) Hodal uoin|oAT S)| PUE Wa)SAS aU} JO 9'Z S|GE L 99 - JOPISUOD ‘SIA Jusjuod spiPNUOIpEY  LO'LO'L'Z

Aiojuaaul a1sepn 10'L°¢C

sjusuodwo) palasuibug R W0 81SeA\ ‘91ISBM L2

SUOLIOVd NILSAS AAUOLISOd3N "¢

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj d3ad

110Z Yyoley -20- soleu82g aAndnisiq (S 8insojo1sod




syl Jo Wejs ay) 0] dn [eAs| Alojisodal wol) paAowWwal Jaul| 8duls [9A8] Aloyisodal mojaq
pue 8UO0Z J8}eMPUNOIL) %001pag MO|[BYS 8Y} Ul 89 PjNoMm s}jog %001 Ajuo 8y} ‘ON

S}HOQ %00y ¥0'G0'L"¢

0LIBUBIS UONN|OAT [eULION
sy ‘(eL10Z YSSILNIND ‘Wodas uoinjoa sy pue walsAg 8y} Jo #'¢°Z'Z Uoioasg
99s — deo 90BLNS B puBR SPEaYY|NG 8)8J0U0D 88.y] ‘YJIJOUOW |BSed JBpISU0D ‘SO

sbnid €0°50°L'C

0LIBUBIS UOIINJOAT [ULION

sy "(e110Z YSSILNIND ‘Hodal uonnjon s} pue walsAS au} Jo '€’z UOI0aS
99s — (||} patsauibus pue jjeydse Xiw pues/ajuoiuaq) [|Ioeq JopIsuod ‘SaA

lipoed ¢0'G0'L¢

0LIBUBIS LONNoAT [euwlioN S (8L 102
VSSILNIND ‘Hodai uonnjoAT s} pue WajsAS au) JO {'¢'Z'Z UOIJDaS 98s) 8INsojd Je
8u0z siy) Jo uels ay) 0] dn [aA8| Alo)isodal WOy paAOWa Jaul| 80uls [9A8] Aloyisodal
MO[8g pUE 8UO07Z J81eMPUNOIS) ¥o0lpag MOJ|eYS Ul Syeys 1oj AJuo Ing JopIsuod ‘Sap

Buuin 1060 L2

soljsuajoeIRYD JeyS

Go'L'¢

'(B110Z YSSILNIND) Hodas uonnjoa] s)| pue wajsAs ay)
JO L°€°Z'Z uonoag aas - ubisep Alojisodal aoualajel 8y} Ul paJapISuod ||Ioeq ou ‘ON

[lyoeg G0'v0'L¢

0L1eU2S UonNjorT JeulioN Sy (L1102

VINYI4039 pue YSSTININD ‘Hodal eyeq 8y} Jo 6’y Pue g’ sdjqe 99s) Alojisodal
BY} UI [99)S puE 8}2J0U0D JO SSEW JO UOIIE|NO|ed Ul papnjoul ‘JaAnamoH *(qL 10z
VSSILNIND) Hodal sisAjeuy OLIBUSDS UOIIN|OAT [BWION 8Y} JO £°|°€"Z UOI0aS 29s
- SJUBUIWEUOD JO uonelbiw uo 1pedwl ou aAey Aay} SWNSSE AJOAIIBAISSUOD 1N ‘SOA

S||eM aiNsO|d pue Wooy Y00 L' ¢

0LBUSIS UOANIOAT [ewlioN SY *(B110Z VINYIJOIO Pue YSSILNIND ‘Hodal eleq
a1 J0 6’ 9|qe @8s) Alojisodal ay) Ul [98]S JO SSBW JO UOIEINJ|ED Ul JOPISUOD ‘SBA

$}10q %20y €0v0°'L'C

0LIBUBIS UONN|OAT [BULION

sy '(e110Z VINHI4O3D pue YSSILNIND ‘Hodal ejeq 8y} Jo 6t pue g'y se|qe L
99s) Alousodal ay) Ul [98]S puE 8)840U02 JO SSBW JO UOIIBIND|ED Ul JOPISU0D ‘SOA

sJ00]4 AV (V4

0LIBUBIS UOIINJOAT [ULION

Sy "(e110Z VINHI4039 pue YSSILNIND ‘Wodal eleq 8y} JO 6° PUe g't sajqe|
99s) Alojisodal ay) Ul [98])S puB 8]840U0J JO SSBW JO UOIJIND|.D Ul J9PISU0D ‘SBA

S||em pue sjooy L0'v0'L°C

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteiN -€0-

soleu82g aAndnisiq (S 8insojo1sod




oLBUBIS UonNoAT feuwon Sy (41 10Z YSSILNIND ‘Wodal sisAjeuy oLeusss

UOIIN|OAT [BWLION 8U} JO Z'|°€ g UOI}08S 98S) SJaUlejuod Jo asde||00 JapISuod ‘Sap jusawWdAOW JaUlejuU0) $0°90°1L°C
0LBuUBIS
uonnjorg jewoN Sy (L 10z YSSILNIND ‘Hodas uonnjoa] s} pue walsAs ayy asde||0o |[auun}
JO L' uonoag aas) Aloysodal alipus ay) Bunjoaye [jepool [enuanbas Japisuod ‘sop Jwoou Juswasejdwgy €090°L'¢
0LBUBDS UolNoAT [ewloN S *(BLL0Z YSSILNIND) Hodal uopnjon
S}| pue Wo)SAS 8y} JO L'G'{ UOIJOSS Ul UOISOLIOD JO S}0848 JO UOISSNISIP 89S ‘SaA sjonpouad uoisolio09 9
olBUBIS UONNIOAT [euwloN S “(B110Z YSSILNIND) Hodas uoinjor
S| pue walsAS 8y} JO G UONDBS Ul UoIsuedxa 8}1UOJUS(] JO UOISSNOSIP 89S ‘SAA Buijjoms ajuojuag g
0L1BUB2S UOIINjoAT JewlioN Sy (L 10Z YSSILNIND) Hodal uonnjoa] s} pue uoisuedxa
wo)sAS 8y} JO £°G'f UOI0aS Ul uoisuedxa/abesulys 9}8J0uU0d JO UOISSNOSIP 89S ‘SOA jabe)juuys ajaiouo) vy
sabueyd awn|oA |eusie 209012
0LIBUBIS UOINJOAT [eUWION
S¥ *(4110Z YSSILNIND) Hodai sisAjeuy OLIBUSDS UOHN|OAT [BWION 8Y} JO Z°L°E'C
uoI}09S 99S) ||epo0d Jo Jnsal e se Buibexoed 8)210U02 8y} JO aiN|ie} JOPISUOD ‘SOA alnj|ie} 9)249U09) g
0LIBUB2S UolNjoAT JewlioN Sy (91102
VSS3LNIND) Hodai sisAjeuy OLIBUSDS UOHN|OAT [BWION BY} JO Z'|°¢"Z UOROSS
99S) ||epf00J puUE UOIS0LI09 JO }nsal e se Buibexoed |99)s 8y} JO ain|ie} JOPISUOD ‘SBA ainjiej |99)S ¥
asde||j0o Buibexoed 1090 L2

(syeys pue

sjouun) ‘swooJ Juswaoe|dws pue sajsem

u1) SUONIPUOD pue sassa00.d [eoluByda|\

90°L¢

oLeusdS uoinjors [ewdoN sy (el 10z YSSILNINOD
“1lodas UoNN|OAT S| pue WaISAS 8] 10 'S 'Z'Z UOII0ag 88s) 8insojo Je auoz

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteiN -v-O-

soleu82g aAndnisiq (S 8insojo1sod




oLieuads

uonnjoAg JewlioN Sy ‘ainsojo Buimolo) aAljelado si weysAs abeulelp ou ‘ON | wa)sAs abeulelp Jo ainjieq $0°20°L'2
‘(g 2z uonoag 99s) uonezunssaid

seb Aiojisodas Aq usaup aq ued (8joyaioq ay) ybnouayj) saiel MOj) JSJBM ‘SBA | MOJJ J19)eM pajeIpaw-Sen) €0°20°L¢
oLeUBDS uolNjorT [ewloN Sy (1 102) VSSILNIND ‘Hodal sisAjeuy oleusog

UOIIN|OAT [BWION 9U} JO Z'€'Z PUB |'$'Z SUOII09S 89S — JopIsuod Apioldxe ‘sap MOJ} 13} 20,012
"JUBA® uoISNJUI 8y} Buimoj|o}

pajeinjesal sawodaq Aloysodal 8yl “(110Z YSSILNIND pue YNHIJ03TD) uoneinjesap
Buljlepow pajielap uo paseq so|ijoid uonein}esal O110ads-0LBUSIS JBPISUOD ‘SOA | uoneinjesay 10°20°L'2

(syeys pue sjpuun) ‘swool
Juswaoe|dwa ‘saysem ul) SuoljIpuod
pue sassaosoud [eoibojoaboipAy/olnelpAH

10°L°¢

0LIBUBIS UOIIN|OAT |euWlION
S¥ (41102 YSSILNIND ‘Hodai sishjeuy 0LBUSDS UOHN|OAT [BWION 8U}JO |'L°E'Z
uonoag 99s) Alojisodal ay) Ul |[epoos pue (qL L0z YSSILNIND ‘Hodas sishjeuy

OLIBUSDS UOIIN|OAT |BWION U} JO |2 €2 UOI}0as 98s) ylljouow pue speayyng abueyo
8]810U09 U0 BulpAd |eloe|biajul-jeioe|b Jo sjoeduwi [EOIUBYOSW JOPISUOD ‘SOA ajew|d Jo aduanpjuj 80°90°L'¢C
0L1BUBDS UOIINJOAT |eUION
sy ‘s|qeqoidwi A|ybiy a1e Aioyisodal ayy ul suoisojdxa seb ainsojojsod jey) suesw
21nso|0 Buimo||o} sieak g 1sdiy 8y} Bunp uabAxo |je jo asn pides 8y} 9ouIs ‘ON uoisojdxs seo 109012
0LIBUSIS UOIINJOAT [ewlioN SY “Juswuoliaug Aioyisodal ayj ul Aisnosueynuwis
aAljesado aq 0y payoadxa jou ale uonebedoid pue uoneniul ¥oelo 1o} Alessadsu
(syuabe uoISOLI09 SSBIIS PUB SJUBPIXO SE YINS) SI0JOB) SNOLIEA U} 9UIS ‘ON Buiyoelo UoIS01I0D-SSa.IS 90°90°'L'2
011BUBDS UONIOAT [ewlION Sy *(dL1L0Z YSSILNIND
‘Hlodal sisA|euy OLIBUSOS UOIINIOAT [BWION 8Y} JO L'Z'$'Z UOI}0ag 99s) yjjouow
pue speayy|ng 8)2Jouod Jo uoljepelbap |eaisAyd sy} uo Joays ybnouy) JopIsuod ‘saA uoljew.oy ainjoel S090°'L'2

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteiN -G-0-

soleu82g aAndnisiq (S 8insojo1sod




ay} 99s) buibexoed jo ainjie} pue sajes uonelauab seb uo joedw JOpISUOD ‘SBA

|esduan v

uoIsOlI0)

¥0'80°L°¢C

0lBUBIS UO/INIOAT [eulioN S “(BL10Z VINHI403D
pue YSSIININD ‘Wodal eleq ay) Jo g pue ) saoipuaddy 8as) sanjea uondios

pue Ajjignjos pue (el L0z YINYIJ0TID pue YSSILNIND ‘Hodal ejeq 8y} Jo 4 pue 3
seolpuaddy 88s) se)el uonepeiBap (1GOOI PUB UOISOLI0D UO 1oedwWl JOPISUOD ‘SO A

suonipuod
ajeydins pue apLojy)

€0'80°L°¢

0LBUBDS UoNjoAT [ewloN Sy *(dL 102 YSSILNIND ‘Hodai sishjeuy

OLIBUSDS UOIJN|OAT [BWLION 8Y} JO |°| € Z UOI}09S 99s) sajel asealal snoanbe

pue seb pajeloosse pue sajel uonjelauab seb pue uonepelbap ‘UOISOLIOD UO
SUOI}IPUOD D1qOJaBUR pUE JIqOlIae JO 10848 J0) Buizunoooe ybnouy) paiapisuod ‘sap

SUOIHPUOD XOpaY

c0'80°L¢

IR
uonnjoAs fewdon sy (4L L0z YSSILNIND ‘Hodai sishjeuy oLeusdS uopnjon
[BWION 8U} JO |° "€ Z UONDaS 99s) eale jusdelpe ay) pue 8}a1ouod ayj puoAaq Hd
8y} J09)e 0} SjUNOWE JualoIYNs Ul Juasald aq 0} PaJapISUOD Jou S| YO dY} Ul pasn
9]810U09 3y} douIs ‘ebuel g 0} 9 Hd ayy ul Apsow aq |Im Hd ey} pajoadxa si jl ‘SOA

suonipuod Hd

10'80°L°C

(syeys pue sjauun)] ‘swoo.
1usWwaoe|dws ‘Se)Sem Ul) SUOIIPUOD
pue sessao0.d |eolwayooabyjesiway)

80°L¢

oLBUBIS UONNjoAT jeulioN SV (41 10Z YSSILNIND ‘Wodal sisAjeuy oleusss
UONN|OAT [BWION 8} JO |'Z°S'Z UOI108S 88S) U1I|ouow pue speayy|ng 81aiouod ayy
o uonepeiBap ay) ul BunNsas Si0}oL) 8U] JO SUO 8q 0} PaJIBPISU0I aie BulPAd SIy)

abueyo

10 sjoedwi [eaibojoabolpAy pue olnelpAy ayj pue Buloko |eroe|bisyul-jeroelb ‘sa A ajewl|d Jo aduanjjuj 10012
sjuaipesb |eoLyo9|e
10 |eoiway9 ‘ainjeladwa)
oLIBUBIS uoinjong jewoN Sy (81102 ‘|e 10 Buipnjour sassasoud

VSSILNIND ‘Uodal sq34 ay) 8as) dojanap 0} pajoadxa sjuaipelb jueoiiubis ou ‘oN olinelpAy pajdno) 90°20°L'¢
ainssald olnelpAy
011BUB2S UONNJoAT [eulioN SY “(BL1L0Z '1e 1@ YSSILNIND ‘Wodal sd34 ays 0} anp syusuodwod

99s) Buln}oel) yons asned 0) JUaldiyns aq 0} paloadxa jou sjualpelb ainssaid ‘ON Aioysodail Jo Bunnioel4 S0°.0°L¢

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteiN -9-0-

soleu82g aAndnisiq (S 8insojo1sod




uoinjoAg feulioN sy “(eL10Z ‘e 18 YSSILNIND ‘Hodal s34 ay) 99s) s}oaye

eoyiubis ou aAey jey} pawnsse pue sjuabe Buixa|dwoo Jo sjunowe [jews Ajuo ‘oN sjoaye juabe Bunepyn 20°80°'L°2
oLBUB2S uoinjorT [ewioN Sy (41102
VYSS3IININD .tOQQ m_m>_mc< OlIeuadS UOIIN|OAT |[BWION JO L L°¢ ¢ uonoss wmwv 0
J0} Ajuo 1nq Jayempunolb 0} 8)Sem WoJd) Seses|al JO uonewl| AJjIgn|os JapISUod ‘SOA suoljoeal uoneydidoaid 1080°L°C
oLeUBIS UoHNoAT [euLON S (1102 YSSILNIND ‘Hodas uoln|oAs s) pue
waysAg ay) Jo ¢'3 xipuaddy sss) a|qibiBau aq ||IM )i Jey) 8)edipul SUOE|ND[ED ‘ON uonezy| 3
0LIeusdS uoljnjorg
jeuuon sy *(e110Z "B 3@ YSSILNIND ‘Hodal sd34 8y} 99s) Jusixe [eneds pajiwi|
JO puB MOJS g ||IM } JBY} 81ed1pul suolje|ndjed aouls Ajjiolidxe pajuasaldal jou ‘ON uoneuoqied d
oLeUBIS UoHN|OAT [euLON S *(e110Z YSSILNIND ‘Hodas uoln|oA sy pue
walsAg 8yl JO £°G'H UOIIDaS 98S) 81810U09 JO uoiepelbap UO 1088 JOPISUOD ‘SOA yoepe ajeyding
oLeUBIS UoHNoAT [euLON S *(e110Z YSSILNIND ‘Hodas uoln|oA s) pue
woIsAS 9y} JO £°G'{ UOIDaS 99S) 81210U09 JO uoiepelbap UO 1088 JOPISUOD ‘SOA )oeje apuoyo g
0LIeu8dS uoljnjorg
[euuon sy (e110Z YSSIALNIND ‘Hodas uoin|oas s)| pue weishs 8y} Jo £°G'y
uoIj0ag 99S) YHjouow pue speayyng Jeys ayj ul 8)a810uod jo Buiyoes| JapISuod ‘sap Buiyoea v
uoneziesdulIN  90'80°L'Z
oLeusds
uonnjorg fewdoN sy (41 L0z YINYI403D pue YSSTLNIND JUSWNO0p 8IeMyos
NOODZL 83U} JO Z'H uonoag aas) sajel uonesauab seb uo joedwi JapIsSuoo ‘sap uonepeibap JswAjod G0'80°L2

oLeUSIS Uo)NjoAT [ewlioN Sy (el L0Z ‘e 30 YSSILNIND

‘Hodas s34 9y} 99s) |[ews aq ||Im sajed uonesauab seb uo 1oedwi Japisuod oN oluBAlED) D
01/eu89S UuolNjoAT
[euwnoN sy “(e110Z ‘e 1@ YSSILNIND ‘Hodal sd34 ayj 99s) aseyd diqoioe
(s1eah g1>) Hoys ay} Buunp Ajuo Jnd20 0} pajoadxa S| UOISOII0D Pazijedo| ‘ON pazieso] g

01/BUBOS UOJNJOAT [BULION S "(BLL0Z ‘I8 18 YSSILNIND ‘Hodal Sd34

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteiN -/L0-

soleu82g aAndnisiq (S 8insojo1sod




oLBUBIS UONNjoAT feulioN SY (L 102

‘|e 1@ YSSILNIND ‘Modas s34 oy} 99s) pajoadxs syoays jueoniubis ou ‘oN | abueys sjewlo Jo sousnju| $0'60°L'2
0LIBUSIS UOINjoAT JewlioN Sy "Hd (Hd) Auneyje/Aypioe
Aioyisodals uo 108ys |eaibojoig/jeiqooiw juesiiubis ou si a1ay) eyl sawnssy (qL 102 pue (y3) xopai
VSSILININD ‘Uodal sisAjeuy OLBUSOS UOIN|OAT [EBWION 8Y} JO |'L°€'Z UON0as UO UOIJN|OAD JO S}03}}d
99s) Alojisodau 8y} JO uoiIN|OAS Y3 UO 10848 Joj Buijunodoe ybnouy) JopIsuod ‘SaA |ea160jo1q/|e1qoIdIN €0'60°L'C
0LBUBIS
uonnjors fewdon sy (4L L0z YSSILNIND ‘Hodai sishjeuy oLeusdS uonnjon
[BWION 8U} JO |'|'§"Z Uolj0as 9as) sajel asea|al snoanbe pue sef pajeloosse pue sassaooud pajeipaw
sajel uonjelauab seb pue uonepelbap ‘U0IS0LI0D UO 1oedwi YBnoay) JOPISUOD ‘SBA Ajjeaibojoiqg/Ajjeiqoasip 206012
IR
uonnjoAg fewdon Sy (4L L0z YSSILNIND ‘Hodai sishjeuy oLBusdS uoiNn|oA
[BWION 8U} JO |° "€ Z UOIID9S 99s) sajel aseajal snoanbe pue seb pajeioosse pue Bujuosiod
sajel uonelauab seb pue uonepelbap ‘UoIS0LI0D UO 1oedwl Ybnolay) JOPISUOD ‘SBA pue ymoub [e1qolai L1060 L2

(syeys pue sjuuny ‘swoou
Juswaoe|dwsa ‘S8ISem Ul) SUOIIPUOD
pue sessaso.d |ealwayoolg/jeaibojolg

60°'L°¢

0LBUBIS UOoNjoAT [ewlioN SY (L1102

‘[B 18 YSSILININD ‘Uodal s34 ay) 99s) pajoadxa sjoays jueayiubis ou ‘oN | abueyd ajewi|o Jo asuanju| 218012
oLIeUBIS U0IINjoAT JeuwlioN Sy (BLLOZ e 10 sjuaipelb

VSSILININD ‘Wodal sq34 8y 88s) ssaoo.d jJueoniubis e aq 0} paJspiSuod Jou ‘ON UOoIJBJJUB2UOD [BOIWBYD LL'80° L2
oLeUBIS uoinjong jewoN Sy (81102 ‘|e 10

VSSILININD ‘Uodal sd34 ay) 88s) ssaooud juedyiubis e a8q 0} paispISUod J0U ‘ON S}099 o1owWIsO 0L'80°L'¢C
oLieUBIS UolNjoAT [ewloN SY “(eL10Z ‘e 18 YSSILNIND ‘Wodas sd34 ay)
29s) sanljigeawlad mo| ay) Aq pajwi| podsuel) Jaylng aq |Im pue ‘Jsjemalod aules

Alybiy a8y} Ul woj 0] pud] JOU [|IM SPIOJ|02 8sSNeoaq juelodwi aq 0} paoadxa Jou ‘ON uoIeWIO} PIOJI0D 6080°L°C

oLieuadS

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteiN -8-0-

soleu82g aAndnisiq (S 8insojo1sod




ul Jojoey jueoiiubis e jou aJe abueyd ajewo 0} anp sabueyd suonelea ainjeiadwsa)
1ey) a)edlpul ‘8)is 8y} Je 1sojewlad SNoNUUOD JO 80UBSqE 8y} puUB ‘SUOIeo0|

yeys desp pue Aioysodal je ainjesadwsa) ul abueyo |jlews Ajpaelal ay) ‘oN | abueyd ajew|d Jo aduanju| S00L°L'2
0LBUBIS
uonnjong jeulioN Sy (1L 10Z B 1@ YSSILNIND ‘Modas sq34 oy} 99s) sessaoold
[e2160]0Iq UO }08)}8 OU OS pue uoNjoAs alnjeladwsa) Juedlyiubis ou sawnsse ‘oN [eaibojoig g
IR
uonnjong jeulioN Sy (1102 e 1@ YSSILNIND ‘Wodas sq34 oy} 99s) sessaoo.id
[BOILUIBYD UO }08)48 OU OS pue UoNjoAd ainjeladwa) Juediiubis ou awnsse ‘oN [eoiwayd O
oLBUBIS
uonnjong jeulioN Sy (L 10z '[e 1© YSSILNIND ‘Hodas sd34 ay} 99s) sessaso.id
ol|neJpAy Uo }08Yd OuU 0S pue uoiIN|oAd alnjesadwa) Jueoyiubls ou swnsse ‘ON olnelpAH g
0LBuUBIS
uoinjong jewon Sy (1102 ‘e 1© YSSILNIND ‘Wodal sq34 ay) 98s) sassaosoud
[BOlUBYOSW UO 10818 OU OS pue UoiINjoAd alnjesadwa) Jueoyiubis ou swnsse ‘ON [eoluByosN W
sassao0.d Jo
aouspuadap ainjesadwa | $00L°L'2
011BUBDS UONIOAT [ewloN Sy *(BLL0Z [} YSSILNIND
‘Wodal s34 8y} @8s) uonnjoas ainjesadwa} Juesyiubis ou swnsse ‘ON uonnjoAs alnjesadwa | €00L'L'2
0LIeUBIS UOIN|OAT [eULION saJinjea;} palosuibus
Sy 24nso|o 0} Joud pajedissip aAeY ||IM UoljelpAY 83810uoo wolj jeay Aue ‘ON wo.y uononpoud jesH z200L°L'2
0LIBUBIS UOINJOAT [eUWLION
sy (eL10Z ‘18 1© YSSILNIND ‘Wodais sd34 ay} 8as) o0l 1soy ayy Aq pspinoid sobeyoed aysem ay} Wouj
)uis jewlsayy abie| ayy 0} anp ainjesadwa) Aloysodal ul asil Juediubis asneod 0} uononpoud jeay |eaibojoiq
paJapIsu0d Jou ‘salsem agnjad ul Jnd2o Aew asi ainjesadws) ||lews e ybnoyle ‘oN pue [esiwayd ‘olusboipey L00L'L'Z
(syeys

pue sjauun} ‘swood Juswaoe|dws ‘sajsem

u1) SUONIPUOD pue sesseoo.d [ewlay |

oL'le

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteiN -6-0-

soleu82g aAndnisiq (S 8insojo1sod




JuswiuoJiAug |eo1B0j08D)  Z'Z

0L1eUB0S
uopnjonz feuop sy (e 10zZ ‘e 1 YSSIALNIND ‘Wodal sd34 8y} 89s) Ayjjeonuo
B Ul }JnsaJ pjnoo uey} Jemoj Ajjenuelsqns si [elsjew |ISsly JO UONBJJUSouo9 ay) ‘ON Aljeonuo JesjonN 112

oLIBUBIS UONNIoAT jewlioN Sy (8L 10Z ‘e 18
VSSILNIND ‘Wodal sd34 ay) 88s) ssao0.d Juediiubis e aq 0] paiapiSuod 10U ‘ON S|eusjew snosuesxs Jo sjpayg €112

0LIBUBIS UOINjOAT
Jewon sy (81102 ‘1B 1@ YSSILNIND ‘HWodal sd34 ay) 99s) ainsopo Ajjioey | (Syeys pue sjpuuny ‘swool Juswaoe|dwa
Jaye s|aAs| uonelped ul |[e} pides ay} 0} anp juedyiubis aq 0} pajoadxa jou S Siy} ‘ON ‘se)SeMm UI) S}oayse uoljeipey 2Lz

01BUBDS UONNIOAT [ewloN Sy *(BL1L0Z e} YSSILNIND
‘uodal s34 oy} 99s) sa)sem ayj Jo uonepelbop [eaibojoiqosoiw ay) wol) paonpoid
1ey) yum pasedwod |jews aq |IM paonpoud YHD pue 209D 4O SWN|OA 8y} ‘ON uonepelbop jeydsy SO'LLL'2

0LIBUSIS LONNIOAT [ewlON SV *(BLL0Z '[e 19 YSSTLNIND) Hodal s434
ay1 e8s ‘uolepeibap |22160[0IqOIDIW PUB UOISOLI0D O} 8NP PaWIOo) anp 18y] YlIm

paiedwoo |jews aq 0} pajoadxe S| JuUsWad Jo siskjolpel Aue 0] anp paw.o) saseb ‘oN uonepelbap JusWa yO'LL L2
OLIBUSIS UOHNIOAT [BWLON SV "L 10Z YSSILNIND uonepeiBbap
‘1iodal sisAjeuy OLIBUSOS UOIIN|OAT [BWLION Y} JO L' "€ Z UOII0SS 98S ‘SaA ajsem ojuebiQ €OLL L2

OlLieUBDS UONIOAT [ewWlION S "qL10Z VSSILNIND
‘1odal sisAjeuy 0lIeUSOS UOIIN|OAT [BWLION 89U} JO |°|'$'Z UOIJ0D9S 89S ‘SaA UOIS0.I09 [e}dIN 201112

(Z'Z'2'Z uonoasg 98s) 9zz-ey WO} UMOIBUI ZZZ-Uy JopISUod ‘SO Keoap annoeoipey LO'LL' L2

(syeys pue sjpuunj} ‘swoou
jJuswade|dwa ‘saysem ul) S9241N0S Seo) LLLe

0oLBUB2S UOIJIN|OAT [eWION
Sy "(e110Z ‘1e }© YSSILNIND ‘Hodal sd34 8y} #8s) Alojisodal 8y} Jo UOHN|OAS 8y}

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj d3ad

110Z Yyoley -0LD- soleu82g aAndnisiq (S 8insojo1sod




0LIBUBIS
uonnjoA3 feuroN sy *(e110Z YSSILNIND ‘Hodal uonnjoAd s} pue Wwa)sks

saljuadoud

8U} JO |'€°G UOI}08S 99S) S[auun} pue swooJ Juswaoe|dws Ul ||Bj)20. JOPISU0D ‘SaA |esiueydawoan 105022
(e18ydsoab
u1) SUOIIPUOD pue sassadold |eolueyoa 5022
011BUBDS UONNIOAT [ewloN Sy *(BLL0Z YSSILNIND ‘Hodal uolnjors
S]] pue Wa)SAS 8y} JO £'Z U0I0aS 98s) 8IS 9y} e SO)Ap JO 80USpIAS OU ‘ON sayAQg NI LR AA
011eU89S UOINJOAT
[ewioN sy “(e1 102 '|e 18 YSSILNIND ‘Hodal sd34 ay} 89s) SaiIAONpuod
ol|NelpAyY uonewIO) painseaw oy} UIyIM pawnsgns si sainjoel) Jo aouasald
BU} 0S pue ‘SYI0M}BU B1Nnjor) 8)8J0SIP SNONUIIUOD OU Sle 818y} ‘JIOASMOH 'Suozlioy
1sJex09jed pue sauoz ainjoel) PazI|ed0| a1e d18} 1By} SMOUS S2UBPIAD PIol) ‘SBA sjuiof pue sainjoei 201022
0LIBuU89S
uonnjorg jeudopN sy ‘(e 10z YSSIALNIND ‘Hodas uoln|oa] s)| pue waisks
dU} JO £'¢'Z UoNOaS 99s) (YO dY} JO W O0G UIYIM “'8'1) BaIE UOHEZIISIOBIEYD B)IS
By} UIynm saninuiuoosip ajeas-abie| ou ale alay) 1ey) sisabbns aouapiAs p|al) ‘ON sSau0z Jeays pue sjjne4 L0'¥0'22
(e48ydsoab ur) saninuuodsip ajeas-abie $0'22
'0LIBUSIS UOINJOAT [BULION SV 'S H'Z UOIJ09S Ul €' d|ge] 998S pue g'g'Z uoljoas
ul | Xog 99s — }Jeys punole auoz pabewep uoljeABOXs JapISuod ApIoldxs ‘saA syeys 20€022
"0LIBUBIS UOIINJOAT [EULION SV "€ °Z UOIJ0dS Ul €2 sjauun}
a|qe] 99s — Aloysodas punole auoz pabewep uoleABIXS JapISU0D AjjIoldxs ‘sap | pue swoou Juswase|dwy L0'€0°22
(s1aydsoab ur) suoz paginisig €0z2
0LIBUBIS UOINJOAT [BULION SY "Z'Z Z UOIJ08S Ul | XOg 98S ‘S8 ABojoyy| %204 }SOH 20ze
'€'¢'¢’¢ uonoeg
99s — auo0z siyj ol Apoalip Aioyisodal ay) wouy Aemyied ases|al sapinoid sjoyaloq
B} 90UIS }SBJBJUI }SOW JO S| SUOZ J8JEMPUNOID) Yo0Ipag Mojleys ay} ybnoyye
‘SOU0Z J9JEMPUNOID) Y00Ipag MOj|eyS pue ajelpallaiu] ‘dea( JopISuod ‘Sap Aydeibnens 1022

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN - 11-0-

soleu82g aAndnisiq (S 8insojo1sod




0L/BUBOS UOIINJOAT [BWLION SY “PazI[edo0] 8q ||IM sjoaye Aue jey) 10edxe ‘ON

sislleq
paJaauIbus Jo sjosy3 €0'20¢¢

oLeuUdIS UOINJOAT
[ewiopN sy “(e110zZ VINHIJ0ID pue YSSILNIND ‘Hodal eled ay} jo g Xipuaddy)
SjusI01}902 UoNdIOS JO UOROS|SS WOl 0} pasn pue (e L0Z YSSILNIND)

Hodal uonnjoAg S} pue Wa)SAS 8y} JO / €'Z uonoag ul uaalb saiadoud ‘sap

sajadoud jesjways099 20°.02¢

oLBUBIS UolNjoAT [ewloN SY *(BL1L0Z YSSILNIND)
uodaJ uonn|oAT S| pue WalsAS ay) Jo Z°/ €"Z Uonoasg Ul passnosip saiuadold ‘s A

saladoud [esibojelaulp 102022

(e19ydsoab ui) suonipuod
pue sassao0.d |eaiwayooab/jesiwayn 1022

(reve
uoI309g) SUONIPUOD Judisuel) yum |apow Jayempunolb ayj Buisn pajuasaldal s| suoz
J8]EMPUNOIL) ¥00Ipag MO||eyS 0} J8]eM pPajeulweluod Jo ases|al wua}-buo) ‘sap

sjuaipesb pue sjenuajod
onespAy aing  €0'902°Z

'€y’ UOIOaS Ul £ 9|qe L 99s ‘SaA

sjuaipelb pue sjenuayod
alnespAy yuauny 20'90°¢'¢

(ezee
UOI09S 98S) BUOZ J91BMPUNOIS) Yoolpag Mojleys o0} Alousodas woly Aemyied
aseajal 10a.Ip sapinoid 8j0yal0q Jey) 8JON '€'H'Z UOII08S Ul £°Z 9|ge | 89S ‘SaA

saljadoud a1nelpAH 109022

(s18ydsoab ul) suonipuod
pue sassaoold |eoibojoaboipAy/olneipAy 90272

0LIBUBIS UOINJOAT
[euwioN sy “(el10Z YSSILNIND ‘Hodal uonnjoa3 s} pue walsAs au} Jo £°¢'G
uonoag aas) Buipeojun pue Bulpeo| }9ays-a21 0} anp ssalis ul sebueyd Aiojisuel)
pue (e 102 YSSILNIND ‘Hodal uonnjoAs s} pue WajsAg au} Jo |'¢’G Uoloag 99s)
[leo04 sasned jey) Aloysodal ay) punole awibal SSaUis JO UOIN|OAS JOPISUOD ‘SOA

QE_WQ._ s§saJ}s ainjn4g €0'60'¢'¢

0L1eUBIS UOIINJOAT [BULION SY
‘(81102 YSSILNIND ‘Hodal uoinjoAT s} pue wa)shg 8y} Jo 6°¢'Z UONODS 89S ‘S

awibal ssau)s Juaiingy 20's0¢Z¢

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -¢l-0-

soleu82g aAndnisiq (S 8insojo1sod




(e18ydsoab ui) sjoays pue sassasoid seo) 0122
‘paJapISU0D ale SuolIPUod
a)elaodwa) Juejsuod Ajuo ‘(3sojewlad SNONUIUODSIP YJIM JUSWUOCIIAUS BIpUN)
B 0] SOSEa|aJ SIopISU0D 0s|e YoIlyM) OLIeUSS UOHN|OAT [eWION 8y} axijun (91102
VSS3LNIND ‘Hodal sishjeuy oleusds UOHN|OAT [eWION 8U3 JO |'¢Z g Xipuaddy
29s) paydope s suonIpuod sjewlo Jueisuod Buisn yoeoidde pazijAis e pue pajoaye
Apueoiiubis aq ||IMm JUSWUOIIAUS 9oBMUNS-1eaU pue 8deuns ay) Jey) paziubooal si |
"SUOI}IPUOD 8]eWI|D JUBISUOD J8pUN SA|OAD 0] PaWINSSE S| Wa)sAs ay} 0s pue abueyd
a]ewl|O JO S}08Y8 8y} WOy paje|os! 8q 0} pajoadxa si yidap je waisAs ay} ‘oN abueyo ajew|o Jo sjoayg €06022
0LIBUBIS UOIINJOAT JeulloN Sy “uls 1eay abie| e Bulaq aisydsoab
ay) pue (01°L'Z 434 @9s) Aloyisodal ul esealoul ainjeladwa) paywi| pajoadxs 0} anp s|elalew Aloysodal
eoubisul aq 0} pawnsse s| alaydsoab uo jeay paalep-Alolsodal jo joedwi ‘ON pue 8}sem Jo s}o0ay] 206022
0L1BUBDS UOIINJOAT [eUION
sy (eL102) ‘I8 1@ YSSILNIND 99S ‘Jueoiubisul 8q 0} pawnsse s| aiaydsoab uo
1eay paLep-Alojisodal jo joedw| ‘aleydsosb ayy ybnoly) sjueulweuod Jo uoielbiw
ay} uo j1oedwi Jueoyiubis Aue aABY 0} paJapISUOD jou s Juaipelb [ewlay) Bunsixe ‘ON saluadoud jewuay | 1060°2¢
(e1aydsoab
uI) suoiIpuod pue sassadold [ewuay ] 6022
oLIBUBIS UOIINJOAT [ewlioN Sy "alaydsoab ayy ybnoayy (e1aydsoab ui) suonipuod
sjueuIWRUO0Y Jo uonelBiw ay} uo joedwi Juediiubis aaey 0} pajoadxa Jou ‘ON pue sassao0.d |eoiwayooig/jealbojolg 8022

oLeUBDS UoNjoAT [ewlioN Sy “(110Z OWMN Jo 1 Jeydeyd)

abueyo asjewo Aq paginyad 8 Jou |IM PUE JUSIOUE S1B SUOZ JO}BMPUNOIL) 300Ipag
MO||BYS BY} MO|a(q SJajem ay} Jey) S8}edipul 80UspIAd |edlwayo0ab ‘elowlayln
(91102 YSSILNIND ‘Hodal sishjeuy oLeusdS UOHNIOAT [eWION 83 JO L'gZ'd
xipuaddy @9s) pajdope sI suolIpuod ajew|d Juejsuod Buisn yoeoidde pazihis

B pUB SUOI}B|NJ|ED JUBLWISSASSE 9y} U0 10948 pajiwl| 8AeY O} pawnsse ale sabueyd
9S9Y]) ‘JUBWISSASSE JualInd 8y} 4o} ‘JanamoH ‘(1102 OWMN 10 Z'G  uonoas)
sJajemjiaw [eroe|b6 Jo uoioaful 0} anp ‘ejdwexa Jo} ‘Buoz J8}leMpunols) 3o0ipag
MO[|BYS 8U} Ul SUOIIPUOD [ed1way20ab ay} Ja}je 0} pajoadxa si abueyd ajewlo ‘oN

obueyo sjewlo JospPal3  $0°'L0TT

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -€1-0-

soleu82g aAndnisiq (S 8insojo1sod




juswipss pue |I0S €0'ee

0L1BUBDS UOIINJOAT [eULION

S¥ (d110Z YSSILNIND ‘Hodai sishjeuy olIeuadS UON|OAT [BWION JO L'€°€°Z
uoI1}09g 99S) UeWNY pue ajewlo Aep-juasald YjIm JUSISISUOD SWOI] JOPISUOD ‘SBA sawolg z20¢e

0LIBUBIS UOHNJOAT [eULION

SY (41102 YSSALNIND ‘Hodal sisAjeuy OlLBUSOS UOIN|OAT [EWION JO £'€°C
UOI}08S 99S) SJUBWIUOIIAUS BULIISNoR| pue |el)salla) Bunenuaiayip AQ JOpISUod ‘SaA ABojoydiow pue Aydesbodo| 10°€2

JUsWwiuolIAUg 20elNS

€¢

‘aJaydsoab ayj ul ainjesy pajosjapun ue s Alojisodal sy} asnesaq
paj|lip @9 1ybiw Aloyisodas ay) sajesouad jey) ajoyalioq uonelojdxs ay) ‘SaA

(a1aydsoab ul) sainjesa} pajoajapun rANArA

"(1°z uonoasg) sjoyaloq Aiojelojdxa ue ul Bunnsal sesinosal

Jenuajod 1oy uoljelojdxa S| OLIEUSIS UOISNJIU| UBWNKH 8y} 10} Jusas Buieniul
-oleusds 8y ‘(e110Z YSSILNIND ‘Hodal uonnjoAs sj| pue wajshg auyy Jo ¢’z
uo0ag 9as) uoibal ay} ul Jayem dlsawop pue [edidiunw Joj Pasn sI W Q0| punoJe
0} UMOp Jajinbe Jajempunolb ‘sjesauiw o swess jes ‘seb ‘|lo ou ybnoyje ‘seA

(s18ydsoab ul) saosinosau |eo1bojoan LLee

0LIBUSIS UOIINJOAT [BULION

sy (1102 VSSILNIND Pue YINYI403D ‘Hodal Buljjspoy se9 oy} jo |'g 8inbi
99s) ainssaud 2Nne)soyll| 8yl ueyl ssa| yonw aq 0y AjoyI| aJe sainssaid seb ‘oN

saJnjoel) paonpul-ses) ¥0'0L'2'¢

oLBUBIS UONNJOAT jeulioN SV (41 10Z YSSILNIND ‘Wodal sisAjeuy oleusss
UONN|OAT [BWION 8U] JO Z'Z'S'Z UOND8S 98S) palapIsuod saseb Jo uoin|ossIp ‘SoA

uonnjossip sey €0oLce

01BUBDS UONIOAT [ewlioN Sy (AL 10Z YSSILNIND

‘Yodal sisAjeuy OLIBUSDS UOIIN|OAT [BWION 38U} JO Z'Z'€'Z UOo0ag 99s) Jajempunolb
PaAA|OSSIP pue (0BUSDS alnjie [BaS JeYS a19A8S 8y} 0] Jueaajal Ajuo) seb yinq
se alaydsoab ay) ybnouy) seseb panuap-Aioysodal Jo uonelbiw sy} JOpISUOD ‘SOA

uoneibiw sen zoolece

(eL10Z 'le

19 YSSALNIND ‘Hodas s34 8y} 88s) YO 8y} Jo eale ay) ul aiaydsoab desp ay)
ul seb Jo uonelauab Juedliubis ou S| 818y} ‘SBUOZ JajeMpuNnol) yoolpag desq pue
ajeipawlaiu| 8y} 1noybnoay) punoy usaq aAey seb Jo sjunowe aoely ybnouyye ‘oN

(sjeusjew
Aioysodal pue sisem

Buipn|oxa) s824nos seo LooLee

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN “v1-0-

soleu82g aAndnisiq (S 8insojo1sod




(§'z''g pue y'g'z'Z suondas

99s) sasea|al Jajlempunolb pue s[10s Ul pasladsip SLIGap 8109 ||Up J0} JOPISUOD ‘SBA uonejabap 60'SZ
‘(g'z @Inb14 pue |"Z 9|qe| 99S) SOSea|al ||e J0) JOPISU0D ‘SIA alaydsowyy 80°€2
0LIBUBIS UOINJOAT [eulION Sy "UOIBJO| pUB|Ul S,8)IS O} 8NP Palapisuod Jou ‘ON sainjea} aule 10€2
0LIBUSIS UOIINJOAT [BULION SY/ "UOI}EO0| PUB|UI S,8}IS O} NP PaJapiSuod Jou ‘ON salnjes} [ejseon 90'€2
‘Aemyled osea|oy
90BlUNG 8y} JO} JUBAS|SI 10U INg (G'Z'Z'Z UONdag aas) Aemyljed ases|ay auoz sauoz
J8)eMpunolI) ¥00ipag Mo|[eysS ayj Jo} axe| 0} abieyosip Jajempunolb Japisuod ‘sap abieyaosip pue sbuudg €0'G0°€C
‘Aemyled ases|ay
90BLING 3y} J0J JUBAS|S] JOU INQ (G2 2’ Z UOIDaS pue |'Z 9|qe ] 99s) Aemuyied
9Se9|9y 8U0Z JaJBMPUNOIS) }00Ipag MO|[eYS By} 0} WESI]S PUe a)e| JOpISU0D ‘SaA SI9ALl pue sayeT 20'S0°€C
‘Aemyled ases|oy
90BLING 9y} J0J JUBAS|a] J0U INq (G°Z'Z'Z UOIDSS pue | 'z 9|qe ] 99s) Aemyied
SB[y BUOZ J8JBMPUNOIS) }00Ipag MO|[BYS Sy} JO} SPUB|JOM JBPISUOD ‘SOA spue}ap 10°S0'SC
S3IP0Q 18)EM-90BUNS |BL]SBLID | G0
‘Aemyjed asesjay aoeung ay) Jo} JueAs|al Jou Ing (£°g g Z uonoas
99S) 9|0ya10q 8y} eIA Aioyisodal ay} wody sases|al oy Jojdaoal Atewnd jenusiod sainjedy Buleaq
e se Aemyled 9sea|ay aU0Z JaJIeMpPUNOIS) %001pag MO|[BYS 8y} 0} papnjoul ‘SaA -19)em pue sidjinbe aosepins-1eaN $0'€C

‘Remyjed asesjoy 90BLNG 8y} J0J JUBAS[SI JOU INg (G'Z'Z'Z UoNnoas

99S) Aemyjed 9sea|ay aU0Z J8}eMpunols) 300Ipag MO||eysS ay} 1o} papn|oul ‘sap sjuawipas ol3enby €0'e0's?
‘Aemyied ases|ay aoeung ay)
Joj Jueasjal jou Ing (91 L0Z YSSILNIND ‘Wodal sisAjeuy oLIBUSOS UOIN[OAT [BWION

jogz'L'g x__ucmaa< mmwv 9UO0Z Jalempunols) 3o0ldpag Mojjleys ay} 1oj pspnjoul _w0> uspJingJaaAaQ c0'co’ee
(§'z'Z'Z pue $'Z'Z'Z suonoes pue |z 8|qel)

sLIgap 2109 [|Up pasladsip pue seb ‘Isiempunolb ul sjueullBIuOD JO Jo}daoal ‘Sap s|l0s 9oeung L0'SO'S2Z

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -G1-0-

soleu82g aAndnisiq (S 8insojo1sod




pue YSSIININD ‘Wodal eleq ayj Jo |/ uonoag 99s) (Asuoy pue suwioodysnwi
‘sallaq ‘ysi} ‘1qged ‘1eap se yons pooj pjim awos jo uondwnsuod Buipnjout)

paueA ale sjalp sdnoub juapisal 8)IS pue aininy 8y} dUIS ‘I8ABMOH "Ajjoalip Jou ‘ON 181p Jasayiebusjuny 20e0v'2
(szee
pue g’z Z suonoag aas) Buiwie) Buipnjoul pue| ayj JO 8sn a8y} Y)Im pajeloosse
sAemyjed Jo abues apim e eIA pasodxe ale sdnoub juspisal a)is pue ainjnj 8y} ‘SaA J01p Bulwue4 LO'EOV'Z
ayejul pinbi| pue ja1Q €0'v'e
"0LBUBDS UolN|oAT [ewloN S (e 1L0Z [e 3 YSSTLNIND ‘Hodai sd34 8y} 99s)
Ajo1uy3e Jo siapuab Jo uonounsIp OU INg S}NPE PUB UIP|IYD ‘SJUBjUI JOPISUOD ‘SBA Aydv1uyye pue sspuab ‘aby 202
011euU89S UOINJOAT
[ewJoN sy “(e1 102 e 3@ YSSILNIND ‘Hodal s34 8y} 99s) U\ 8ouaIajey (wsijoqejaw
(d¥yD1) uonoaold [eolbojoipey UO UOISSIWWOY) [BUOBUIBIU| JOPISUOD ‘SOA ‘ABojoisAyd) sonsusjoeieyd uewny N ard
Jnoineyag uewnH ¢
0L1eU2S UonnjorT JeulioN Sy (L 102
‘|e 18 YSSILNIND ‘Modas sd34 ay) o9s) Aloyisodas dosp Joj Jueasjal Jou ‘ON uoisnJjul onoig SL'ee
'9'Z 2Inbi4 99s) s|I0S Ul pasiadsip s1Igap 8102 ||LIP 3y} J0} JUSpISaJ dinyny 8Y} JO) pue
(941102 YSSILNIND ‘Hodai sisAjeuy olBUSDS UOKN|OAT [eWION 8y} JO 91°Z 84nbi4 swajshs
99s) Aemyjed aseajay auU07 J8}BMPUNOIS) X00Ipag MO||eYS dY} J0} JOPISUOD ‘SBA |eigoJoiwyjealbojoiqg/eaibojoog yLee
(41102 YSSILNIND ‘Hodal sisAjeuy oLeuS0S UOHN|OAT [BWION 8U} JO 912 8Inbi4
29s) Aemyjed aseajay auU07Z Ja}eMpPUNOIS) X00Ipag MO|[BYS dU} J0} JOPISUOD ‘SBA uonisodap pue uoisoig eLee
(9L102 YSSILNIND ‘Wodal sisAjeuy OLIeUSS UOIIN|OAT |BWION Y} JO 91"z 2inbi4 (aoeguns-1eau)
99s) Aemyjed osesjoy sU0Z J9}eMPUNOIS) X00Ipag MO||eYS SU} J0) JOPISU0D ‘sSap | @douejeq Jajem pue awibaa [es1b6ojolpAH zree
(g z'Z 'z uonoag) Aemyied ases|ay au0Z J8JBMPUNOID)
3001pag MO|[BYS dy} 10} SUOlE|ND|eD aoue|eq Jajem pue (g g g Uuoioas)
8|oya.0q eln ases|al seb 10} suoie|noles uoisiadsip ouaydsowie ul JapISuod ‘SaA Jayjeam pue ajewi|d LLee
(szee
puUe {'Z'Z’Z SUOIDaS 99S) S|I0S Ul pasiadsIp S1Igap 8409 [|UP JO} JOpISU0D ‘SOA suonejndod jewiuy  01'€'Z
011euUa2S UOISNJJU| UBWINY 10} [9POA [enjdasuon ul papnjouj d34

L10C YoteN -91-0-

soleu82g aAndnisiq (S 8insojo1sod




‘Remyjed ases|ay 9oeuNG 8y} J0o} palapisuod JoN *(G'Z'ZZ uonoesg
28s) Aemyied ases|ay aUO0Z J81eMPUNOIS) %o0ipag Mo|[eyS 8yl Jo) (uoneaiosl pue
Buiysyy Jo) “'6'8) Je1em pue pue| [eineu-iwas/jeineu sesn dnolb juspisal als ‘SaA

asn
19)JeM pue puej [einjeu-lwas/jedn}eN  80'¥'Z

(y'Z'2 2 uonoag) Aemyied aseajoy aoeung
By} Joj Juapisal 8)Is 8y} pue Aemyled 9Ses|ay dUO0Z J8)eMPUNOIS) X00Jpag MO|leyS
8y} Jo} (G z'z'z uonoag aas) dnoub juapisal a)is 40} Buljjomp asnNoy JapISUOD ‘SIA

sbullemag /02

0LBUBOS

uoinjoAg jeulioN sy “(e10Z ‘e 19 YSSILNIND ‘Hodal sd34 ay) 99s) (8002)
(YSD) uoneloossy spiepuels UeBipRUR) YIIM JUS]SISUOD ‘paloubl AjoAljeAISSUOD ‘ON

Buisseooid Jejem pue uoneledald poo 9Q0'v'e

‘Aemyjed asesajay aoeung 1o} 821n0s

pajeujwejuodun WoJj W09 0} pawnsse Jajep) (G Z g uonoag ass) Aemyled
9SB9|9Y BUOZ J9JBMPUNOIS) }00Ipag MO|[BYS a8y} 0} SUOZ J8}JeMPUNOIL) ¥00ipag
MOJ[eys wodj Buidwnd [jom wouy Jajem saxe) dnolb juspisal a)Is JopISU0D ‘SOA

921N0S 19)epp €0'gov'e

(§'2°2°Z pUe $°2°Z'Z SUOID8S 98s) 8IS 8y}
JO AJIUIDIA BU) Ul BIPSW Pa]eUILIEIUOD 0) pasodxa ale sdnolb |eonLIo swnsse ‘SaA

uoineodo| >u_=5EEOO c0's0'v'¢e

(g'Z'2 2 puUe $'Z'Z'Z Suonoag 99s) (Juspisal 8)is pue ueloiuyos) Alojeloge|
‘Mal0 ||LIp ‘Juapisal aininj ‘uapisal AgJeau) sdnolb [eonLo Jo abuel JapISU0D ‘SIA

ad/fy Ayjunwwon L0'G0'V'¢C

sonsuaoeIRYd AlUNWWOD  GO'v'e

(G'Z'2°Z pue {'Z'Z'Z suonoag aas) ainsodxs |ewlap/uonelpe.l
[eulg)xe pue uone[eyul ‘uonsabul JusueApeul Ul Buinsal sjigey JapIsuod ‘SaA

(4noiaeyaq pajejal-jalp-uou) siqeH  40'v'Z

"0LIBUBIS UOIINJOAT [BULION
Sy "slalp Jeylo Aue apnjoul 0] Alesseosu palopISu0D Jou SI ]l ‘8sop JO 81ewSs
BAIJBAISSUOD 10 Bjgeuoseal B SaAIB Ajjensn 181p Buiwie) Jusiolns-J|as aouls ‘ON

sialp J8Yyo €0°€0v'e

‘sAemyjed Jejnoiued asoy) yim pajeroosse dnoib

Juspisal 8y} Joj synsal ay) buljeos Aq passasse aq ued (dnoub Buiysi e Aq ysiy jo
sjunowe abue| 10 sisjuny Aq J9ap Jo syunowe abie| Jo uondwnsuod “6'8) shkemyjed
oly0ads asiwixew jybiw yeys sdnoub io} syoedwi [enuaiod (Bl L0z VAYIA0TD

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN - /10~

soleu82g aAndnisiq (S 8insojo1sod




0LBUBIS UONNIOAT [ewlON SY “(B1 102 VINHI40ID pue YSSILNIND ‘Hodal
B)e 8Y1 JO |'9'E PUB |'G'E SUOI}08S 88S) SJUBUIWEIU0D dlueBIoul JBPISUOD ‘SBA

so)njos/spijos oluebiou] 0 L°E

0LIBUBIS UOIINJOAT [euliop Sy "salel uohelausb seb Jo asodind ay) Joj palepisuod
s1 uonepesbap 1Y) ybnoye (91 10z YSSILNIND ‘Hoda sisAleuy oLeusos
UONN|OAT [BWION 98S) apelBap Jou op sjueulweuod olueblio ‘suonenojes 1oedwi
[elUSWIUOIIAUS puUe Yieay Jo asodind 8y} Joj ‘Jey) swnsse A[SAJBAIOSUOD ‘SOA

Ayjnqess uixoy oluebiojjeslwayy  €0°L'c

OLIBUBIS UolNjoAT [ewloN SY “(BL10Z VINYIJO3D
pue YSSILININD ‘Hodal ejeq 8y} Jo |'9’¢ Uooag 99s) (sg0d PuUe SHYd
‘sueln4 g SUIXolQ ‘s|ousyd-|D @ seuszuag-|D) SIUBUILWEIUOD 21UBBIO JOpPISUOD ‘SBA

swiioy
ojuebBuo Joy jenpuajod pue sojuebiQg 2oL

0LIBUBIS UOIINJOAT [eLWION SY
‘(81102 VINHI4039 pue YSSILNIND ‘Wodal eleq 8y} JO |G’ UooeS 8os) juaied
ay) yum wnugiinbas Jejnoas ul 8q 0] pawinsse ale sAep Gz 0} |enba 1o uey) sss| saA||
Jley yum asoy | “sAep gz uey} 1ealb jo aAll jjey yum Auaboud sapisuod Apioldxs ‘sap

ymmolB-ui pue Aesap aAnoeolpey LO'L'S

soljsulorIRY) JUBLILEBIUOYD  |'E

S¥0.10Vd
LINVNIAVLINOD '€

‘Remyied ases|oy 820eLNng
8U] JoJ palapisuod 10N ‘Aemyled 8ses|ay auoZ J8]eMpunols) yoolpag Mo|eys
a1 JoJ (G'Z'z'Z uonoag 9as) uonealoal o) pue| sasn dnolb juspisal alis ‘Sap

JUSWIUOIIAUSD JO SISN I3Yj0 pue ains|o LLv'2

0LBUBDS UolNjoAT [euwlioN S *(BLL0Z e 32 YSSILNIND ‘Hodas sd34

ay)} 9@as) sdnoub |eonuio Buiysyy pue Buiwiey o) ueyy syoedwl Jamo| pajoadxa ay) pue
(B110Z VSSILNIND ‘Hodal uonnjoAs s)| pue wajsAg ayj Jo /' UOOSS 88s) 8)is
1O AJUIDIA B)eIpAWIWI Ul pUB| [BLISNPUI PUB UBQJN Juediiubis Jo aouasqe 0} anp ‘ON

asn Jajem pue pue| [BuUjsnpul pue ueqln  0L'tv'Z

(y'z'z 'z uonoag) Aemyied ases|ay aoeuNng ayj Joj Buiwie) o) pue| sasn
uapIsal a)S (G 'z Z'Z uonoag aas) Aemyied o9seo|ay Uo7 J8JeMpPUNOIL) 300ipag
MO||BYS Y} 10} Jojem pue pue| [ednynoube pue jeunt sasn dnouf juspisal 8)Is ‘SaA

asn
Jajem pue pue| [ednynoube pue jeiny  60°p'Z

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -81-0-

soleu82g aAndnisiq (S 8insojo1sod




OLIBUSIS LONNIOAT [eULON SY *(V'Z20'20'C'E
d34 98S) paJepIsuod S| UOIOBAPE 80UIS PaIBPISUOD SI odsuel) 8AISIadsIp ‘SaA

uoistadsiqg D

(91102 YSSIALNIND ‘Hodai sisAleuy OLEUSOS UOHN|OAT [EWLON 8} JO
2'2'€'Z UoNoag 98s) ases|al 8UO0Z J81BMPUNOIL) %00Ipag MO||BYS JO) JapISUOD ‘S A

uolIsSnyp Jeno3do g

"(§'2'2'Z Uoioasg 98s) BoBUNS BY) 0} 8]0YaI0( BIA S| UOOBAPE ‘9S8l 80.LNS
104 *(§'2'Z'z Uonoag 99s) BSEs|a) BUOZ J8)JEMPUNOILS) ¥00Ipag MO|[BYS IO} ‘SBA

UONAAPY v

(es8ydsoab)
S1084}8 pajelpal-Islep) coeoece

OLBUSIS UOHNIOAT [BULION SY *(V'L0'20'Z'E
d34 ©9S) paJepISu0d SI UONDBAPE 80UIS PalapIsuod si odsuel) aAisiadsIp ‘S A

uoissadsiq D

oLIeud2S uonnjorg feuwlioN Sy (9L 102 YSSILNIND ‘Hodal sisAleuy oueuass
UOIIN|OAT [BWION 38U} JO €| "€ Z Uonoag aas) Aiojisodal ay) Ul JOpISU0D ‘SOA

uoISNYp Jen93|0N g

(ezze
pue Z'Z'Z'Z suonoag 9as) ajoyaloq el Alojisodal 8y} WOy 9Ses[al Jajem ‘SaA

uon2aAPY v

(A1oysodal)
S}09jj0 pajelipaw-Iaie | L0'co'ce

SJUBUIWEIUOD
Jo uonelBiw pajelpsw-isle\,  Z0'Z'E

(ecee
uo0ag 9as) (48y1empunolb pue aoeuns) sAkemyjed ases|al OM] JOPISUOD ‘SOA

sAemyjed aseajal Jueuiweluo) L0'Z'€

slojoe uonelbip pue ases|oy JUueUIWBUOD) Z'S

"(Z'2'2'Z uo1D8S) Uopel JBpPISU0D ‘SOA

saseB a|IqON  90'}'¢

(G'2'Z'Z PuUe '2°Z'¢ SUOI0eS 99s) 819ydsolq 8y} Ul UOKEZI|IE|OA
pue (z'z'z'z uonoag) Alousodal ay} ul seseb Jo uonelssuab Japisuod ‘sap

AynejoA oy jeuajod pue sa|je|oA  GO'L'E

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -61-0-

soleu82g aAndnisiq (S 8insojo1sod




(91102 YSSILNIND ‘Hodal sisAjeuy oueusds

UOIIN|OAT [BWION 38U} JO 9 Z aInbi4 98s) Aemyjed 9Se9|oy dU0Z 18}empunols)
3}o0upag Mojjeys ayj Joj aiaydsolg ul uoiisodap pue UoISOId Ul JBPISUOD 0S|y
"(z'2'Z uonoag aas) Alojsodal WOl 9100 PAJBUILEBJUOD JO [BAOWSI JOPISUOD ‘SBA

sjueuIWEU0D

40 uonelBIW pajelpaw-pljog

€0°C¢E

0L1eUB9S UOIINJOAT

sossasoud

jewliop sy “(g'z'z uonoag aos) saseyd Jajem pue seb ul JusWaAOW JBPISUOD ‘SBA yodsuesy aseydiniy $0'20°2°€
‘Aemyied asea|ay 92eLNg ay} 0} palapisuod 10N
(91102 YSSILNIND ‘Hodal sisAjeuy oLeusdg UolNjoAT [BWION 8y} Jo 9°g ainbi4 $3lpoq Jdjem
99s) Aemyjed aseajay au07 J8}BMpPUNOIS) X00Ipag MO||BYS dY} J0} JOPISUOD ‘SBA -9oepns uj Jodsuel] o
‘(9'z @Inb14 998S) pajopow 10U A|DAIIBAISSUOD
s| Buiyoea) ‘s|los ul pasadsip sugap 2409 [P 8y} Jo4 (G'Z'Z'Z uonoes
99s) Aemyjed 9sea|ay aU0Z 19}eMPUNOIL) YO0Ipag MO|leYS 8y} Jo} JOPISUOD ‘SBA mojuajul Aq podsuel) 3
"(9'z @Inb14 99s) pajapow jou Aj9AIBAIBSUOD
sI Buiyoes| ‘s|los ul pasiadsip sHgqap 8109 [P Y} 104 (1102 YSSILNIND ‘Hodau
sIsA|euy OLIBUSDS UOIIN[OAT [BWION 9} JO 91°Z 2inbi4 93s) Aemyied asea|oy auoz HJo-unu
19)eMPUNOID 3o0lpag Mo||eysS ay} Joj ss9004d UOIS0.D JO Lied Se JapIsuod ‘SaA aoejns Aq podsuea]
oLeUBDS UolNjoAT [euwlioN S *(B|L0Z [e 3 YSSIALNIND ‘Hodas sd34
8y} 99S) SjuBUILIEIUOD JO Jajsuel} Jo} ssao04d Jueoyiubis e 8q 0} paIapISuod Jou ‘ON asu Asejide) 9
‘(9'z @Inb14 298)
pajjepow jou AjoAleAIasuO09 sI Bulyoes| ‘sjios ul pasiadsip SLgap 8109 ||up 8y} 04
(91102 YSSILNIND ‘Hodal sisAjeuy oLeusdg UOHN|OAT [BWION 8y} JO 9°Z @inbi4
29s) Aemyjed aseajay auU07Z Ja}eMpPUNOIS) X00Ipag MO|[BYS BU} J0} JOPISUOD ‘SBA uonesyjyu] g
‘Aemyied ases|ay 92eLINg 8y} 1o} JueAS|al Jou N (5222 aiaydsoiq 0}
UoI}09g 99S) Aemyied 9SE9|ay SU0Z J9JeMPUNOID) ¥00Ipag MOjleys ay) Joj ‘sap | abeyosip Jajempunols)
(a1aydsoiq)
S}o8jje pajelpaw-Isie €0coce

0LIeUB2S UonNjorT JewlioN Sy (e 102
‘818 YSSILININD ‘HWodal sd34 ay) 99s) swalsAs Ajisolod [enp ou swnsse ‘ON

uoisnyip XuleN @

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -0¢-0-

soleu82g aAndnisiq (S 8insojo1sod




0LIBUBIS UOIN|OAT [eULION

Sy "suonipuod Alojisodal Japun aiepis se pajeydioald aq ues #1-9 (90°80° L2
d34 99S) 8}810U09 JO UOIjBUOQJED pUB Yoeje aleyd|ns ¥ apuojyd ‘Buiyoes) Jepisuod
os|y (91102 YSSILNIND ‘Hodal siskjeuy olleusds UOHN|OAT [eWION U} JO |°L'€°Z
uonoag 99s) uonelwl| AJIjIgN|OS puB WJOJBISEM WO} 8Sed|al snoanbe Japisuod ‘sap

(K10y1sodau) uonendioaid

pue uonnjossiqg looL'ce

uonezijeauiw

pue uoieydioaid ‘uonnjossiq  0L°Z'€
0LIBUBDS UolN|OAT [ewloN Sy “(BL10Z "B 1@ YSSILNIND ‘Hodal sd34 ay)
99s) sanjigeawlad mo| sy} Aq pajwl| g [Im JWodsuel) plojjod pue ‘1ajemalod aules
Alybiy 8y} ur wioy 0} pus} Jou ||IM SPIOJ|0d 8shedaq juenodwl ag 0} pajoadxa Jou ‘ON | JUeuIWEUOD JO uonelbiw pajelpaw-pIol0)  B60°Z'€
(g7z°2'Z uonoag) walsAs |einynoLibe Jo JusWysI|geIsa pue auoz
J9JEMPUNOID) 3001pag MO[leyS Wwod) Jajem pajeulweiuod jo Buidwnd pue Aioysodal sjueujweuod
ayy Bunesjpuad 8j0yaloq e eIA S|elialew pajeulWBIUOD JO 9SES[aJ JOPISUOD ‘SDA Jo uoneiBbiw pajeipaw-uoljoe-uewinH g0'Z'S
(§'2'2'z uonoag) Aemyjed ases|oy
2UO0Z 18)eMpPUNOIS) %00Ipag MO|[BYS 8} 10} pue (2’2 Z Uonjoas) s|los ul pasiadsip sjueUIWEUOD JO uoljelBiw
SlIgap 2409 ||IIPp By} 1o} Juspisal ainjny 8y} Jo} axeldn jue|d pue |ewliue JapISuod ‘Sap pajeipaw agoJoiw pue jueid ‘lewiuy  /0°Z2'S
oLBUBIS
uonnjong jeurioN Sy (9L 10Z YSSILNIND ‘Hodau sisAjeuy oLBUSIS UOIIN|OAT uoneibiw pue asesjal
[BWION 8Y} JO |°|"§ g Uon0as 99s) sajel asea|al snoanbe pue seb pajeloosse pue JUBUIWEBJUOD UO S}I9d ‘sassadoud
sojel uoljelauab seb pue uonepelbap ‘UoIS0LI00 UO Joedwi YBNoay) JOPISUOD ‘SA pajeipaw-|esibojoiq/lelqodIN  90°Z'€
sjueujweuod
‘(gz @Inbi4 pue |'Z 9|qe| 99S) SOSea|al ||e 40} JOPISU0D ‘SOA Jo uoneibiw suaydsowyy GO'Z'€
(91102 YSSILNIND
‘lodal sisAjeuy OLIBUSOS UOIINIOAT [BWION 8Y) 40 91 °Z 2InbBi4 99s) Jajempunolb
wo.ly Buissebop Jopisuod Aemyjed ases|ay su0Z I8}eMpunolS) 300ipag Mo|[eysS
104 *(G'2'Z'Z PUE $'Z2°Z'C Suooeg 99s) a1aydsolq 8y} Ul UOREZIIREIOA pue (£°2'2'2
uonoasg) aj0ya.ioq ay) wody paseajal seb Jo uoisiadsip ousydsowie (£22°2 sjueUIWERIUOD
uonoasg) ajoyaloq eia asaydsolq o) Aioyisodal wody uonelbiw seb JapISuod ‘saA Jo uoneiBbiw pajelpaw-sesy $0°Z’E

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -1¢0-

soleu82g aAndnisiq (S 8insojo1sod




(ueuiwejuoo) uondiosep pue uondios  ZL°Z'€

alnjeladwa)
0LIBUBIS UOIINjOAT ul ebueyo Aq pasned

Jewon sy (01°1°Z 434 99s) pajoadxe abueyo ainjesadws) Jueoyiubis ou ‘oN | abueyd wnugqiinbs sanadg 90'LLZ’E
011eU89S UOINJOAT ainjesadwa} ul abueyo Aq

JewoN sy (01°1°Z 434 @9s) pajoadxe abueys ainjeladwa) Jueolyiubis ou ‘ON pasneo sabueyo Ajjign|os So'LLZE
Jajem aiod pue ajsem
udaMj}aq uoijoelaul
011eU89S UOINJOAT |esiwayd Aq pasnes

[ewioN sy “(e110Z ‘18 1@ YSSILNIND ‘Hodal sd34 ayj 99s) J Joj Ajuo Ing ‘sap sabueys Ayignjog yo'LLCe
(a1aydsolq
0LIBUBIS UOINJOAT [eULION ‘uoneywi| Ajpgnjos)

Sy "IN220 0} uoneywl| AJjIgN|Os 10} MO| 00} 8 O} PAWNSSE SUOIJEJJUSIUOD ‘ON Aljign|jos pue uolenadg €0'LL'ZE
(e18ydsoab
0LIBUBIS UOIINJOAT [BULION ‘uoneywi Ayjignjos)

Sy "IN220 0} uoneywl| AJjIgN|OS 10} MO| 00} 8 O} PAWNSSE SUOIJEJJUSIUOD ‘ON Aljignjos pue uoneloadsg AR AL

oLeusdS uonnjorg JeulioN Sy (L 10Z

‘[e 19 YSSILNIND ‘Hodal sd34 @9s) O 4o} Ajuo ing uonepwi| Ayjignios ybnoayy (R1opsodau
paJapIsuod uoperdads (g1 102 YSSILNIND ‘Hodai sisAjeuy OlBUSDS UOHN|OAT ‘uoneywi| Ayjignjos)

[BWLION U} JO |"|'¢"Z UOROSS 93s) AJ|IQN|OS pue SPI|OS JO UOHN|OSSIP JOPISU0d ‘'S8 |  Ajjignjos pue uonerdadg lo'kL'ee

(Jueulwejuod) Ayjignjos pue uoneads  |LZ'¢

0LBUSIS UoiNjoAT [euloN Sy (L 10Z YSSILNIND ‘Hodai uonnjons

S}| pue wa)SAS 8y} Jo G 3 xipuaddy 8as) 8)8J0U0D JO UOIIEZI[BIBUIW JBPISUOD ‘S3A | uoniezijesauiw ui abueyn y00L°2€
oleUBIS UOlNIOAT [ewlioN Sy “(BL10Z 1} YSSILNIND (assydsolq) uoneydioaid

‘Hodal s34 8y} 99s) a1aydsolq ul uoneydioald/uonn|ossip Ou swnsse ‘ON pue uonn|ossiq €00L'2¢E
oLeUBIS UOHNIOAT [ewION Sy “(B110Z e 3@ YSSILNIND (s18ydsoab) uoneydiosid

‘bodal s34 oy} 99s) asaydsoab ul uoneydioaid/uonnjossip ou sawnsse ‘oN pue uonn|ossiq 200L'2¢

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -¢¢O-

soleu82g aAndnisiq (S 8insojo1sod




(szee
uonoasg) Aemyjed ases|ay U0z J8JeMpUNOIL) Jo0ipag Mojleys oyl Joj pue (222

sjueuIWEUOD

uo10aS) S|l0s Ul pasJtadsip sugap 2109 ||1LIp 8y} Joy ejoiq Ag ayeldn Japisuod ‘sap Jo 9)ejdn pue suieys poo4 $1°2'S
oLeUBIS uonnjons jeulioN Sy (BL10Z '|e 10
VSSILNIND ‘Uodal sd34 ay) o9s) ssaooud jueolyiubis e aq 0} palopisuod Jou ‘ON $9qOJOIN €0'EL'ZE
0LIBUBIS UONNjoAT JeuwlioN Sy (BL1L0Z e 10
VSSILININD ‘Hodal sd34 ay} 89s) ssa00.d Jueoubis e 8q 0} paJspISuod Jou ‘ON spuebi| oluebiou| 20€L'ZE
"(BL10Z "[e 1@ YSSILNIND
‘uodal s34 oy} 99s) siojoweled SAIIBAISSUOD JO 8Sh AQ 1IN0 paudalds ‘ON sojueblp LOEL'ZE
(jueuiwejuog) syaye abe Buixeldwon ¢L°2'€

011eUBIS UOIINJOAT [BULION SY

ainmeladwa) ul abueyo

(6022 d34 pue 01°1'Z 434 29s) payoadxe abueyd ainjeladws) ueoyiubis ou ‘oN | Ag pasneo abueyo uondiosg 902ZL'2¢
0l1eu82S U0IINjoAT jeulionN SY (Bl 1L0Z
VYINHIJ03D pue YSSILNIND ‘Hodal eyeq 8u3 JO ¢°1°G'G UOIOSS Ul UOISSNISIp
99S) JNO00 S99 UOISN[OXS UOI Jey) UMOYS 9ABY sjuswiiadxs uoisnyiq ‘SaA $}09J}9 UOISN|IXd Uoluy S0'ZL'ZE
0LIBUSIS UOoINjoAT JewloN Sy (B 10Z [ 1@ YSSILNIND | uondiosap Jo uondiospe Aq
‘1odal s34 8y 99s) 434 a1eledas e se anss| SIY} AJjuspl 0] pesu ou ‘ON | Pasned suonoeal [eolwayD AR ARALS
0LIBUSIS UOIINJOAT [RULION (sasaydsoiq)
Sy (81102 VINYI4039 pue YSSILNIND) Hodal ejeq 8y} Jo |'Z'9 uoioag a9s ‘sa |  uondiosap pue uondiog €ocl'ee
0IBUBIS UOIINIOAT [ewlioN S *(BLL0Z VINYIJ0TD pue YSSILININD (a1aydsoab)
‘Jodal eleq 8y} JO £71°G"'G UOI}08S 9aS) Ssjuawia|e ulelad Joj uoidios Japisuod ‘sap | uondiosap pue uondiog 2021°2¢
0LBuU8dS
uonnjorg jeulioN sy “(e1 1.0z VINEIJ03O Pue YSSILNIND ‘Hodal eleq ay) (Asoyisodau)
10 £'9"f UOI}09S 99S) pues/a}luojuaq Ul SJUsWa|e ulepad Joj uondios Japisuod ‘sap | uondiosap pue uondiog L0212’

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -€¢0-

soleu82g aAndnisiq (S 8insojo1sod




sy "(d110Z "[e 12 YSSILNIND ‘Hodal ulew VS 8InSo[0}sOd AU} JO '€ UONISS 99s)

ejo1q 10} S}09449/A3101X0)

S8s0p uonelpe. ‘Alessaosu JI pue SUOINEJIUSIUOD 108)J8 OU BuIsn palapISuoD ‘S A |esiBojoipey 20°90°€’S
0LIBUBIS UONN|OAT [eULION suewny
S (41102 ‘1e 3@ YSSILNIND ‘Hodal ulew yS 8Inso|0}sod 8y} JO {'¢ UONODG 995s) l1o} s309y49/A)101x0}
SjuBjUI PUB UBIP|IYD ‘S}NPe 10} pale|nod|ed Sl 8S0op aAI108)I8 [ENPIAIPUI [BnUUR ‘SBA |esiBojoipey 10°90°S'E

sjoaye/AoIx0) [edlbojolpey  90°€'E
suewny uey} Jayjo
0L1BUSIS UOINJOAT [BULION SY BJoiq 10} Sol38UOIq
(B1102) YWHI4039D pue YSSILNIND ‘Hodas ejeq duj JO g'Z° /L UONOSS 89S ‘SBA pue Anawiso(q c0'so’ee
0LIBUBIS UOIIN|OAT [BULION SV suewny Joj sonaupjoiq
"(e1102) VNYI4039 pue YSSILNIND ‘Hodal eyeq 8y} JO | g’/ UOOSS 89S ‘SDA pue Anjawisoq L0'S0°E'E
sojeunjolq pue Ajewisoq  G0'€’E
(§'¢'z ¢ uonosg suewny ueyj
pue 9'z ainbi4 98s) sases|al Jajlempunolb pue s1gap 8109 ||UP 3y} J0} JOPISUOD ‘SBA Jayjo ejoiq jo ainsodx3y 20v0°€'S
(g'z'2'z uonoag pue
9'z ainbi4 ‘G 'z aInbi4 ‘4'g ainbi4 ‘¢z ainbi4 9as) dnoub Juspisal a)is pue ueldIuydd)}
Alojeloge| ‘maud [jup ‘Juapisal aininy ‘Juapisal Agleau Jo ainsodxa JapISU0D ‘S8 suewny jo ainsodx3 LO'vO'S'E
sopow ainsodx3  $0'€'E
(g'z'Z'Z uonoag pue ¢z ainbi4 99s) BIpAW |BJUBWIUOIIAUD
saseajal Jajempunolb pue seb ‘aysem BujuiejuOD S1IGap 109 ||lP J0) JOPISUOD ‘SBA J3Yj0o Ul SUOIJeIJU3dUOI JUBUIWEIUO)  €0°'C'E
011BUBDS UOHNIOAT [ewloN Sy *(BLL0Z e 3@ YSSILNIND syonpoud
‘Wodas s34 ay} 99s) sjuswissasse snoiaald ul Juedyiubis aq 0} Jou UMOYS ‘ON POO0J-UOU Ul SUOIIBJIUSOUOD JUBUIWIBIJUOD  Z0'S'S
(Gg'z'Z'Z uonoag aas) ases)al
Jayempunolb 1o} dnoub juspisal 8)is 8y} 1o} palapIsuod osly (9°g ainbi4 89s) sBnip pue sjnyspooy ‘iayem Bupjurp
S|10s Ul pasJadsip sugap 8102 ||Lp 8y} oy dnoib juspisal aininy 8y} J0} JOPISUOD ‘SBA U] SUOIJBIIUIIUOD JUBUIWRIUOY)  |O'E'E

sioped ainsodxgy ¢'¢

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN - v¥¢-O-

soleu82g aAndnisiq (S 8insojo1sod




"0LIBUSOS UOIN|OAT [EWLION SY 22’ UOIj08S 98S ‘SaA

ainsodxa Jojybnep uopes pue uopey gO'S’E

0L1eU2S uonnjorg JeulioN Sy (91102
‘|e 18 YSSILNIND ‘Modas ulew S 81ns0|0}S0d 8y} JO '€ UONOSS 99S) suolje|nojed
Ajoixo) ‘Alessadau JI pue spiepueis Ajlljenb [ejuswodiaus Buisn paiapisuod ‘saA

suewny
ueyj Jayjo ejoiq Joj
s)09))9/A}121x0} |edlwayD FAVWAVE R

oLBUBIS UoNNjoAT feulioN SV (AL 102
‘le 18 YSSILNIND ‘Hodal ulew S 81nso|21S0d 8y) JO '€ UoIj0ag 88s) suonenojes
Auoixoy ‘Aiessagau JI pue spiepuels Aljenb [ejuswoliAue Buisn palapisSuod ‘sep

suewny Joj
s3109)39/A}191x0} [edlWway 10°20°€€

s109)J9/A)I0IX0) [EOIWAYD  L0'E'E

0LIBUBIS UOIINJOAT [BULION

suewiny uey} Iayjo

OlleUd2g UoISNIU| uewnH Joj [9pol\ [enydasuo) ul papn|auj

d34

L10C YoteN -G2-0-

soleu82g aAndnisiq (S 8insojo1sod




Postclosure SA: Disruptive Scenarios - C-26 - March 2011

REFERENCES FOR APPENDIX C

CSA. 2008. Guidelines for Calculating Derived Release Limits for Radioactive Material in
Airborne and Liquid Effluents for Normal Operations of Nuclear Facilities. Canadian
Standards Association Standard N288.1-08. Toronto, Canada.

GEOFIRMA and QUINTESSA. 2011. Postclosure Safety Assessment: Gas Modelling.
Geofirma Engineering Ltd. and Quintessa Ltd. report for the Nuclear Waste Management
Organization, NWMO DGR-TR-2011-31. Toronto, Canada.

NWMO. 2011. Geosynthesis. Nuclear Waste Management Organization, NWMO DGR-TR-
2011-11. Toronto, Canada.

QUINTESSA. 2011a. Postclosure Safety Assessment: System and Its Evolution. Quintessa
Ltd. report for the Nuclear Waste Management Organization, NWMO DGR-TR-2011-28.
Toronto, Canada.

QUINTESSA. 2011b. Postclosure Safety Assessment: Analysis of the Normal Evolution
Scenario. Quintessa Ltd. report for the Nuclear Waste Management Organization
Report, NWMO DGR-TR-2011-26. Toronto, Canada.

QUINTESSA and GEOFIRMA. 2011a. Postclosure Safety Assessment: Data. Quintessa Ltd.
and Geofirma Engineering Ltd. report for the Nuclear Waste Management Organization,
NWMO DGR-TR-2011-32. Toronto, Canada.

QUINTESSA and GEOFIRMA. 2011b. T2GGM Version 2: Gas Generation and Transport
Code. Quintessa Ltd. and Geofirma Engineering Ltd. report for the Nuclear Waste
Management Organization, NWMO DGR-TR-2011-33. Toronto, Canada.

QUINTESSA, SENES and GEOFIRMA. 2011a. Postclosure Safety Assessment: Features,
Events and Processes. Quintessa Ltd., SENES Consultants Ltd. and Geofirma
Engineering Ltd. report for the Nuclear Waste Management Organization, NWMO DGR-
TR-2011-29. Toronto, Canada.

QUINTESSA, GEOFIRMA and SENES. 2011b. Postclosure Safety Assessment. Quintessa
Ltd., Geofirma Engineering Ltd. and SENES Consultants Ltd. report for the Nuclear
Waste Management Organization, NWMO DGR-TR-2011-25. Toronto, Canada.



Postclosure SA: Disruptive Scenarios - D-1 - March 2011

APPENDIX D: MATHEMATICAL MODEL FOR THE HUMAN INTRUSION SCENARIO
D.1 SURFACE RELEASE PATHWAY
D.1.1 Contaminant Concentrations
D.1.1.1 Concentration in Gas
The concentration of contaminated gas in the repository (Cegas,rep, Bq/m3) is estimated as the

total activity in gas in the Panel (at a given time) divided by the total void space in the Panel at
closure (i.e., assuming low resaturation):

C — IGas,rep
Gasrep VGas rep (
; D.1)
where:
lGas,rep is the total activity of a radionuclide present in gas in the Panel at a given time (Bq);
VGas,rep is the total space accessible to gas in the Panel, at closure (m3).

Uncontrolled gas release is assumed to be prevented by the use of a drilling rig blowout
preventer. The blowout preventer releases gas at a controlled rate at atmospheric pressure
(assumed to be 1 m®s at atmospheric pressure). As the gas pressure decreases from the
pressure in the DGR to atmospheric pressure the gas expands. Expansion of the gas causes a
reduction in the gas concentration. The concentration in the gas released at the surface from
the blowout preventer (Cegas,surtace, Bq/m3) is:

C =C Patmos
Gas,surface — ~Gasrep =
Gasrep (D_2)
where:
Patmos is atmospheric pressure (Pa); and

Pgas,rep is the gas pressure in the DGR (Pa). This is calculated by the T2GGM model, and
the time series T2GGM results are imported into the AMBER model (see
Appendix F.5).

The concentration of gas in air (Cg.s, Bq/m®) at a point away from the borehole, where a person
can inhale it, can then be calculated as follows.

CGas = CGas,surface QGas lGas (D3)

where:

QGas is the rate of release of gas (m*/s) from the blowout preventer at atmospheric
pressure; and
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XGas is the time integrated air dispersion factor for a ground level discharge, at a given
distance from the point of release (s/m°).

D.1.1.2 Concentration in Drill Core Sample

The contaminant concentrations in the retrieved sample are taken to be the average of the
waste concentrations in the Panel for the reference calculation case of the Normal Evolution
Scenario. The concentration in the waste (Cgy Bq/m3) is calculated by:

Z I Waste

_ Wastes
CBH -

Z VWaste

Wastes (D.4)

where:

Iwaste is the total activity of a radionuclide present in a given wasteform in the Panel at a
given time (Bq); and

VWaste is the total volume of a given wasteform in the Panel (m3).

In addition, a concentration calculation is undertaken for each waste category.

D.1.1.3 Concentration in Drill Core Debris

Human intrusion calculations for drill core debris assume that materials brought from the
repository to surface become dispersed at the drill site and are mixed into an area of soil. The
concentration (Csyi, Bq/m3) is then given by:

Cqy = Cn Ven

Asoir Dcontam (D.5)
where:

Vay is the volume of waste retrieved via the borehole (m3);

Asoi  is the area over which the material is distributed (m2); and

Dcontam is the depth to which the material is mixed (m).

D.1.2 Human Exposures
D.1.2.1 Drill Crew

Both an instantaneous and "chronic" (one month) exposure of the drill crew to drill core debris
and gas is assessed.

The instantaneous exposure includes:

o External irradiation by drill core debris;
¢ Inadvertent ingestion of drill core debris;
e Inhalation of dust from the drill core debris; and



Postclosure SA: Disruptive Scenarios - D-3 - March 2011

¢ Inhalation of discharged repository gas at the well head immediately adjacent to the release.

The effective dose resulting from external irradiation, Egysoises (SV/a), is calculated using:
E ExtSoilSed — CBH VBH D CF ePt tEpoI

(D.6)
where:
texpH is the exposure duration as a fraction of a year (a); and
DCFp; is the dose coefficient for external irradiation by a point source (Sv/a/Bq).
The effective dose from inadvertent ingestion, Ejngsoiseq IS calculated using:
CBH
E[ngSoilSed =—=1Iy D CFf tEpoI
Ps (D.7)
where:
Ps is the bulk density of the drill core debris containing waste (kg/m?);
DCF; is dose coefficient for intake by ingestion (Sv/Bq); and
Is is the incidental intake of drill core debris containing waste (kg dry weight/a).
The effective dose from the inhalation of particulate is calculated with:
Cyuy
E[nh CDust [ D CF:Parl ExpHI
Ps (D.8)
where:
Cpust is the concentration of contaminated aerosol, which can conservatively be assumed
to be the average dust concentration in air, i.e., assuming all dust is contaminated

(kg/m®);
DCFipart is the dose coefficient for inhalation of contaminants in particulate form (Sv/Bq); and
I is the inhalation rate (m®a).

The drill crew can also be exposed by the inhalation of gas from the borehole. The effective
dose is calculated with:

ElnhG = CGax Ih DCFz ZLEpoI

(D.9)
where:

DCF; is the dose coefficient for inhalation (Sv/Bq).

The chronic exposure situation for the drill crew includes:

o External irradiation by drill core debris diluted in soil;
¢ Inadvertent ingestion of drill core debris diluted in soil;
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¢ Inhalation of drill core debris diluted in soil and resuspended in air at a characteristic dust-
loading; and
¢ Inhalation of dispersed gas (at 50 m from the well head).

For chronic exposure, the effective dose resulting from external irradiation by drill core debris
dispersed in soil, Eggsoises (SV/a), is calculated using:

E isoitsea = Cson f; D CF; L (D.10)
where:
f, is the dose reduction factor to account for non-uniformity of the ground surface
(unitless) (see Clause 6.14.1 of CSA 2008); and
DCF, is the effective dose coefficient for ground contamination to an infinite depth (Sv/a

per Bg/m®).

The equations used to calculate the chronic exposures due to ingestion and inhalation are the
same as applied to calculate the dose associated with the instantaneous exposure, with the
exception that the contaminants are diluted in soil; therefore, Cs,; and bulk density of soil (05
kg/m3) are used in place of Cgy and ps, and other exposure parameter values are specific to
chronic exposure.

D.1.2.2 Residents

Both instantaneous and chronic exposures are assessed to residents living in the vicinity of the
borehole.

The instantaneous exposure to the nearby resident group only involves the assessment of the
inhalation of discharged repository gas (Cgs,s) at a nominal distance from the well head (100 m).
The effective dose is calculated using the same expression as for the drill crew, above, but with
alternative parameter values.

The chronic exposure of a future resident group involves the assessment of exposures to
contaminated soil. A person lives upon land contaminated by the drill core debris from the
borehole. Conservatively, no account is taken of leaching of contaminants from the soil or
radioactive decay prior to exposure. The total activity in waste in the drill core debris is mixed
into the soil used for growing of fruit and vegetables. The exposure pathways and individual
doses are calculated using the same models described in Appendix D of the Normal Evolution
Scenario Analysis report (QUINTESSA 2011), and the same habits as the site resident group
defined for that scenario, but, due to the limited volume of extracted core and so the limited area
of contamination, only the growing of fruit and vegetables is considered.

D.1.2.3 Laboratory Technician

The calculation considers a laboratory technician who is examining a sample of retrieved drill
core. The technician is exposed by:

o External irradiation by the sample (taken to be a point source at a time-averaged distance
over the exposure duration of 1 m from the worker);
¢ Inadvertent ingestion of undiluted waste (as a result of handling the sample); and
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¢ Inhalation of undiluted waste in dust form (e.g., when a consolidated sample is cut or an
unconsolidated sample handled).

The effective dose by external irradiation, Egy; is calculated by:

C
ExtPt — —= mCore DCFePt tEpol (D1 1 )
S

E

where:
Mcore is the mass of the sample being inspected (kg).

Other doses are calculated using the same mathematical models described for the drill crew
(Appendix D.1.2.1). However, data are specific to the inspection of contaminated core.

D.2 SHALLOW BEDROCK GROUNDWATER ZONE PATHWAY

The Shallow Bedrock Groundwater Zone Release Pathway adopts mathematical models that
are identical to those considered in the Normal Evolution Scenario with a single exception — the
modelling of the release of contaminants from the repository to the Shallow Bedrock
Groundwater Zone via the borehole.

This is represented with a direct transfer of water in Panel 1 of the repository to the overlying
Shallow Bedrock Groundwater Zone. The value of the transfer rate (Agorenoe, /@) is given by:

— QBorehole
poretele VWater[Panell] (D.12)
where:
QBorethole is the flow rate of water via the intruding borehole (m3/a); and

Vwaterpanei 17 18 the volume of water in Panel 1 (m3).

The flow rate via the borehole (Qgorenoe) has been determined on the basis of groundwater
modelling, described in the groundwater modelling report (Section 6.2 of GEOFIRMA 2011). It
is only applied once the intrusion has occurred (i.e., after controls are no longer effective), but is
taken to continue indefinitely; see Section 2.4.3.4.

The exposure pathways and individual doses are calculated using the same models described
for the Normal Evolution Scenario Analysis report (QUINTESSA 2011), and the same habits as
the site resident group defined for that scenario.
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APPENDIX E: CALCULATED RELEASES OF GAS FROM THE REPOSITORY VIA A
BOREHOLE

It is standard practice for blowout preventers to be used when undertaking the type of drilling
that could reach the repository horizon. These limit the release of gas, water or oil from the
borehole if it encounters a high-pressure formation.

If a borehole were to intercept the repository, the most likely situation is that the repository
would be largely unsaturated but contain pressurized gas. In this case, the blowout preventers
would be activated and set to stop or manage the rate of release of gas. In the Human Intrusion
Scenario, it is assumed that the gas is allowed to bleed off at a rate of 1 m*/s (atmospheric
pressure), consistent with the deep borehole blowout preventer system used during DGR site
characterization exploration drilling. The potential duration of the release is dependent on the
pressurization of the repository. Assuming a peak pressure of 8.2 MPa (Table 8.1 of the Gas
Modelling report, GEOFIRMA and QUINTESSA 2011), the number of moles of gas in the
repository can be calculated using the ideal gas law. The repository void volume is 4.2 x 10° m®
and the repository is at a temperature of about 22 °C (Table 4.5 and Section 5.1 of QUINTESSA
and GEOFIRMA 2011). The number of moles of gas in the repository is:

n =PV =8.2x10%Pa) x 4.2x10°(m? = 1.40x10° moles
RT 8.314(J | (K mol)) x 295.14K

After depressurization the repository will be at atmospheric pressure of 101 kPa, and would
contain the following number of moles of gas,

n =PV =101325(Pa) x 4.2x10°(m? _ =1.73x10" moles
RT 8.314(J | (K mol)) x 295.14K

The difference is the number of moles of gas released, i.e.,1.39 x 10° moles.
The number of moles of gas in 1 m* at STP is given by,

n=PV=_101325(Pa)x 1.0(m%) =45 moles
RT 8.314(J | (K mol)) x 273.15K

Thus, if the repository gas pressure is discharged through the blowout preventer at a constant
rate of 1 m*/s (STP), the repository will take (1.39 10°/ 45) seconds, or approximately 350 days,
to depressurise.
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APPENDIX F: AMBER DATA
F.1 INTRODUCTION

The AMBER models for the Human Intrusion and other Disruptive Scenarios are based on
those used for analysis of the Normal Evolution Scenario. The underlying models and data are,
therefore, described in Analysis of the Normal Evolution Scenario report (QUINTESSA 2011).
This appendix presents additional data that are needed to represent the Disruptive Scenarios,
where that data is not included in the model descriptions given in the main body of this report.
The additional data covers the importing of information from FRAC3DVS_OPG and T2GGM.

F.2 GROUNDWATER FLOW RATES

Appendix J to the Normal Evolution Scenario report (QUINTESSA 2011) describes how
groundwater flow rates are imported into the AMBER model from FRAC3DVS_OPG. The
FRAC3DVS_OPG calculation cases for the Disruptive Scenarios and the associated AMBER
cases are given in Table F.1.

Table F.1: FRAC3DVS_OPG Calculation Cases (3DS) for which Volumetric Groundwater
Flows are Used in the AMBER Models

FRAC3DVS_OPG Calculation AMBER Cases that use the Associated
Case Groundwater Flows

HI-GR2 (Transient) HI-GR2-A

SF-BC (Transient) SF-BC-A

SF-ED (Transient) SF-ED-A

BH-BC (Transient) BH-BC-A

VF-BC (Transient) VF-BC-A

VF-AL (Transient) VFE-AL-A

The volumetric groundwater flows are stored in the FRAC_260ct10.aaf import file. A copy of
this file needs to be located in the same directory as the associated AMBER file when
calculations are undertaken.

F.3 INITIATION OF GROUNDWATER FLOWS

The times of initial groundwater flow away from the DGR, based on the T2GGM results, are
shown in Table F.2, together with the AMBER cases for which the times are used. Note that for
instant resaturation cases (HI-GR2, BH-BC, VF-BC and VF-AL) the time of initial groundwater
flow away from the DGR is set to zero.

Table F.2: Time of Initial Groundwater Flows

T2GGM Case Time of Initial Groundwater Flow | Associated AMBER Cases
away from the DGR (a)

SF-BC (WL) 60,000 SF-BC-A

SF-ED (WL) 600 SF-ED-A

Note: WL indicates water-limited case.
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F.4 GAS MASSES AND GAS FLOW RATES

The gas masses and gas flow rates used for the SF-BC-A and SF-ED-A cases are imported
from the T2GGM calculations, as described in Appendix J.4.3 of the Normal Evolution Scenario
Analysis report (QUINTESSA 2011).

F.5 SATURATIONS, PARTIAL AND TOTAL PRESSURES, GAS FRACTIONS, AND
SIDERITE FRACTIONS

For the disruptive event cases that involve a potential gas pathway (SF-BC-A and SF-ED-A),
the AMBER model draws the repository saturation, partial pressures and gas compositions from
the associated T2GGM calculation. For the human intrusion case (HI-BC-A), the total gas
pressure in the repository is required and is taken from the T2GGM calculation for the
NE-RC(NWL) case. The information is stored in GGM output files.

The GGM output includes several thousand output times for each case. A reduced set of times
is used in importing the saturation fractions, and partial and total pressures; the data is
presented in Tables F.3 and F 4.

The saturations, partial and total pressures, and gas fractions are stored in the
GGM_20Jan11.aaf import file. A copy of this file needs to be located in the same directory as
the associated AMBER file when calculations are undertaken.

For cases that are taken to be fully resaturated at closure (i.e., HI-GR2, BH-BC, VF-BC and
VF-AL), the saturation is taken to occur over the first 1 year of the calculation and gas
releases/partitioning are not modelled.

In addition to the fractional repository saturation, the AMBER model requires the resaturation
rate. This is calculated in the spreadsheet and used to generate time-dependent lookup
functions that are used in REP_ResatFrac parameter.

Gas fractions are only needed for cases that may include a free gas pathway via the shafts (i.e.,
the SF_BC and SF_ED cases).



Postclosure SA: Disruptive Scenarios

-F-3-

March 2011

Table F.3: Fractional Repository Saturation and Partial Pressure based on T2GGM

Time (a) Saturation (-) Partial Pressure (Pa)
SF-BC SF-ED SF-BC SF-ED
0.1 1.77E-03 1.78E-03 3.16E+01 3.16E+01
0.5 1.76E-03 1.78E-03 2.09E+02 2.09E+02
10 1.94E-03 2.31E-03 9.19E+02 9.17E+02
50 2.10E-03 8.62E-02 1.42E+04 1.51E+04
100 2.15E-03 1.94E-01 3.77E+04 4 14E+04
200 2.05E-03 4.01E-01 7.37E+04 9.16E+04
500 1.10E-03 8.30E-01 1.44E+05 2.40E+05
750 1.26E-04 8.16E-01 3.48E+05 1.94E+06
1000 1.26E-04 7.49E-01 4.96E+05 2.58E+06
1019 1.26E-04 7.44E-01 5.75E+05 2.49E+06
1400 2.77E-03 6.41E-01 5.81E+05 2.49E+06
1800 6.68E-03 5.36E-01 7.95E+05 2.38E+06
2400 1.04E-02 4.44E-01 1.02E+06 2.30E+06
3070 1.18E-02 4.27E-01 1.32E+06 2.17E+06
4000 1.07E-02 4.12E-01 1.62E+06 2.53E+06
5000 1.42E-02 4 13E-01 1.99E+06 2.89E+06
10000 4 .90E-02 4.63E-01 2.34E+06 3.18E+06
18700 1.02E-01 4.22E-01 3.68E+06 5.64E+06
25000 1.26E-01 4.12E-01 5.28E+06 6.68E+06
46800 1.71E-01 4.12E-01 4.78E+06 6.63E+06
50000 1.75E-01 4.12E-01 3.92E+06 6.70E+06
75000 2.08E-01 4.12E-01 3.91E+06 6.70E+06
100000 2.40E-01 4.12E-01 3.90E+06 6.70E+06
150000 3.06E-01 4.13E-01 3.90E+06 6.71E+06
225000 4.03E-01 4.18E-01 3.90E+06 6.71E+06
325000 5.34E-01 4.24E-01 3.90E+06 6.71E+06
400000 6.31E-01 4.28E-01 3.90E+06 6.71E+06
500000 7.62E-01 4.34E-01 3.90E+06 6.71E+06
683000 9.99E-01 4.44E-01 3.90E+06 6.71E+06
1000000 9.99E-01 4.61E-01 3.90E+06 6.71E+06
1500000 9.99E-01 4.88E-01 3.90E+06 6.71E+06
2000000 9.99E-01 5.15E-01 3.90E+06 6.71E+06
3000000 9.99E-01 5.68E-01 3.90E+06 6.71E+06
5000000 9.99E-01 6.74E-01 3.90E+06 6.71E+06
10000000 | 9.99E-01 9.40E-01 3.90E+06 6.71E+06
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Table F.4: Total Pressure based on T2GGM

Time (a) Total Pressure (Pa) for
HI-BC-A
0.0 9.9037E+04
0.5 9.6450E+04
10 1.2126E+05
50 1.6026E+05
100 2.2581E+05
200 3.5211E+05
500 7.2100E+05
750 1.0319E+06
1000 1.3464E+06
1019 1.3701E+06
1400 1.8592E+06
1800 2.3869E+06
2400 3.2010E+06
3070 4.1266E+06
4000 5.0366E+06
5000 5.2689E+06
10000 5.0461E+06
18700 5.1813E+06
25000 5.6866E+06
46800 6.8445E+06
50000 6.9384E+06
75000 7.3523E+06
100000 7.5139E+06
150000 7.6636E+06
225000 7.8000E+06
325000 7.9328E+06
400000 8.0064E+06
500000 8.0794E+06
683000 8.1608E+06
1000000 8.2234E+06
1500000 8.2592E+06
2000000 8.3005E+06
3000000 8.4442E+06
5000000 8.7172E+06
10000000 8.8389E+06
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F.6 SIDERITE FRACTIONS

The final fraction of carbon that is incorporated into siderite within the repository is also used in
the AMBER model and is based on the GGM output. The siderite fractions used are given in

Table F.5.
Table F.5: Final Fraction of Carbon in Siderite, based on T2GGM

T2GGM Case Siderite Fraction | Associated AMBER Cases

NE-RC (NWL) 0.0138 HI-BC-A, HI-GR2-A,
BH-BC-A,
VE-BC-A, VF-AL-A

SF-BC (WL 0.0180 SF-BC-A

SF-ED (WL) 0.0394 SF-ED-A
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APPENDIX G: ECOLOGICAL RISK ASSESSMENT
G.1 INTRODUCTION

Screening No Effect Concentrations (NECs) have been specifically developed for 11
representative radionuclides (SENES 2008) and have been accepted by the Canadian Nuclear
Safety Commission (CNSC) for application to the DGR Project (CNSC 2009). The NECs are
derived from Estimated No Effect Values (ENEVs) for numerous indicator species relevant to
environmental conditions at the DGR location. NECs are limiting radionuclide concentrations
that will not result in undue risk to the identified biota.

According to the assessment criteria (QUINTESSA et al 2011, CNSC 2009), if the NECs are
exceeded for Normal Evolution Scenario calculation cases, an Ecological Risk Assessment
(ERA) is carried out for those specific radionuclides with concentrations estimated to exceed the
NECs. If concentrations exceed these NECs under Disruptive Scenarios, then the acceptability
is judged on a case-by-case basis taking into account the likelihood and nature of the exposure,
uncertainty in the assessment, and conservatism in the dose criterion.

Calculations presented separately in the Normal Evolution Scenario did not indicate any
exceedances of the NECs. Calculations presented in Section 2.5.1.1 of this main report, show
that the NECs for C-14 and Nb-94 in soil are exceeded for the release of drill core debris to soil
in the Human Intrusion Scenario. This scenario is unlikely, and assumes among other points
that the contaminated drill core is dispersed on site rather than properly disposed. These soil
concentrations are also localized around the site. Nonetheless, this appendix undertakes ERA
calculations of dose to non-human biota for these C-14 and Nb-94 concentrations in soil.

G.2 APPROACH
G.2.1 Receptor Characterization

The selection of biota takes into consideration the Valued Ecosystem Components identified in
the DGR Environmental Assessment, and in particular those biota that are likely to be directly
affected by the soil contamination (e.g., terrestrial vegetation, invertebrates, mammals and
birds). Table G.1 below provides a brief comparison of the biota selected for ERA calculations
and those identified as VECs in the associated DGR Environmental Assessment (GOLDER
2011).

Based on the environmental pathways and modes of exposure known for each receptor group,
ecological profiles have been developed. These profiles specify parameters such as food intake
rate, time in area, diet composition, etc. Ecological profiles are provided in Tables G.2 to G.6
for biota that are added in this ERA, i.e., those that were not already profiled in SENES (2008).
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DGR Environmental Assessment

Table G.1: Comparison of Biota Chosen for the ERA with Relevant VECs Identified in the

Identified EA VECs

Indicator Species

Biota Chosen for ERA

Benthic Invertebrates

Burrowing Crayfish

Aquatic Vegetation

Sago Pondweed

Benthic Fish

Deepwater Sculpin

Lake Whitefish

Bluntnose Minnow

Redbelly Dace

Creek Chub

Pelagic Fish

Spotted Shiner

Smallmouth Bass

Brook Trout

Aquatic Birds

Double-Crested
Cormorant

Mallard

Aquatic Mammals

Muskrat

These are not terrestrial biota. Only
terrestrial biota have been considered

for study in this ERA. However, many of

these biota were included within the
development of the NECs (SENES

2008).

Terrestrial Vegetation

Eastern White Cedar

Eastern White Cedar

Common Cattail

Assessed in NEC study (SENES 2008)

Heal-All Heal-All
Terrestrial Mammals | - White Tailed Deer
- Meadow Vole
Terrestrial - Earthworms
Invertebrates
Terrestrial Birds Bald Eagle Bald Eagle
Yellow Warbler Yellow Warbler
Wild Turkey Wild Turkey

Red-Eyed Vireo

Red-Eyed Vireo

Great Horned Owl

Great Horned Owl
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Table G.2: Ecological Profile for the Bald Eagle

Exposure Characteristics

Body Weight (kg) 3.75 U.S. EPA 1993, Harris 2002, CORNELL 2003

Food Intake Rate (g (ww)/d) | 450 U.S. EPA 1993

Soil Ingestion Rate: (g(dw)/d) | 4.5

Fraction of ww diet: 0.01 Beyer et al. 1994

Water Intake Rate (L/d) 0.14 U.S. EPA 1993 (allometric scaling)

Inhalation Rate (m>/d) 1.13 U.S. EPA 1993 (allometric scaling)

Fraction of Time in Area 0.5 Assumed - migratory

Fractional Composition of Diet

Fish 1.0 Based on information from Canadian Wildlife
Service (CWS) 1992, NatureServe 2008,
CORNELL 2003

Note: dw — Dry weight, ww — Wet weight.

Table G.3: Ecological Profile for the Great Horned Owl

Exposure Characteristics

Body Weight (kg) 1.5 CWS 1986, CORNELL 2009

Food Intake Rate (g (ww)/d) | 379 U.S. EPA 1993 (allometric scaling)

Soil Ingestion Rate: (g(dw)/d) | 3.79

Fraction of ww diet: 0.01 Beyer et al. 1994

Water Intake Rate (L/d) 0.08 U.S. EPA 1993 (allometric scaling)

Inhalation Rate (m®/d) 0.56 U.S. EPA 1993 (allometric scaling)

Fraction of Time in Area 1 Assumed — non-migratory

Fractional Composition of Diet

Small mammals 0.8 Based on information from CWS 1986 and
NatureServe 2009

Ducks 0.2 Assumed - balance

Table G.4: Ecological Profile for the Meadow Vole

Exposure Characteristics

Body Weight (kg) 0.04 NatureServe 2007, U.S. EPA 1993,
Neuburger 1999

Food Intake Rate (g (ww)/d) | 13 U.S. EPA 1993

Soil Ingestion Rate: (g(dw)/d) | 0.09

Fraction of ww diet: 0.007 Beyer et al. 1994

Water Intake Rate (L/d) 0.007 U.S. EPA 1993

Inhalation Rate (m®/d) 0.048 U.S. EPA 1993

Fraction of Time in Area 1 Assumed

Fractional Composition of Diet

Terrestrial plants-grass |1 | U.S. EPA 1993, assumed
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Table G.5: Ecological Profile for the Red-Eyed Vireo

Exposure Characteristics

Body Weight (kg) 17 NatureServe 2007

Food Intake Rate (g (ww)/d) | 14 U.S. EPA 1993

Soil Ingestion Rate: (g(dw)/d) | 0.2

Fraction of ww diet: 0.02 Beyer et al. 1994

Water Intake Rate (L/d) 0.004 U.S. EPA 1993 (allometric scaling)
Inhalation Rate (m®/d) 0.02 U.S. EPA 1993 (allometric scaling)
Fraction of Time in Area 1 Assumed

Fractional Composition of Diet

Insects |1 | NatureServe 2007

Table G.6: Ecological Profile for the Yellow Warbler

Exposure Characteristics

Body Weight (kg) 0.013 Bachynski and Kadlec. 2003, NatureServe
2008

Food Intake Rate (g (ww)/d) | 11 U.S. EPA 1993 (allometric scaling)

Soil Ingestion Rate: (g(dw)/d) | 0.2

Fraction of ww diet: 0.015 Beyer et al. 1994

Water Intake Rate (L/d) 0.003 U.S. EPA 1993 (allometric scaling)

Inhalation Rate (m®/d) 0.014 | U.S. EPA 1993 (allometric scaling)

Fraction of Time in Area

1

Assumed (migratory)

Fractional Composition of Diet

Insects

0.9

Bachynski and Kadlec., 2003, assumed

Berries

0.1

Bachynski and Kadlec., 2003, assumed

Table G.7 outlines the conceptual model considered for the ERA, designed to encompass a
wide range of ecological receptors and modes of exposure. The modelled ecological receptor

locations are shown in Figure G.1.

Table G.7: ERA Exposure Pathways

Receptor Environmental Modes of Exposure Exposure Model
Pathways
Terrestrial soil - uptake from soil Internal and external
Invertebrates - immersion in soll dose from soll
Terrestrial soil - ingestion (terrestrial Internal dose from
Mammals and vegetation, soil) ingestion and external
Birds - exposure to soll dose from soil.
Terrestrial soil - uptake from soil Internal and external
Plants - exposure to soil dose from soil.
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A SCHEMATIC PRESENTATION OF THE CONCEPTUAL MODEL
FOR TERRESTRIAL RECEPTORS

> BALD +
— EAGLE

GREAT
N HORNED
OWL

MEADOW YELLOW
VOLE WARBLER
WHITE-TAILED
DEER

TERRESTRIAL EARTHWORM
PLANTS

GROUNDWATER

Figure G.1: ERA Exposure Pathways

TERRESTRIAL
PLANT VECs:
HEALALL
EASTERN WHITE
CEDAR

€cney
—_

Note: The figure shows only contaminated food sources for each biota. For example, the bald eagle’s diet is primarily
fish; however, since fish are not considered as part of this assessment, they are not included on the diagram.

G.2.2 Dose Criteria

The toxicity assessment for terrestrial wildlife determines the concentrations or levels of the
individual radioactive constituents that can cause harm in ecological species (i.e., VECs). The
radiological benchmarks used in the ERA are ENEVs based on literature compilations. ENEVs
are used for population-level impacts on non-human biota.

The selected ENEV values for terrestrial biota, and terrestrial plants and earthworms are shown
in Tables G.8 and G.9, respectively. These values are higher by a factor of up to five than those
used in the development of the NECs (SENES 2008), in which the most conservative of various
literature sources was used. For example, SENES (2008) used an ENEV of 1 mGy/d for
mammals, whereas the reference Environment Canada and Health Canada (2003) value is

3 mGy/d.
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Table G.8: Radiological ENEVs Selected for Terrestrial Biota (mGy/d)

Red-Eyed Vireo
White-tailed Deer

References:
! Garisto (2005)
2 Environment Canada and Health Canada (2003)

Species Value Reference
Great Horned Owl 5 1
Yellow Warbler 5 1
Meadow vole 3 2
Wild Turkey 5 1
Bald Eagle 5 1

5 1

3 2

Table G.9: Radiological ENEVs Selected for Terrestrial Plants and Earthworms (mGy/d)

Species Value Reference
Soil invertebrates 5.5 1
Terrestrial plants 24 1
References:

' Environment Canada and Health Canada (2003)

G.2.3 Exposure Assessment
G.2.3.1 Transfer Factors

Transfer factors are used to estimate the transfer of contaminants through the food chain from
contaminated surface media. The transfer factors used are given in Tables G.10 to G.12.

Table G.10: Transfer Factors — To Vegetation from Soil (g/g(dw))

Radionuclide Transfer Factor Reference
C 1 Sheppard (1995)
Nb 0.00551 CSA (2008)

Table G.11: Transfer Factors — To Mammal from Feed (d/kg(ww))

Radionuclide Transfer Factor Reference

C 0.088 CSA (2008)
Nb 0.0002 CSA (2008)
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Table G.12: Transfer Factors — To Birds from Feed (d/kg(ww))

Radionuclide Transfer Factor Reference
C 8.5 CSA (2008)
Nb 0.0014 CSA (2008)

G.2.3.2 Dose Coefficients

The biota dose coefficients used in the ERA calculations are taken from Amiro (1997) and are
presented in Table G.13.

Table G.13: Dose Coefficients for ERA Calculations

Selected Weighted | Selected External-soil
Internal Dose Dose Coefficient
(Gy/a per Bg/kg) (Gy/a per Bqg/kg)
C-14 2.5E-07 9.8E-09
Nb-94 8.8E-06 9.8E-06

G.2.3.3 Mathematical Model

Peak C-14 and Nb-94 concentrations in the soil calculated by the AMBER model for the Human
Intrusion Scenario’s Base Case (i.e., 6.3 x 10®and 2.4 x 10° Bg/kg, respectively) are transferred
to the VECs through food and incidental soil consumption and external exposure to soil based
on the biota profiles (given in Tables G.2 to G.6). Transfer from soil to food and food to animals
or birds is estimated using the transfer factors given in Tables G.10 to G.12. The intake is then
converted to a dose using dose coefficients given in Table G.13. The resulting doses are
compared in Table G.14 with appropriate benchmarks (derived from Tables G.8 and G.9).

G.3 RESULTS

The results of the ERA are presented in Table G.14. The ratio of the calculated doses to the
benchmarks are all less than unity indicating that adverse ecological effects are not expected for
any of the biota evaluated.
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APPENDIX H: DISSOLUTION OF GAS IN THE
SHALLOW BEDROCK GROUNDWATER ZONE

H.1  INTRODUCTION

Gas can either be present in the gas phase, termed free gas, or dissolved in water. The
majority of gas present in the DGR is not radioactive. This is termed bulk gas. Small quantities
of radioactive gases are also present in the DGR. These are termed trace gases. They include
gases labelled with C-14, in particular methane and carbon dioxide.

T2GGM model results (GEOFIRMA and QUINTESSA 2011) indicate that free gas formed by
reactions within the repository could migrate from the repository to the Shallow Bedrock
Groundwater Zone (SBGZ) via the shaft for the Severe Shaft Seal Failure Scenario (SF-BC and
SF-ED cases). Gas fluxes up the shaft have been calculated for these two cases as far as the
Guelph Formation, within the Intermediate Bedrock Groundwater Zone (IBGZ), which is the top
of the T2GGM model used.

It is anticipated that gas reaching the Guelph Formation will migrate quickly to the Shallow
Bedrock Groundwater Zone. Some of the gas will dissolve in water in the shallow groundwater
and some will discharge at the ground surface. The amount of dissolution may be significant
because the rock formations in the shallow groundwater zone are relatively permeable and
porous, and there is significant horizontal groundwater flow through the shaft location.

Doses from C-14 labelled trace gases that have been transported to the shallow groundwater
zone can occur via two potential exposure pathways:

o (C-14 labelled gases dissolved in the shallow groundwater and pumped via a well; and
o Uptake of C-14 by plants from gas released to surface soils.

The dose per unit contaminant flux is different for these two potential exposure pathways. This
appendix presents scoping calculations used to estimate the amount of free gas that dissolves
in the shallow groundwater. The potential for dissolution of gases in water in the deeper parts of
the Shallow Bedrock Groundwater Zone and subsequent exsolution from water in the shallower
parts of the zone, and the potential for exsolution from well water, are considered.

H.2 CONCEPTUAL MODEL

T2GGM results for the SF-BC and SF-ED cases show that gases are transported within the
failed shaft seals. Figure H.1 shows the upper shaft seal arrangement, plus key parameters for
the seals and rock formations (QUINTESSA and GEOFIRMA 2011). It is assumed that gas
transported up the shaft within the Intermediate Bedrock Groundwater Zone enters the
engineered fill in the SBGZ. The engineered fill has a permeability of 1E-11 m? (QUINTESSA
and GEOFIRMA 2011). This is significantly higher than the assumed permeability of the failed
seals (1E-16 m? for the SF-BC case and 1E-14 m? for the SF-ED case), and higher than the
permeability of most of the formations in the SBGZ. Therefore, it is expected that gas will
dominantly rise vertically within the engineered fill. The upper shaft EDZ is neglected, because
the shaft itself has a high permeability relative to the rock.

The shafts within the SBGZ have a concrete liner that will not be removed when the DGR is
sealed and closed. If this liner remains intact, its’ low permeability will significantly limit the
volume of groundwater that the gas can interact with and the majority of gas will be released to
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the ground surface. However, if all the shaft seals in the Intermediate and Deep Bedrock
Groundwater Zones have failed, it is reasonable to assume that this liner has fully degraded too.

Groundwater flow in the SBGZ is sub-horizontal and, therefore, perpendicular to the vertical
shaft. The relative velocities of sub-horizontal groundwater flow through the shaft, and the
vertical gas flow through the shaft will determine the volume of groundwater that the gas
interacts with, and hence the amount of gas that can potentially dissolve.

Groundwater in the SBGZ already contains some dissolved gas, i.e., dissolved air from when
the water fell as rain and infiltrated the ground. The amount of dissolved air is in equilibrium with
atmospheric pressure. However, the gas flux up the shaft is dominantly methane (see below),
and the atmosphere contains very little methane. Therefore, the groundwater is assumed to be
completely gas unsaturated with respect to methane.

Groundwater flow (purple = gas
saturated, blue = gas unsaturated)

Concrete  Engineered Fill

l Porosity (-) Key ! K, (m?) Thickness (m)
v
Quaternary — — 02 BE-17/4E-17 20 (m)
Lucas ~— 007 1E-13/1E-14 10 (m)
Ambherstburg upper — — 0.07 1E-13/1E-14 20 (m)
x 2 Amherstburg lower — — 0.07 1E-14/1E-15 25 (m)
oR
T
]
z % Bois Blanc — <« 0077 1E-14/1E-15 49 (m)
TS5
£ O
EC — —
Bass Islands upper 0.057 1E-111E-12 20 (m)
Bass Islands lower — — 0.057 1E-12/1E-13 25 (m)
Dissol
Intermediate Bedrock
Groundwater Zone

EDZ
Bentonite sand

Figure H.1: Conceptual Model and Key Data
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H.21 TRANSPORT OF GAS THROUGH THE SHAFT IN THE SBGZ

The engineered fill is much more permeable than the (failed) underlying shaft seals. This
suggests that gas entering the engineered fill will rapidly flow to the ground surface. However,
the permeability of the engineered fill also varies with saturation. The mass of gas leaving the
engineered fill (either as free gas or dissolved gas) should balance with the mass of gas
entering the engineered fill, accounting for any change in the mass of gas ‘stored’ in the pore
space within the engineered fill. Because the gas flux into the fill changes relatively slowly
compared with the travel time through the fill, it is expected that the engineered fill will attain an
equilibrium state where the flux out is equal to the flux in, and there is no significant change in
storage with time. The saturation and hence permeability of the engineered fill will be consistent
with these equilibrium conditions.

H.3 WHAT PROPORTION OF THE FREE GAS FLUX WILL DISSOLVE IN THE SBGZ?

The peak gas fluxes into the engineered fill calculated using the T2GGM models (Table 8.2 of
GEOFIRMA and QUINTESSA 2011) are:

o 840 kg/a at 23 ka for the SF-BC case, comprising 97% CH,, 0.1% CO, and 3% N,; and
e 9300 kg/a at 3.8 ka for the SF-ED case, comprising 79% CH,4, 0.0003% CO,, 7% N, and
14% H..

The contribution from CO, is negligible and can be ignored. The peak fluxes of methane are,
therefore, 815 kg/a for the SF-BC case and 7347 kg/a for the SF-ED case respectively.

Under equilibrium conditions, the flux into the engineered fill per year is equal to the flux out per
year. Therefore, the time taken for the above fluxes to flow through the engineered fill is one

year in both cases. However, note that the gas saturation and hence permeability (i.e., intrinsic
permeability times relative permeability) of the engineered fill will be different for the two cases.

It is assumed that there is no lateral migration of free gas from the engineered fill into the SBGZ,
due to the buoyancy of the gas, and because the horizontal permeability of the SBGZ is lower
than the vertical permeability of the engineered fill for all formations except the Bass Islands
upper. There may be a small amount of lateral dispersion into the Bass Islands upper, but this
will be a secondary effect.

H.3.1 VOLUME OF GROUNDWATER WITH WHICH THE GAS INTERACTS

Groundwater is considered to flow sub-horizontally through the engineered fill, orthogonal to the
shaft. The volume of groundwater with which the gas interacts can be calculated using a simple
Darcy flow calculation.

Q =KIiA (H.1)
Where,
Q is the groundwater flow rate (m®a).
i is the hydraulic gradient (-).
K is the hydraulic conductivity (m/a) (~10” times the intrinsic permeability for water).

A is the cross-sectional area of the flow path (m?).
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There are two other factors that need to be considered. First, where the permeability of the
engineered fill is higher than that of the geosphere, there will be focussing of groundwater flow
from the geosphere into the shaft. Second, as the gas saturation in the engineered fill increases,
the relative permeability of the engineered fill for water decreases, thereby decreasing the
amount of water the gas can interact with. If the relative permeability for water of the partially
saturated engineered fill falls below the permeability of the geosphere, there may be flow
divergence in the geosphere away from the shaft.

The gas saturations in the shaft engineered fill are calculated below for the SF-BC and SF-ED
cases, conservatively neglecting any dissolution. The maximum gas saturation is shown to be
low for both cases.

In both cases the relative permeability for water is reduced a little due to the presence of the
gas. This will tend to reduce the volume of water the gas interacts with. For these simple
calculations it is assumed that the coupled effects of flow focussing and the reduction in the
permeability for water approximately cancel each other.

The gas Darcy velocity, u (m/a), can simply be calculated from:
u=F/pA (H.2)
Where,
F is the flux of gas up the shaft (mol/a)
p is the density of gas (mol/m?)
A is the area of the shaft (m?)

Note that as the gas migrates up the shaft, the pressure will decrease, the gas will expand, its
density will decrease, the gas saturation will increase, the relative permeability for gas will
increase and the gas velocity will increase. However, the gas mass flux will be constant with
depth. The gas saturation will be a maximum at the top of the shaft.

The gas Darcy velocity depends on the relative permeability for gas according to (Bond et al.
2009):

_ kK, (ﬁ

== (=4 pg) (H.3)

Where,

k is the intrinsic permeability of the medium (m?).

k.4 is the relative permeability for gas, which is a function of the saturation (-).
U is the viscosity of the gas (Pa s)

AP is the change in pressure (Pa)

Az is the change in elevation (m)

p is the density of gas (kg/m®)
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g is acceleration due to gravity (m/s?)

The relative permeability varies with saturation according to the van Genuchten-Mualem-
Luckner relationship (GEOFIRMA and QUINTESSA 2011):

ky =Skli-a-symn ] (H.4)
m |2m
krg =(1—Sek)l/3[1—3é/k ] (H.5)
_ S/ _Slr
ek —
1=5, =S (H.6)

Where,
K is the liquid phase relative permeability (ratio);
Krg is the gas phase relative permeability (ratio);

Sex is the effective saturation for the relative permeability relationship (volume ratio);
S, is the liquid saturation (volume ratio);
Sir is the residual liquid saturation (volume ratio);

Sqr is the residual gas saturation (volume ratio);

m is a van Genuchten fitting parameter (unitless);
n is a van Genuchten fitting parameter (unitless); and
a is a van Genuchten fitting parameter, /Pa.

Using equations H.4 to H.6, the density and viscosity data given in Table H.1, the two-phase
flow parameters given in Section 4.6 of the data report (QUINTESSA and GEOFIRMA 2011),
and a combined shaft area of 84.85 m? (QUINTESSA and GEOFIRMA 2011), the water
saturation, k, and k, were calculated at the top of the shaft for the SF-BC and SF-ED cases.
The results are given in Table H.2. They show that k, will be close to unity throughout the
engineered fill. Note that the results give the maximum gas saturation, and hence minimum k
conservatively ignoring dissolution. Therefore, in all subsequent calculations, k, is assumed to
be unity.

Table H.1: Density and Viscosity of Methane (Lide et al. 2006)

Pressure Density 275K Viscosity 275K Density 300K Viscosity 300K
MPa mol/L pPas mol/L pPas
0.1 MPa 0.044 10.4 0.040 11.2
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Table H.2: Saturation and Relative Permeabilities at the Top of the Shaft

Case Saturation kg ki
(Water)

SF-BC 0.997 1.18E-3 0.83

SF-ED 0.985 1.07E-2 0.64

The volume of groundwater the gas can interact with (calculated using equation H.1) is shown in
Table H.3. The horizontal hydraulic gradient in the SBGZ was taken to be 0.003 (QUINTESSA
and GEOFIRMA 2011). Flow in the Quaternary is small and has been neglected.

Table H.3: Calculation of the Volume of Groundwater for Gas Interaction

Bass Bass Bois Amherstburg | Amherstburg | Lucas

Islands Islands Blanc Lower Upper

Lower Upper
Ky (m/s) 1E-5 1E-4 1E-7 1E-7 1E-6 1E-6
i(-) 0.003 0.003 0.003 0.003 0.003 0.003
b (unit 25 20 49 25 20 10
thickness, m)
w (flow path 10.4 10.4 10.4 10.4 10.4 10.4
width, m)’
Volume of 2.46E2 1.97E3 4.82E0 2.46E0 1.97E1 9.84E0
Water (m°/a)

Note: ' Derived from the vertical cross-section area of the combined main and vent shafts.

H.3.2

THE GAS INTERACTS

The amount of gas that can dissolve in the groundwater with which the gas interacts is
calculated using a Henry’s Law coefficient of 8.49E-4 mol/L/MPa derived from Table B.1 of
QUINTESSA and GEOFIRMA (2011) for methane in freshwater at 10 °C. The results are shown
in Table H.4. The total amount of methane gas that can dissolve in the SBGZ is 2.58E3 mol/a.

Table H.4: Amount of Gas that can Dissolve

AMOUNT OF GAS THAT CAN DISSOLVE IN THE GROUNDWATER WITH WHICH

Bass Bass Bois Amherstburg | Amherstburg | Lucas
Islands Islands Blanc Lower Upper
Lower Upper
Volume of 2.46E2 1.97E3 4.82E0 2.46E0 1.97E1 9.84E0
Water
(m®/a)
Hydrostatic 1.57 1.34 1.00 0.63 0.40 0.25
Pressure
(MPa)
Amount CH,in | 3.3E2 2.2E3 4.1E0 1.3E0 6.68E0 2.1E0
solution
(mol/a)
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H.3.3 FRACTION OF GAS THAT DISSOLVES FOR THE SEVERE SHAFT SEAL FAILURE
CASES

The peak methane gas fluxes for the SF-BC and SF-ED cases are 5.09E4 mol/a, and

4 .59E5 mol/a respectively (GEOFIRMA and QUINTESSA 2011). The fraction of the gas that
dissolves in groundwater for the SF-BC and SF-ED cases are 5.1% and 0.56% respectively
(i.e., a maximum amount that can dissolve of 2.58E3 mol/a compared with the peak gas flow).
The maximum amount that can dissolve (2.58E3 mol/a) is specified in the AMBER model, and
used to calculate the fraction of the gas flux that dissolves in the Shallow Bedrock Groundwater
Zone with time.
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