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4.3.4 Seismicity

Southwestern Ontario and the Bruce region lie within the tectonically stable interior of the North
American continent; the stable interior region of North America is characterised by low rates of
seismicity. Most recorded events have a magnitude' less than M 5. Figure 4-8 shows all
known earthquakes in the region up to 2007 (Gartner Lee 2008b). It shows that the Bruce
region experiences sparse seismic activity, with no apparent concentrations of activity that
might delineate regional active faults or other seismogenic features.
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Figure 4-8: Seismicity in the Region around the Bruce Site (Hayek et al. 2008)

Recent studies of seismicity rates in stable cratonic regions by Fenton et al. (2006) and by
Atkinson and Martens (2007) report an earthquake occurrence rate of M = 6 events of

<0.004 a™ per 10° km® and <0.001 a™ per 10° km? for the North American (NA) and Central
Canadian (CC) Cratons (a subset of NA), respectively. Events of this magnitude are large
enough to cause significant fault rupture. Thus an event of M 2 6 could be expected
somewhere within a 20 km radius of the Bruce Site approximately once in every 800,000 years
(with an uncertainty of a factor of three on this return period).

12 Magnitude in this report is presented on the moment magnitude scale, M, which is similar to the Richter
magnitude, but a more direct indication of earthquake fault size. The moment magnitude scale was calibrated
such that moment magnitude equals Richter magnitude in most cases (Hanks and Kanamori 1979).
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The peak calculated dose to the adult member of the local exposure group is broken down by
exposure pathway in Table 7-3 for the NE-BC. The results are indicative of the main exposure
pathways for cases NE-UG-BC and NE-RS1. The table shows that the ingestion of well water
dominates, followed by the ingestion of animal and plant produce. The plant and animal
pathways relate to the use of well water. Contamination of the well water therefore dominates
calculated exposures over the release of contaminated groundwater to Lake Huron.

Table 7-3: Breakdown of Peak Calculated Local Adult Dose by Exposure Pathway for
the NE-BC Case

Pathway Contribution
Ingestion of water 60%
Ingestion of animal produce 33%
Ingestion of plant produce 6.4%
Ingestion of fish 0.1%
Ingestion of honey 0.03%
Incidental ingestion of soils/sediments 0.002%
External irradiation from soils/sediments 0.001%
Inhalation of Rn-222 << 0.001%
Inhalation (excluding Rn-222) << 0.001%
External irradiation from immersion in water << 0.001%
External irradiation from air << 0.001%

Table 7-4 shows that the peak calculated radionuclide concentrations in various media in the
surface environment are at least eight orders of magnitude lower than screening no-effect
concentrations for non-human biota (Table 3-3). These are calculated nearest the repository
where the concentrations would be highest. Therefore, the calculations indicate that the
repository would have no impacts on non-human biota.

Table 7-4: Ratio of Peak Calculated Concentration of Radionuclides against No Effect
Concentrations for Non-Human Biota for the NE-BC Case

Media
Radionuclide Surface
) Soil 2 Sediment® | Groundwater*
Water
Cl-36 1.E-10 4.E-9 <1.E-10 <1.E-10
Ra-226 4.E-10 <1.E-10 <1.E-10 <1.E-10

Notes:

Results for other radionuclides for which no-effect concentrations are available are all less than 107'°:
C-14, Zr-93, Nb-94, Tc-99, 1-129, Pb-210, Po-210, U-238 and Np-237.

1 Lake Huron water in the shore region close to the DGR;

2  Cropped soil, which receives potentially contaminated irrigation water;

3  Sediment associated with the Lake Huron shore region close to the DGR;

4  Well water abstracted from the Shallow Bedrock Groundwater Zone.
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Calculations for non-radiological contaminants have been undertaken with the NE-BC. Table
7-5 shows that the peak calculated concentrations for all of the non-radioactive species
considered are lower than the associated Environmental Quality Standard (Table 3-4),
indicating that there would be no impacts from these non-radioactive species on humans and
non-human biota for the NE-BC. The contaminants that get closest to the relevant standards
are Cu and Pb in groundwater; however, the calculated peak concentrations remain less than
5% of the associated standards, even though the calculation is conservative, because it ignores
solubility and sorption in the repository and geosphere, which could reduce concentrations
potentially by orders of magnitude. Note also that, although no credit is taken for the natural
decomposition/degradation of the organic species, the calculated concentrations are three or
more orders of magnitude below the relevant EQSs.

Table 7-5: Ratio of Peak Calculated Concentration of Non-radioactive Species against
Environmental Quality Standards for the NE-BC Case

Group | Species Media
Groundwater’ Soil Surface Sediment*
Water *
Ag 3.E-07 <1.E-10 7.E-08 1.E-08
As 1.E-06 <1.E-10 1.E-07 1.E-09
B 6.E-08 6.E-09 2.E-08 -
Ba 6.E-07 <1.E-10 - -
Be 2.E-06 <1.E-10 3.E-09 -
cd 7.E-04 3.E-10 7.E-04 2.E-05
Co 6.E-06 <1.E-10 9.E-07 9.E-09
Cr 3.E-03 2.E-10 1.E-03 3.E-05
Cu 2.E-02 2.E-09 4.E-03 1.E-03
@ Hg 2.E-05 <1.E-10 2.E-05 6.E-08
o | - - 3.E-10 -
£ Mo 2.E-06 1.E-10 4.E-08 -
w Ni <1.E-10 <1.E-10 <1.E-10 <1.E-10
Pb 1.E-02 4.E-10 8.E-04 7.E-05
Sb 7.E-05 2.E-10 2.E-07 -
Se 4.E-07 <1.E-10 7.E-08 -
Tl 5.E-08 <1.E-10 3.E-09 -
U <1.E-10 <1.E-10 <1.E-10 -
Y, 1.E-05 <1.E-10 2.E-07 -
W - - 1.E-08 -
Zn 3.E-05 <1.E-10 9.E-06 3.E-06
Zr - - <1.E-10 -
Chlorobenzene and 3.E-05 <1.E-10 1.E-06 5.E-06
o chlorophenols
c .2 | Dioxins & Furans 3.E-04 3.E-10 5.E-10 -
238 | PAH 1.E-06 <1.E-10 5.E-06 2.E-07
O | pcB 5.E-08 <1.E-10 4.E-07 5.E-08

N
1 Well water abstracted from the Shallow Bedrock Groundwater Zone.
2 Cropped soil, which receives potentially contaminated irrigation water.
3 Lake Huron water in the shore region close to the DGR.

4 Sediment associated with the Lake Huron shore region close to the DGR.
No value given in Table 3-4.
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7.2  DISRUPTIVE SCENARIOS

The likelihood of the disruptive events initiating the Disruptive Scenarios considered in the
assessment is expected to be lower than 10° a™ (see discussion in Section 7.3 and the
Disruptive Scenarios Analysis report, Penfold and Little 2009). The likelihood of the actual
scenarios occurring is even lower as the scenarios make additional conservative assumptions,
for example relating to human practices and exposure mechanisms. Nevertheless, it is
informative to assess their potential radiological and non-radiological impacts to allow the
robustness of the DGR system to disruptive events to be evaluated.

7.2.1 Human Intrusion

If an exploration borehole inadvertently struck the DGR, gas, water and suspended particulate
could be released to the surface and result in exposure of people. It is assumed that the initial
release of these media from the repository is rapid; therefore, the main results are based on
calculated contaminant concentrations in the repository gas, water, waste and precipitated
siderite (FeCOQgs, corrosion by-product, contaminated with C-14). The calculations conservatively
assume intrusion into the East Panel where concentrations are highest. The key contaminants
include C-14, Ni-59, Nb-94 and Zr-93.

Figure 7-18 shows that the concentration of contaminants in the material that could be released
via the borehole is high. The highest concentrations are in siderite, which is precipitated in the
repository environment and may contain C-14. The model takes a portion (10%) of this material
to be suspended in the repository water and transported to the surface. This factor is somewhat
uncertain, although it is unlikely that a significant proportion of the contaminated siderite will be
suspended in water. This is because in the stagnant conditions that will be prevalent in the
DGR, siderite can form as an adherent film on ferrous surfaces, although it is also possible that
an amorphous form may occur in lower pCO, conditions.

C-14 concentrations in siderite can be seen to increase sharply after 600 a when the waste
containers for resins (which contain a large portion of the C-14 inventory) fail. The marked
increase in aqueous concentrations at approximately 15 ka is a result of a rockfall that is
modelled to occur at that time, resulting in complete failure of all ILW containers (Figure 7-18).
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Figure 7-18: Concentrations in Repository Media that could be Released via an
Exploration Borehole

The results shown in Figure 7-18 are based on the reference resaturation profile for the base
case Normal Evolution Scenario. Assessment calculations have also been undertaken
assuming that the repository is permanently resaturated immediately following closure. These
do not show any significant differences in peak concentrations, although there is a more rapid
release of contaminants in the first few hundred years.

A wide variety of exposure pathways could occur for the material released from the borehole,
so0 a range of exposure groups have been assessed — the drill crew®® and nearby residents (i.e.
within 100 m of the drill site) exposed during the drilling, laboratory technicians exposed to the
core sample, and future site residents farming on contaminated drill site soil afterwards (see
Sections 6.2.2.4 and 6.2.2.5). Calculated doses for these exposure groups are shown in Figure
7-19. Note that all calculated doses decrease sharply after 1Ma when the repository is taken to
resaturate completely. From this point, the concentrations in materials in the repository only
decrease as contaminants diffuse into the surrounding rock.

%8 Both short-term exposure to undiluted slurry and gas for one shift (instantaneous) and longer-term exposure (30
days) from working in contaminated area prior to sealing of the borehole (chronic) are assessed.
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Figure 7-19: Calculated Doses to Exposure Groups following Intrusion of an
Exploration Borehole into the East Panel

It is possible that some of the exposed groups that have been assessed could receive more
than the dose criterion of 1 mSv a™. As noted in Section 3.4.2, the acceptability of such results
should be examined on a case-by-case basis taking into account the likelihood and nature of
the exposure, conservatism and uncertainty in the assessment, and conservatism in the dose
criterion. In this case, whilst it is impossible to be definitive about exposure scenario probability
for future human actions, an estimate of the likelihood of intrusion into the emplacement rooms
is 5x 10° a™. Using a risk conversion factor of 0.073 Sv’' (CNSC 2006), this implies a peak risk
of developing a health or genetic effect of around 10 a™ for the most exposed group (the site
resident), well below the reference risk value of 10° a™ (Section 3.4.2). Furthermore, the
exposure mechanisms assessed are cautious in that current drilling standards (which would
prevent much of the release from the borehole) are neglected, and the former drill site is also
assumed to be rapidly re-used for growing crops and raising animals. In addition, if the
intrusion event occurs after 80 ka, Figure 7-19 shows that the calculated dose for the site
resident is below the dose criterion, even with these cautious assumptions.

In the case of the site resident®, who is assumed to farm on the contaminated drill-site after
drilling activities are finished, the radiation dose is dominated by ingestion of crops
contaminated with C-14 in siderite brought up from the repository with drill slurry and released
onto the drill site (contrary to current deep-drilling standards). This pathway is not relevant to
the drill crew, whose peak dose is dominated by external irradiation by Nb-94 in water released
from the repository. Prior to 15 ka, however, the exposure of the drill crew is dominated by
inhalation of C-14 in gas released from the repository via the borehole.

% The site resident is distinct from the nearby resident. The former is assumed to live on the area contaminated with
drilling slurry after the borehole has been abandoned. The latter is assumed to live 100 m from the drilling site
while the borehole is under investigation.
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Other exposure pathways are less significant. The examination of retrieved core (containing
raw waste) is assessed via the “laboratory technician” exposure group. The “nearby resident” is
assumed to inhale dispersed gas from the repository that has been released via the borehole.
Despite conservative assumptions, calculated doses to both these exposure groups are below
the 1 mSv a” criterion, if the intrusion were to occur.

Normal practice requires that the borehole is sealed once investigations are complete.
However, the scenario considers “what if” the borehole is poorly sealed, resulting in the loss of
contaminants into permeable geosphere horizons. In such a situation, detailed groundwater
modelling (Avis et al. 2009) has shown that contaminated groundwater from the repository
could be released directly to the Shallow Bedrock Groundwater Zone for a prolonged period, if
there is a pressure difference between the water in the repository and the shallow zone. The
borehole would then act as a pathway to circumvent the geologic and engineered barriers.
Detailed groundwater modelling (Avis et al. 2009) has been undertaken to determine the rate
and duration of the release of contaminated water from the repository by this pathway.
Assessment calculations, shown in Figure 7-20, indicate that the pathway could lead to an
increase in the potential annual dose when compared with the Normal Evolution Scenario (see
NE-BC line on Figure 7-20). The calculated peak dose to an adult remains small, at about
0.001 mSva™.
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Figure 7-20: Calculated Doses to the Local Exposure Group if an Exploration Borehole
Penetrates the East Panel 300 years After Closure, and is Poorly Sealed

The slurry produced from the intrusion borehole would contain high concentrations of various
species from the waste. As per current practice, drilling slurry would not be used for any
purpose and would be collected for disposal. If it were dumped, against current practice, on soil
close to the drilling site, the soil concentrations would not exceed the Environmental Quality
Standards (EQS) for any contaminants.

In the case of the release to the Shallow Bedrock Groundwater Zone, peak groundwater
concentrations at the well could exceed EQS values for Cu (by about a factor of 6) and Pb (by
about a factor of 3). However, these calculations have conservatively ignored any solubility
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limitation and sorption of these species in the repository. The likelihood of this case is very low
because it requires accidental intrusion into the repository, and it assumes that the borehole is
not subsequently sealed to current drilling standards. Furthermore, it is noted that soil irrigated
from the well would not exceed EQS values.

Calculations for radionuclides show that concentrations in slurry-contaminated drill-site soil
exceed the screening no-effect concentrations (Table 3-3) for a variety of contaminants, notably
C-14 (a factor of 60), CI-36 (factor of 2) and Nb-94 (factor of 40). However, the likelihood of this
case is very low as it assumes that the drilling slurry is not managed to current drilling
standards and that the soil is used for growing food and raising animals immediately after the
intrusion event. Furthermore, the model is conservative as the contaminated slurry is dispersed
in a relatively small area of soil.

7.2.2 Severe Shaft Seal Failure

The shaft seal is a key element of the DGR system. It includes multiple components utilising a
variety of materials that act individually and collectively as a barrier to contaminant transport.
The “what if” Severe Shaft Seal Failure Scenario assesses a hypothetical situation in which
there is a major breakdown in the performance of these barriers. In effect, the shafts are taken
to be filled with a material with the characteristics of crushed rock. It is stressed that no
process of credible likelihood has been identified which could lead to this situation.

The degraded shaft seal permits more rapid rates of contaminant migration through the shafts
via water and gas pathways. Gas transport of C-14 shows a breakthrough time of 1500 a and
transit time of 750 a, based on detailed gas modelling (Calder et al. 2009). Other contaminants
also emerge in the Shallow Bedrock Groundwater Zone much earlier; for example, the peak
release of Ni-59 occurs after about 35 ka in this case, compared with more than 1 Ma in the
Normal Evolution Scenario. Figure 7-21 shows that the degradation of the shaft materials
permits greater amounts of this contaminant to be released into the environment via the shafts
and their associated EDZs than for the Normal Evolution Scenario.
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Figure 7-21: Comparison of Releases from the Shaft in the Severe Shaft Seal Failure
Scenario and Normal Evolution Scenario (NES)
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The consequences of the more rapid pathway from the DGR to the near-surface environment
are shown in Figure 7-22, which illustrates that, for this “what if” case, calculated doses could
reach 0.02 mSv a”. C-14 dominates the calculated doses up to 100 ka. The peak at 9 ka
corresponds to the ingestion of C-14 in water and foodstuffs contaminated by groundwater
released into the Shallow Bedrock Groundwater Zone via the shaft, pumped by the well and
used to irrigate the crops. The annual dose beyond 100 ka relates to progeny in the U-238
decay chain (primarily Po-210).
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Figure 7-22: Calculated Doses to the Local Exposure Group for the Severe Shaft Seal
Failure Scenario and Normal Evolution Scenario

Concentrations of four non-radioactive species in the well water (Cd, Cr, Cu and Pb) could
exceed the relevant groundwater EQSs by up to a factor of 50. However, the Severe Shaft Seal
Failure Scenario is a “what if” scenario that is on the bounds of plausibility. Furthermore, the
calculation case has conservatively ignored any solubility limitation and sorption of these
species in the repository, shafts and geosphere, and if these were introduced it would be
expected that concentrations would be substantially decreased. Furthermore, calculations
show that concentrations in the irrigated soil would not exceed the relevant soil EQS.

Peak calculated concentrations for the 11 radionuclides considered are all lower than the
screening no-effect concentrations (Table 3-3), indicating that there are no effects on non-
human biota for this scenario.

Whilst the results of this calculation case emphasise the importance of the shaft seal, it should
be recognised that the scenario represents a bounding case regarding the performance of the
engineered seals in the shafts.

7.2.3 Open Borehole
Site investigation and monitoring boreholes will be appropriately sealed at the end of their

useful lifetime. However, if a borehole were not properly sealed, it could bypass some of the
barriers of the DGR system. Like the Severe Shaft Seal Failure Scenario, such a situation
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would be very unlikely as good practice and quality control would prevent such a situation
occurring. Nevertheless, it is assessed as a “what if” scenario to inform on the overall
robustness of the DGR system.

The scenario considers a poorly sealed borehole that provides an additional pathway for
contaminants from the rock in the vicinity of the repository to be transported to the Shallow
Bedrock Groundwater Zone. Detailed modelling (Avis et al., 2009) indicates that the fluxes of
water are relatively small (17.5 m® a™'), more than 5 orders of magnitude lower than occurs via
the shaft and geosphere. The borehole has limited influence, because contaminants must
diffuse laterally through 400 m of the very low permeability host rocks around the DGR before
the borehole is reached. This is comparable to the distance over which contaminants must
migrate upwards through the geosphere and shaft to reach the Shallow Bedrock Groundwater
Zone.

The concentrations of non-radioactive contaminants in well water, soil and sediment are well
below the relevant EQSs, and the concentrations of radionuclides in environmental media lie
well below the screening no-effect concentrations. The calculated radiation doses do not differ
to any significant degree from those calculated with the equivalent Normal Evolution Scenario
case.

Figure 7-23 demonstrates that the results are unaffected by the presence of a poorly sealed
borehole. The peak dose remains at 6.2 x 10" mSv a” at 6.2 Ma.
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Figure 7-23: Calculated Effective Doses to the Local Exposure Group for the Open
Borehole Scenario and Normal Evolution Scenario

7.2.4 Extreme Earthquake

Whilst some earthquakes are expected regionally over the timescales of interest, it is very
unlikely that an earthquake would cause any degradation of the performance of the DGR
system, including the engineered barriers and natural geological barriers. Nevertheless, it is
useful to gain some perspective on the potential consequences of such an occurrence to test
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the robustness of the DGR. Note that the possible consequences of an earthquake on causing
failure of the shaft seals are bounded by the Extreme Shaft Seal Failure Scenario presented in
Section 7.2.2.

The case assessed examines another possible (though unlikely) consequence. It is assumed
that a high magnitude earthquake would affect the performance of the DGR system by

reactivating an old fault in the area, which would partly bypass the natural geological barriers.
This scenario assesses the reactivation of a hypothetical fault close to the DGR - the fault is
taken to be 500 m down gradient of the DGR. It is emphasised that no such fault is known to

exist.

The earthquake and fault reactivation is assumed to occur shortly after repository closure.

Detailed groundwater modelling (Figure 7-24)

3

% shows that the main effect of the fault would be

to provide a pathway connecting the Guelph, Salina A0 and Salina A2 evaporite formations with
the Shallow Bedrock Groundwater Zone (Figure 7-24). As a result, contaminants could migrate
into the Shallow Bedrock Groundwater Zone more rapidly (through the fault, rather than
diffusion through the rock).
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Figure 7-24: CI-36 Concentration at 50 ka, 100 ka, 500 ka and 1 Ma for the Extreme
Earthquake Scenario (Note - the fault is vertical and located at -500 m on the X-axis)

® Gas modelling has not been undertaken for the Extreme Earthquake Scenario. However, it is expected that the
impacts would be several orders of magnitude less than the gas pathway impacts associated with the Severe
Shaft Seal Failure Scenario due to the 500 m lateral travel distance for gas through the geosphere to the fault.
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The results of the detailed modelling have been used to specify a pathway for the assessment-
level calculations. This permits contaminants to be transported via a fault from the Guelph,
Salina A0 and Salina A2 evaporite formations to the Shallow Bedrock Groundwater Zone. The
case is based on the Normal Evolution Scenario instant resaturation case (NE-RS1) as the
focus is on contaminants in groundwater, and that case maximises groundwater releases. The
scenario results in the calculated annual doses shown in Figure 7-25. The calculated annual
doses are virtually identical to those for the Normal Evolution Scenario (instant resaturation
case), given the very similar concentrations in the well water which dominates the exposures.
As a guide, the peak calculated dose to a local adult in the Extreme Earthquake Scenario is
4.4x 10" mSv a’, compared with 4.3 x 10" mSv a calculated for the Normal Evolution
Scenario. The key pathways (ingestion of animal products) and contaminants (CI-36 and 1-129)
are also the same.

The calculated concentrations of non-radioactive contaminants lie at least four orders of
magnitude below their relevant EQSs.
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Figure 7-25: Calculated Doses to the Local Exposure Group for the Extreme
Earthquake Scenario

7.3 ASSESSMENT OF SAFETY FUNCTIONS AND ARGUMENTS

As noted in Section 3.5, the postclosure safety assessment contributes evidence to support a
variety of the DGR’s safety functions and arguments. This section sets out key results from the
assessment calculations for the current set of seven safety arguments identified in Section 3.5.
7.3.1 lIsolation of the Waste from the Surface Environment

The objective of isolation is to seek to provide a period in which radionuclides in the wastes can

decay to levels that do not pose a hazard. The isolation of the radioactive waste while it decays
is achieved by the location of the DGR, in particular, its geological setting, depth and the
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absence of natural resources. The location is such that the probability of natural disruptive
events or human intrusion is very low.

7.3.1.1  Depth of Repository

Although the effects of climate change resulting from continuing glacial/interglacial cycling are
likely to cause major changes in the surface and near-surface environment, the depth of the
DGR (680 m) is expected to isolate it from the main consequences of climate change. This
expectation is supported by a range of geoscientific observations that indicate the formations at
the depth of the DGR have been isolated from surface changes through the nine
glacial/interglacial cycles that have affected the Bruce site in the last 1 Ma (see Section 5.1.1).
The depth of the repository is also important in reducing the consequences of the impact of
meteorite and human space debris to trivial levels (see FEPs report, Garisto et al. 2009).

7.3.1.2  Absence of Economically Viable Natural Resources at Depth

Although gas exploration wells have in the past been drilled in the vicinity of the Bruce site,
commercially useful petrochemical resources have not been found. Furthermore, there is no
indication of mineral resources or salt seams at depth. Nevertheless, some exploratory drilling
can be expected.

Given the depth (reference 680 m) and low resource potential of the DGR site, the rate of deep
borehole drilling is estimated to be about 10'° m? a” corresponding to a rate of surveying of
one deep borehole per 10 x 10 km® every 100 a and comparable with the rate used in the
assessment of Canadian spent fuel disposal in a deep geologic repository (Gierszewski et al.
2004). This corresponds to a re-survey every three generations or so. The total area of the
emplacement rooms is 5.2 x 10* m?* (Walke et al. 2009b), which means that this rate
corresponds to a likelihood of intrusion of 5 x 10° a™ (i.e., an annual probability of about 1 in
200,000).

It is possible that the repository might be detected by remote measurement methods, and be
deliberately targeted for study. The uniformity of the sediments and lack of interesting minerals
or geologic features in the area would argue against deliberate surveys of the area.
Furthermore, if the repository were detected as an anomaly and deliberately targeted, then the
nature of the contact with the repository would likely be more carefully managed.

7.3.2 Multiple Thick Low-permeability Sedimentary Rock Barriers

Detailed groundwater and gas and assessment modelling calculations all clearly show that the
thick sequence of sedimentary rocks at the Bruce site provides a barrier to contaminant
migration.

Figure 7-26 shows the concentrations of CI-36 in groundwater at various times calculated by
the FRAC3DVS code for the NE-RS1 case®. The effect of the horizontal flow field in the
Guelph and Salina A0 is evident in the horizontal plume extending to the west of the repository.

%" This case considers complete resaturation of the repository immediately on closure and instant release of CI-36.
As discussed in Section 6.2.1.1, resaturation is expected to be gradual and full resaturation might not occur for in
excess of 1 Ma and CI-36 release will not be instantaneous. Therefore actual travel times are expected to be
longer than those estimated for the NE-RS1 case.
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The lowest concentration isotherm in Figure 7-26 (10'7g m™®) represents a concentration of
120 Bq m™, or an equivalent drinking water dose of about 10* mSv a (i.e., more than three
orders of magnitude below the dose criterion®’). Figure 7-27 is the comparable figure for the
NE-UG-RS1 case, i.e., with decreased permeabilities in the deep rock inferred from initial
Phase 2 site investigation data. Figure 7-27 shows that the geological barriers are even more
effective in limiting the migration of the CI-36.
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*2 The groundwater in the deep and intermediate groundwater zones is highly saline and so is not potable.
Therefore, the dose is hypothetical and provided as an indicative value.
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Figure 7-27: NE-UG-RS1-F3 CI-36 concentration at 50 ka, 100 ka, 500 ka, and

1 Ma

Table 7-6 summarises the T2GGM gas modelling results for the NE-BC and NE-UG-BC cases.
It shows that for both cases the majority of the gas generated (almost 90%) is contained within
the repository due to the low permeability host rock. Furthermore, the thick sequence of
overlying low permeability rocks ensures that no bulk gas reaches the Shallow Bedrock

Groundwater Zone.

Table 7-6: Gas Migration for the NE-BC-T and NE-UG-BC-T Cases

NE-BC Case NE-UG-BC Case
(600 ka simulation (1Ma simulation time)
time)
Total mass of gas generated in repository (kg) 3.1E+07 3.1E+07

Total mass of gas

. . . Bulk gas 3.9E+06 (12%) 4.3E+06 (14%)
leaving repository in kg
and as % of gas Dissolved gas 1.6E+05 (0.5%) 0
generated
Total mass of gas Bulk gas 0 0
leaving Intermediate
Bedrock Groundwater | piggolved gas* 8.9E+02 2.0E+01

Zone in kg

*Includes dissolved gas in the geosphere that is generated outside the repository, i.e., by initial

gases in the shaft.
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Results from the AMBER assessment model can also be used to illustrate the role of the
geological barriers in containing and attenuating radionuclides. Figure 7-28 and Figure 7-29
show that the cumulative fluxes of radioactivity decrease as successive barriers retard the
migration of contaminants via the groundwater pathway for the NE-BC and NE-UG-BC cases,
respectively. This permits radioactive decay to reduce the amount that reaches the next part of
the system. A cumulative flux of about 10 MBq is released to the Shallow Bedrock
Groundwater Zone for the NE-BC case, which is nine orders of magnitude less than the initial
inventory disposed and five orders of magnitude lower that the activity released into the
geosphere. The cumulative fluxes into the biosphere are even smaller and later for the NE-UG-
BC case (see Figure 7-29).
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Figure 7-28: Cumulative Groundwater Fluxes through the Shafts/EDZs and Geosphere
with Distance from the DGR for the NE-BC-A Case
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Figure 7-29: Cumulative Groundwater Fluxes through the Shafts/EDZs and Geosphere
with Distance from the DGR for the NE-UG-BC-A Case

Figure 7-30 and Figure 7-31 summarise and illustrate the amounts in different parts of the
system at different times for the NE-BC-A and NE-UG-BC-A cases, respectively. They show
that over all times, the rocks act as a significant barrier to the migration of contaminants so that
the majority of the activity present in the system is retained in the repository. For both cases,
the containment in the repository and geosphere is such that no activity has reached the
surface environment by 10 ka and, although some activity has reach the surface by 100 ka for
the NE-BC-A case, it is negligible (only around 10 Bq - 15 order of magnitude less than the
activity disposed). For the NE-UG-BC-A case, the activity that has reached the surface
environment by 1 Ma is less than 100 Bq (14 order of magnitude less than the activity disposed
and less than the natural radioactivity found in 1kg of shale from the Bruce site). Even after 10
Ma, the activity in the surface environment is 8 and 10 orders of magnitude less than that
disposed for the NE-BC-A and NE-UG-BC-A cases, respectively.
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Figure 7-30: Distribution of Activity in System at Different Times for the NE-BC-A Case
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Figure 7-31: Distribution of Activity in System at Different Times for the NE-UG-BC-A
Case
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7.3.3 Mass transport is Diffusion-dominated

Figure 7-32 shows the “figure of merit” (FOM) for the BC-UG-NE-F3 case. The figure shows
the spatial distribution of the dominant transport process (advection or diffusion). The FOM
variable is the ratio given by:

aV

Fom=2" (1)
Dp

where

o = longitudinal dispersivity (m)

% = advective velocity (m s™)

D, = pore water diffusion coefficient (m*s™)

For FOM < 0.1, diffusion is the dominant transport mechanism. For FOM > 10, advection
dominates.
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Figure 7-32: Figure of Merit for the NE-UG-BC-F3 Case

It is clear from Figure 7-32 that transport in the transport in the rock mass in the Deep and
Intermediate Bedrock Groundwater Zones is diffusion dominated, with the exception of the
higher permeability horizons (i.e., the Guelph, Salina A0 and Salina A2 evaporite) and the

shafts and their EDZs. The dominance of diffusion for the NE-UG-BC-F3 case is also well
illustrated by Figure 7-27.
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7.3.4 Hydrogeochemical Conditions Limit Contaminant Mobility

The host rock environment provides a stable chemical environment that further tends to limit
contaminant migration. It does this through a number of mechanisms.

e The high salinity in the porewater at depth provides a stabilising effect on groundwater
movement. It also provides the possibility of salt precipitation in places, which could
plug small pores or cracks.

e The host rocks have some capacity to chemically sorb radionuclides, especially the
argillaceous component of the limestone, and the shales.

e The large volume of limestone host rock (calcium carbonate) provides a significant
chemical buffering capacity, which will tend to maintain conditions within the repository
around approximately neutral chemical conditions.

These processes have not been analysed in detail within this safety assessment. Simple
sorption estimates have been included for several key elements for which there is strong
evidence that it will be an important process even in highly saline conditions (see Table 6-6).
Whilst sorption and precipitation of other elements will undoubtedly occur, it has conservatively
been ignored in the assessment. Figure 7-33 shows the calculated total radionuclide transfer
fluxes to the biosphere via the groundwater pathway with (NE-RS1-A) and without (NE-RT-A)
sorption onto engineering materials and rock. Zirconium is one of the elements for which
sorption is represented in the base case. The figure shows that sorption effectively prevents
Zr-93 from reaching the surface environment, emphasising the significant chemical barrier that
sorption in the shaft and geosphere provides in limiting contaminant mobility.
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Figure 7-33: Calculated Radionuclide Transfer Fluxes to the Biosphere for Instant
Repository Resaturation Cases with (NE-RS1-A) and without (NE-RT-A) Sorption for the
Normal Evolution Scenario
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As noted in Section 4.3.3, the Deep and Intermediate Bedrock Groundwater Zones contain
dense brines that are expected to limit contaminant migration due to density effects. Detailed
groundwater and gas modelling has not explicitly represented the effect of salinity gradients
(see discussion in Avis et al. 2009 and Calder et al. 2009). Modelling of salinity is important in
systems with topography, as increases in density with depth tend to decrease the depth of
penetration of topographic induced heads and consequently moderates horizontal gradients,
thus reducing transport. However, in the current local site system, where flow is conservatively
assumed to be vertical due to the Cambrian overpressure, environmental head gradients are
already effectively incorporated into the salinity profile.

7.3.5 Slow Resaturation of the Repository

The porewater in the rock around the repository will start to seep back into the repository on
closure. The rate of resaturation is slow because of the rock properties and the gas generation
within the repository.

Figure 7-34 and Figure 7-35 show the repository water saturation history for all calculation
cases for the Phase 1 and decreased geosphere permeabilities, respectively (Calder et al.
2009). For the base case geosphere (Figure 7-34), all cases undergo early water saturation,
and show an initial peak at around 1 ka of between 20 and 90% saturation before gas pressure
in the repository develops sufficiently to force water out of the DGR. With time, the average
repository pressure drops to below the geosphere pressures in the host rock and the DGR
starts to slowly resaturate from around 100 ka. The rate of resaturation is slow and it is
expected that complete resaturation of the repository could take over 1 Ma. Without the build up
of gas pressure, in the base case geosphere, the repository would be resaturated by 10 ka.

In contrast, in the updated geosphere (Figure 7-35), the resaturation rate is naturally slow
because of the very low permeability of the rock, with the exception of the Severe Shaft Seal
Failure Scenario.

In either case, this delay in resaturation limits the releases from the waste to groundwater in the
repository and the subsequent migration into porewater in the geosphere.
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7.3.6 Impacts are Likely to be Below Natural Background Dose Rates

The results presented in Section 7.1 and summarised in Figure 7-36 show that the peak doses
for the Normal Evolution Scenario base calculation cases (NE-BC and NE-UG-BC) are well
below the 0.3 mSv a criterion and the dose from natural background radiation (2 mSv a™).
Calculated peak annual doses occur well beyond 1 Ma. The NE-BC case is almost nine orders
of magnitude below the 0.3 mSv a”' dose criterion. The updated geosphere case is even lower,
about 13 orders of magnitude below the dose criteria.
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Figure 7-36: Calculated Doses for the Normal Evolution Scenario’s Calculation Cases

Results for most of the variant calculation cases are similar to the base cases, with peak annual
doses typically less than 10° mSv a”. The single exception is the EDZ case based on the base
case geosphere that considers much faster contaminant migration through the shaft EDZs. The
peak annual dose for this EDZ case is 0.04 mSv a™' at around 30 ka after closure resulting from
the release of C-14 gas into the shallow groundwater system and the surface environment.
Doses after 100 ka are dominated by Ra-226, Pb-210 and Po-210 ingrown from the decay of
Pu-238, U-238 and U-234. Using the updated geosphere model, the dose impact is reduced by
more than ten orders of magnitude due to its lower permeabilities resulting in the decay of C-14
and Ra-226 and its progeny in the geosphere.

The analysis of potential events that could lead to possible penetration of barriers and abnormal
degradation and loss of containment shows that 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 (see Section 5.2). Even if these
events were to occur, the vast majority of the contaminants in the waste will continue to be
contained effectively by the DGR system such that, as discussed in Section 7.2 and
summarised in Figure 7-37, safety criteria are met in almost all circumstances, even with
conservative assessment modelling assumptions.
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Figure 7-37: Calculated Doses for the Disruptive Scenarios

Although the potential release of contaminated water, particles and gas via an exploration
borehole drilled into the repository could result in exposures that marginally exceed the 1 mSv
criterion and the dose from natural background radiation (2 mSv a™'), the assessment is highly
conservative. Drilling practice is to carefully contain and limit the release of such material from
boreholes. Any material released could be expected to be collected for disposal as waste (or
vented, in the case of gases) rather than allowed to be released in an uncontrolled manner into
the surface environment.

7.3.7 Radioactivity Reduces with Time due to Radioactive Decay

There is an order of magnitude reduction in the amount of radioactivity present in the south
panel in the first hundred years after repository closure due to the decay of short-lived
radionuclides such as H-3. Thereafter, the rate of decrease is more gradual, as the remaining
inventory becomes dominated by longer-lived radionuclides. Nevertheless, the average
concentration in wastes continues to decrease in both the south and east panels, as shown in
Figure 7-38. Figure 7-39 shows that the activity in the waste decreases below the activity of
naturally occurring radionuclides in the rocks above the DGR after 100 ka. Figure 7-38 and
Figure 7-39 only consider losses due to radioactive decay; losses to groundwater and gas are
not considered.
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Figure 7-38: Long-term Reduction in the Activity Concentration of LLW and ILW
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DGR



Postclosure Safety Assessment (V1) - 150- June 2009

7.4  ANALYSIS OF DESIGN VARIANTS

The reference design (Section 4.2, Figure 4-1 and Figure 4-2) assessed comprises:
e waste emplacement rooms excavated at 680 m depth in two panels and joined to a
central ring tunnel via access tunnels;
no grouting of wastes;
no backfilling of the repository;
a concrete monolith at the base of each shaft;
a sequence of 11 concrete bulkheads in each shaft; and
a sequence of backfill materials between the concrete bulkheads (bentonite/sand,
asphalt and engineered fill) in each shaft.

The results for this reference design for the Normal Evolution Scenario base cases (NE-BC and
NE-UG-BC) show that the calculated peak dose for the base case is almost nine orders of
maghitude lower than the dose criterion of 0.3 mSv a”', and, in the case of the low permeability
base case, is a further four orders of magnitude lower.

A number of detailed and assessment-level calculations have been undertaken to assess
alternative repository design and shaft performance assumptions. In addition, calculations have
been undertaken for a “what if” scenario that assumes that the shaft seals and the shaft EDZs
have the physical and chemical properties of crushed rock from the time of closure of the
repository (see Sections 5.2.2.2 and 6.2.3). Details of these cases are provided in Appendix A.
Associated results are summarised in Table 7-7.

Table 7-7: Calculated Impacts of Design Variants

Design Variant Relevant Cases Calculated Cumulative Flux into Shallow
Peak Dose Bedrock Groundwater Zone
to an Adult CI-36 in Bulk and

(mSv a'1) Groundwater | Dissolved Gas
at 1 Ma (g) at 500 ka (kg) |

Base case NE-BC 4.6E-10 1.4E-04* 4.3E+02

NE-UG-BC 4.2E-14 41E-14* 3.0E+00

Backfill of tunnels NE-UG-RD1 - 1.4E-15 3.0E+00

only with concrete

High Shaft EDZ NE-EDZ 3.5E-02 6.1E+02 9.3E+06

permeability * NE-UG-EDZ 4.5E-12 7.0E-02 3.7E+01

Severe shaft seal SF-ESH 2.4E-02 8.9E+02 1.3E+07

failure SF-UG-ES1 - 4.9E+00 2.6E+05

SF-US 7.6E-08 8.4E+00 3.5E+04**
*Values for NE-RS1-F3 and NE-UG-RS1-F3 cases
** At 250 ka.

The backfilling of the repository tunnels (NE-UG-RD1) limits rockfall in the repository, although
rockfall could still occur in the emplacement rooms. This backfilling delays and limits the
groundwater flux of CI-36 to the Shallow Bedrock Groundwater Zone by a factor of 30 over the
1 Ma calculation period. In contrast, there is no effect on the gas flux, although the reduced
void volume in the repository does cause an increase in repository gas pressure from 6.9 MPa

% Hydraulic conductivity for shaft inner and outer EDZs assumed to be four and two orders of magnitude greater
than the surrounding rock mass, respectively. Interruption of shaft inner EDZ by concrete bulkheads and asphalt
waterstops is assumed to be ineffective.
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for the NE-UG-BC case to 7.5 MPa for the NE-UG-RD1 case. Although not assessed in the
Version 1 SA, it is expected that, based on these results, the backfilling of the emplacement
rooms would decrease groundwater fluxes, but increase gas fluxes.

Differing assumptions concerning the performance of shaft seals and shaft EDZ can cause
groundwater fluxes to vary by at least six orders of magnitude and gas fluxes by at least four
orders of magnitude (NE-EDZ case). The calculated peak doses are more than eight orders of
magnitude higher than the equivalent base cases due to the earlier and greater flux of
contaminants (specifically C-14) released via the shafts and their associated EDZs.
Nevertheless, they remain below the relevant dose criterion even under the conservative
assumptions adopted (e.g., no Ordovician underpressure and constant Cambrian
overpressure). Using the updated geosphere model, the dose impact for the NE-UG-EDZ case
is ten orders of magnitude lower than that for NE-EDZ case due to its lower permeabilities
resulting in the decay of C-14 and uranium progeny in the geosphere.

The above results indicate that there appears to be no major benefit to be gained from
backfilling the repository. They also emphasise the importance of the shaft seals in limiting
contaminant fluxes up through the shafts and the associated EDZ. The keying of the seals into
the shaft EDZ is important, as are assumptions concerning the extent and permeability of the
EDZ.

Given the importance of the geosphere and shaft seals in limiting the release of contaminants
to the surface environment, it is expected that modifying the design of the repository in terms of
its orientation, its depth (within a range of a few tens of metres), and the configuration of
emplacement rooms will have limited effect on calculated impacts.

7.5 ASSESSMENT OF UNCERTAINTIES

As noted in Section 3.7.1, uncertainties can be considered in three categories.

e Future or scenario uncertainty — uncertainty in the evolution of the disposal system
over the timescales of interest. This has been addressed through assessing a range of
potential future evolutions of the DGR system.

¢ Model uncertainty — uncertainty in the conceptual, mathematical and computer models
used to simulate the behaviour of the disposal system. This has been investigated
through the use of detailed and assessment-level models, which use differing
representations of the system, and in variant calculation cases.

e Data uncertainty — uncertainty in the parameters used as input in the modelling. This
has been investigated through variant calculation cases.

The results from the calculation cases identified in Section 6.3 and Table 6-4 can be used to
assess the relative impact of these three categories of uncertainty and their associated sources
of uncertainty.
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7.5.1 Scenario Uncertainty

A Normal Evolution Scenario and four Disruptive Scenarios (Human Intrusion, Severe Shaft
Seal Failure, Open Borehole and Extreme Earthquake) have been evaluated in the current
assessment. The Disruptive Scenarios are unlikely (what if) events and are used to test the
robustness of the DGR.

Results of these calculation cases are shown in Table 7-8. Very low contaminant release to the
Shallow Bedrock Groundwater Zone and very low peak annual dose (about 9-13 orders of
magnitude below the dose criteria of 0.3 mSv a™) are calculated for the Normal Evolution
Scenario.

Table 7-8: Calculated Peak Doses and Cumulative Fluxes for the Assessed Scenarios

Scenario Calculated Peak Cumulative Flux into Shallow Bedrock
Dose to an Adult Groundwater Zone
(mSv a™) CI-36 in Bulk and Dissolved
Groundwater (g) at Gas (kg) at 500 ka
1 Ma
Normal Evolution 4.6E-10 1.4E-04* 4.3E+02
(4.2E-14) (4.1E-14)* (3.0E+00)
Human Intrusion
- surface release 5.8E+00 - -
- _groundwater release 1.5E-03 3.7E+02 -
Severe Shaft Seal Failure 2.4E-02 8.9E+02 1.3E+07
(-) (4.9E+00) (2.6E+05)
Open Borehole 4.3E-10 2.2E-04 -
Extreme Earthquake 4.4E-10 3.0E-03 -
Notes:

*Values for NE-RS1-F3 and NE-UG-RS1-F3 cases
Values in brackets are for the very low permeability (UG) base case.
- No calculation case

Even with the Disruptive Scenarios, the highest dose is 6 mSv for the Human Intrusion
Scenario, which considers “what if” the repository is intruded directly via an exploration borehole
and current drilling standards (which would prevent much of the release from the borehole) are
neglected. The Severe Shaft Seal Failure Scenario gives a lower dose (0.02 mSv a™) than the
Human Intrusion Scenario. The impacts of the Open Borehole and Extreme Earthquake
Scenarios are broadly comparable with the Normal Evolution Scenario (i.e., within a factor of
two).

7.5.2 Model Uncertainty

7.5.2.1 Alternative Modelling Approaches

Two detailed computer models developed using the FRAC3DVS finite-element code have been
used to evaluate groundwater flow and transport in the Deep and Intermediate Bedrock

Groundwater Zones; a 2D radial (2DR) model and a 3D simple (3DS) model, both of which can
be linked to a 3DSU model of the Shallow Bedrock Groundwater Zone (Avis et al. 2009.
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Uncertainties with the associated modelling assumptions and approaches (e.g., the assumption
of instantaneous resaturation and contaminant release) are presented in the Groundwater
Modelling report (Avis et al. 2009).

In addition to the groundwater models developed in FRAC3DVS, an assessment-level model
has been developed using the AMBER compartment-model code. The 2DR, 3DS and AMBER
models represent three different modelling conceptualisations of the DGR system and enable
associated uncertainties to be considered.

Figure 7-40 provides a comparison of the cumulative fluxes at the top of the Deep Bedrock
Groundwater Zone calculated for the two FRAC3DVS models (NE-NHG-F3 and NE-NHG-F2)
and the comparable AMBER case (NE-RT-A)* (see Appendix A for details of the three cases).
The AMBER model shows an order of magnitude agreement with the 2DR and 3DR models in
respect of the flux via the geosphere (shown as Rock in Figure 7-40), and the shafts and their
EDZs (shown as Shafts in Figure 7-40) with the AMBER model erring on the conservative side
(i.e., with the AMBER model calculating higher and earlier cumulative fluxes).

1.E+02

E| —— AMBER NE-RT-A (no Guelph) Shafts
[| — — AMBER NE-RT-A (no Guelph) Rock
1.E+01 | — FRAC NE-NHG-F2 Shafts

E[ — — FRAC NE-NHG-F2 Rock

t| —— FRAC NE-NHG-F3 Shafts

5 1.E+00 F|_— — FRAC NE-NHG-F3 Rock ——————
\><I [
3
z [
S 1E01 %
= 3
>
£ [
>
© 1E-02 %

1.E-03 £

1.E-04 — t 4

0 250,000 500,000 750,000 1,000,000

Time (a) 05-Jun-2009

Figure 7-40: Cumulative CI-36 Flux Across the Top of the Deep Bedrock Groundwater
Zone

Figure 7-41 shows the comparison of the cumulative fluxes at the top of the Intermediate
Bedrock Groundwater Zone. The fluxes calculated by AMBER remain higher than the
FRACS3DVS fluxes and there is still an order of magnitude agreement between the 2DR and
AMBER models in respect of the flux via the shafts and their EDZs, and the geosphere.

% Two versions of this case were evaluated: one with horizontal flow in the Guelph, Salina A0 and Salina A2
evaporite formations (directly comparable with NE-RS1-F3); and one with no horizontal flow in the Guelph, Salina
A0 and Salina A2 evaporite formations (directly comparable with NE-NHG-F2 and NE-NHG-F2). The results
shown in Figure 7-40 and Figure 7-41 are for the version with no horizontal flow, whilst those in Figure 7-42 are for
the version with horizontal flow.
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A comparison was also undertaken of a FRAC3DVS case and an AMBER case that consider
horizontal flow in the Guelph, Salina A0 and Salina A2 evaporite formations (i.e., the NE-RS1-
F3 and the NE-RT-A* cases). The results are shown on Figure 7-42 and indicate an order of
magnitude agreement between the cumulative fluxes along the Guelph/Salina A0 pathway and
the Salina A2 evaporite pathway, with AMBER calculating the higher fluxes for both pathways.
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Figure 7-42: Cumulative CI-36 Flux via the Guelph and Salina A2 Evaporite Formations
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The AMBER and FRAC3DVS results were also compared for the drinking water well pathway
and the Shallow Bedrock Groundwater Zone pathway to the Lake (i.e., for the same release
from geosphere into this zone, and excluding the Guelph, Salina A0 and Salina A2 evaporite
pathways) (Figure 7-43). The FRAC3DVS 3DSU model only considers the Shallow Bedrock
Groundwater Zone. The AMBER model is conservative in that it calculates slightly higher and
earlier fluxes to the biosphere compared with the FRAC3DVS 3DSU model.
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Figure 7-43: CI-36 Flux in the Shallow Bedrock Groundwater Zone to the Well and
Lake

Overall, the trends in the AMBER results are sufficiently similar to the FRAC3DVS model to
build confidence in the safety assessment results, noting that the AMBER cumulative fluxes are
typically more than an order of magnitude higher than the 3D model results.

Bulk gas flows and saturations from the detailed gas model (T2GGM) are used to inform the
contaminant transport calculations undertaken by AMBER. The Gas Modelling report (Calder
et al. 2009) has highlighted several uncertainties and issues related to the modelling approach
(such as the differentiation of the flux of uncontaminated and contaminated gases, the
representation of the migration of individual gas rather than bulk air, and the development of a
3D gas model rather than the 2D model used for the Version 1 SA calculations). Work has
been identified by Calder et al. (2009) that could be undertaken to confirm the treatment of
these uncertainties in the Version 1 SA is conservative.

Both the groundwater and gas modelling has been undertaken assuming constant density and
so has not explicitly represented the effect of salinity gradients identified in Section 4.3.3. As
explained in Section 7.3.4 and the detailed groundwater and gas modelling reports (Avis et al.
2009 and Calder et al. 2009), it is considered that the current approach is appropriate and does
not give rise to significant uncertainties. Again, future work could be undertaken to confirm the
conservative nature of the Version 1 SA calculations with regard to the representation of the
salinity profile and its impact on contaminant migration.



Postclosure Safety Assessment (V1)

June 2009

7.5.2.2 Alternative Conceptual Models

Impact of future climate change on the DGR system

Although glacial/interglacial cycling will have a significant impact on the surface and near-
surface systems, its impact is expected not to be as significant in the intermediate and deep
geosphere (Section 5.1). Nevertheless, it is recognised that it could:

e impact the performance of the shaft seals;

e affect resaturation and rockfall in the repository; and
e impact the evolution of the disequilibrium heads observed in the Cambrian and
Ordovician.

Results from a range of the calculation cases assessed can be used to provide an initial
evaluation of each of these potential impacts (Table 7-9). They are all below the dose criterion
of 0.3 mSv a’. It is important to recognise that the current calculation cases do not explicitly
represent the effects of climate change on the intermediate and deep geosphere.
Nevertheless, the cases provide a preliminary indication of potential effects.

Table 7-9: Potential Impacts of Climate Change on the Intermediate and Deep

Geosphere

Consequence | Relevant Cases Calculated Cumulative Flux into Shallow

of Climate Peak Dose Bedrock Groundwater Zone

Change to an Adult Cl-36 in Bulk and

(mSv a'1) Groundwater | Dissolved Gas
at 1 Ma (g) at 500 ka (kg) |

Base case NE-BC 4.6E-10 1.4E-04* 4.3E+02
NE-UG-BC 4.2E-14 41E-14* 3.0E+00

Degraded NE-EDZ 3.5E-02 6.1E+02 9.3E+06

shaft EDZ NE-UG-EDZ 4 5E-12 7.0E-02 3.7E+01

performance

Alternative NE-RS1 4.3E-10 - -

resaturation NE-UG-RSH1 4.8E-14 - -

and rockfall NE-RS2 4.3E-10 - -

assumptions NE-RS3 4.3E-10 - -
NE-UG-RD1 - 1.4E-15 3.0E+00

Disequilibrium | NE-UG-NHG - 2.2E-16 -

in heads in

Ordovician

and Cambrian

*Values for NE-RS1-F3 and NE-UG-RS1-F3 cases

FRAC3DVS results show that different assumptions concerning the performance of the shaft
seals and the associated EDZ have a significant (more than six orders of magnitude) effect on
the calculated fluxes, whilst T2GGM result show up to five orders of magnitude effect. There is
also an increase in dose impacts of up to nine orders of magnitude, although calculated peak
doses remain below the dose criterion. The difference in doses (compared to fluxes) arises due
to the differences in the timing of the peak flux and hence the relative importance of
radionuclides such as Pu-239 and C-14.

The impacts of different resaturation times, rockfall and disequilibrium head assumptions are
less significant with variations of a factor of 30 or less.
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The impact of glacial/interglacial cycling on the surface environment and the nature of the
discharge of contaminants from the geosphere has been evaluated in the current assessment
through the use of a ‘Reference Biosphere’ approach, presented in the System and its
Evolution report (Little et al. 2009). Rather than explicitly considering the sequence of climate
states that would affect the Bruce site, the base case for the Normal Evolution Scenario
considers stylised, constant temperate conditions which are broadly comparable with those
presently found at the site. An alternative case considers release of contaminants to a tundra
system; the calculated peak dose is a factor of three greater than for the temperate system.
The results show that the overall impact of glacial/interglacial cycling on doses is limited,
consistent with the findings of Lum and Garisto (2008).

Over/Underpressures

Site characterisation work has identified that the Cambrian sandstones are overpressured,
whilst the Ordovician sediments are underpressured (Figure 4-7). There are several possible
origins of these over/underpressures, and the likely cause(s) as well as their evolution are
currently being investigated - see discussion in the Phase | Geosynthesis report (Gartner Lee
2008c) and the System and its Evolution report (Little et al. 2009).

In the analyses presented in this report, this uncertainty was conservatively treated by
assuming that the underpressures quickly dissipated after closure, and that the high pressure in
the Cambrian formation remained steady over the timescales of interest, resulting in a steady
vertical upwards hydraulic head gradient. This is a conservative assumption, since mass flow
from the repository will be significantly reduced as long as underpressures persists in the
Ordovician units as prevailing liquid gradients will be downward at all points above the
repository horizon, including the shaft and EDZ system.

One case however considered the effect of the Ordovician underpressures, the NEUG-NHG-F2
case. In this transient case, the initial hydraulic pressures included the current measured
profile, which were allowed to dissipate naturally according to the permeability and storativity of
the rock mass. In this case with very low permeable (UG) geosphere the underpressures
persist for well in excess of 1 Ma. This reduced transport into the Shallow Bedrock
Groundwater Zone by more than two orders of magnitude compared with the NE-UG-RS1-F3
case. Part of this reduction is due to the less conservative nature of the 3DS cases (see the
Groundwater Modelling report, Avis et al. 2009), but the impact of the Ordovician
underpressures can also be expected to contribute to some of the reduction.

One potential cause for the Ordovician underpressures is the presence of gas in the rocks. Site
characterisation suggests that there might be some initial gas saturation, although its extent is
uncertain. The NE-UG-GT case assumes an initial value of 10% gas saturation in the
Ordovician compared to the base case value of 0%. Gas modelling results show that gas from
the repository does not migrate into the rock mass for these cases, due to gas pressure
gradients towards the repository. Although gas from the repository does migrate into the shaft,
it does not migrate above 260 m below ground surface over the calculation period of 1 Ma.
Thus the base case of no initial gas saturation in the Ordovician can be seen to be
conservative.



Postclosure Safety Assessment (V1) - 158- June 2009

Evolution of repository and shafts

The evolution of the repository, its EDZ and their effect on contaminant release and migration
can be evaluated through analysis of a number of calculation cases. In particular, uncertainties
arise due to complex interactions between chemical conditions, the amount and types of
microbes in the repository and surrounding host rock, corrosion, gas generation rates and
resaturation rates and their impact on the resaturation profile of the DGR.

Table 7-10 summarises results for cases that consider alternative conditions for:
¢ release mechanisms and sorption/solubility conditions;
e resaturation profiles; and
e rockfall.

The NE-RT-A case with instant resaturation and instant release (i.e., no account is taken for
waste packaging delaying the release of contaminants into groundwater) and no sorption shows
an increase in the calculated peak dose of more than three orders of magnitude compared to
the base case, although the calculated peak dose is still more than five orders below the dose
criterion. As discussed under the impact of future climate change on the DGR system, the
impact of different resaturation and rockfall assumptions is a factor of 30 or less.

Table 7-10: Calculated Impacts of Differing Repository Conditions

Condition Relevant Cases Calculated Cumulative Flux into Shallow
Peak Dose Bedrock Groundwater Zone
to an Adult Cl-36 in Bulk and

(mSva’) Groundwater | Dissolved Gas
at 1 Ma (g) at 500 ka (kg) |

Base case NE-BC 4.6E-10 1.4E-04* 4.3E+02
NE-UG-BC 4.2E-14 4.1E-14* 3.0E+00
Instant resaturation and | NE-RT 7.5E-07 - -

release to porewater,
and no sorption or
solubility limitation

Alternative resaturation NE-RS1 4.3E-10 - -
assumptions NE-UG-RSH1 4.8E-14 - -
NE-RS2 4.3E-10 - -
NE-RS3 4.3E-10 - -
Alternative rockfall NE-UG-RD1 - 1.4E-15 3.0E+00
assumptions

*Values for NE-RS1-F3 and NE-UG-RS1-F3 cases

7.5.3 Data Uncertainty
7.5.3.1  Partitioning of Contaminants between Phases

A number of AMBER calculation cases have been analysed to investigate the impact of
assumptions relating to the partitioning of contaminants. Comparison of the NE-BC-A case
(C-14, CI-36, Se-79 and I-129 partitioned between gas and groundwater) and the NE-RS1-A
case (all C-14, CI-36, Se-79 and 1-129 assumed to be in groundwater) indicates that calculated
peak dose differs by less than a factor of two. The variation in doses between the equivalent
UG cases is a factor of three.
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In contrast, comparison of the NE-RS1-A case (which includes sorption of certain radionuclides
in the repository, shaft and geosphere) with the NE-RT-A (which includes no sorption) shows
that calculated peak doses occur earlier (4 Ma vs. 6 Ma) and are three orders of magnitude
higher for the NE-RT-A case due to the instantaneous release of contaminants and the
absence of sorption. Nevertheless, the calculated peak dose is still more than five orders of
magnitude below the dose criterion.

7.5.3.2 Shaft Sealing Material and EDZ Characteristics

As discussed in Section 7.5.2.2, the calculation cases assessed show that the uncertainties (be
they related to the conceptual model and/or the data) associated with shaft sealing material and
EDZ characteristics and their variation with time have a significant (orders of magnitude) effect
on the calculated impacts, although impacts for all cases remain below the relevant criteria.

7.5.3.3 Hydraulic Characteristics of the Guelph, Salina A0 and Salina A2 Evaporite
Formations

The Guelph and the adjacent Salina A0 Formations and the Salina A2 evaporite Formation are
the main permeable units in the Intermediate Bedrock Groundwater Zone and could intercept
contaminated groundwater transported from below through either the shaft or the rock mass.
However, their effect on transport depends entirely on their hydraulic characteristics (gradient
and environmental head), which are currently being determined as part of the site
characterisation programme. The base case for the 3DS FRAC3DVS calculations assumes
that there is a horizontal gradient in these formations of 0.002 based on the results of regional
groundwater modelling (see Table 6-5). Assuming no horizontal gradient in these formations
increases the CI-36 flux in groundwater to the Shallow Bedrock Groundwater Zone by about an
order of magnitude.

There is also uncertainty over the discharge points of these formations. The NE-RT-A case
assumes pathlengths of 5 km to discharge points under Lake Huron, and the NE-GF-A case
assumes longer pathlengths of 80 km. Figure 7-44 shows later (due to the longer travel time
through the geosphere) and slightly reduced doses (due to additional decay resulting from the
longer travel time) to a downstream exposure group for the NE-GF-A case. Figure 7-44 also
shows that the calculated dose to the Local Exposure Group is unchanged compared with the
NE-RT-A case, since the dose is unaffected by fluxes from the Guelph, Salina A0 and Salina
A2 evaporite (dose is dominated by fluxes from the Shallow Bedrock Groundwater Zone). All
calculated doses are at least five orders of magnitude below the dose criterion.
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Figure 7-44: Total Calculated Effective Dose to Adults for the NE-RT-A and NE-GF-A
Cases

7.5.3.4 Geosphere Permeabilities

The associated hydraulic conductivities derived from the Phase 1 site data from DGR-1 and
DGR-2 are documented in the Data report (Walke et al. 2009b) and summarised in Table 6-5.
Initial Phase 2 site investigation data made available in early 2009 (DGR 2009) indicates that
the Phase 1 values are over-estimates and lower hydraulic conductivity values should be
adopted for Ordovician and Silurian sediments. Therefore groundwater, gas and assessment
calculation cases have been undertaken using both sets of values (Table 7-11), The lower
permeabilities limit the migration of contaminants and therefore result in reduced fluxes and
doses (Table 7-11). The impact is greatest on groundwater fluxes (almost ten orders of
magnitude over the 1 Ma calculation period), and is much less significant for gas fluxes (an
order of magnitude over the 1 Ma calculation period). The reduced fluxes into the Shallow
Bedrock Groundwater Zone reduce the magnitude (by more than four orders of magnitude) and
extends the time of maximum calculated dose to beyond 10 Ma (Figure 7-17).

Table 7-11: Calculated Impacts of Differing Geosphere Permeabilities

Condition Relevant Cases Calculated Cumulative Flux into Shallow
Peak Dose Bedrock Groundwater Zone
to an Adult Cl-36 in Bulk and

(mSva’) Groundwater | Dissolved Gas
at 1 Ma (g) at 500 ka (kg) |

Higher permeabilities NE-BC 4.6E-10 1.4E-04* 4.3E+02

Lower permeabilities NE-UG-BC 4.2E-14 4.1E-14* 3.0E+00

*Values for NE-RS1-F3 and NE-UG-RS1-F3 cases
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7.5.3.5 Gas Flow Parameters for the Silurian

Capillary pressure curves are particularly important in defining conditions for cases with initial
gas saturation, such as the NE-UG-GT case, as initial gas pressures in the rock are not known.
For units above the Queenston, data to support the values for these parameters did not exist,
and values have been assumed or calculated based on the Davies relationship (Davies 1991),
as discussed in the Data report (Walke et al. 2009b). Additional site characterisation data and
analyses from the Phase 2 investigation are expected to provide these data and, ahead of
these data becoming available, no variant calculations have been undertaken to assess the
sensitivity of the model to these parameter values.

7.5.3.6  Repository Gas Generation Parameters
The sensitivity of gas pressure and fluxes was investigated using two calculation cases.

First, a calculation case (NE-GG1-T, higher gas generation) was evaluated, which considered
the effect of increased metallic waste inventories due to additional overpacking of carbon and
stainless steel wastes, increased corrosion rates and degradation rates. The total mass of
metals is increased to 7.3 x 10" kg from 5.8 x 10" kg and the corrosion and degradation rates
are increased by an order of magnitude (compared to those given in Table 6-5). This resulted
in an increase in the gas flux to the Shallow Bedrock Groundwater Zone by less than a factor of
two. Peak repository gas pressure is marginally increased from 8.5 MPa at 2 ka (NE-BC-T
case) to 8.6 MPa at 11 ka.

A second calculation case (NE-GG2-T, lower gas generation) has been assessed in which the
corrosion and degradation rates for the base case are reduced by an order of magnitude and
the hydrogen consumption rate for methanogenic reaction is lowered from 1 a” to 0.01 a™.
This results in a slight increase in peak repository gas pressure (8.8 MPa * at 2.2 ka) and a
small (less than a factor of two) increase in gas fluxes.

Thus gas pressure and fluxes appear to be only marginally affected by these changes in gas
generation parameters and so the impacts on humans and the environment will be minimal.

7.5.3.7 Alternative Lifestyles and Receptor Locations

Doses have been evaluated for exposure groups that are local to the site for all scenarios. The
food consumption rates for exposures are based on the conservative recommendations of CSA
(2008), which typically uses 90" percentile rates (see Data report, Walke et al. 2009b). In
addition, a case has been evaluated, based on the NE-RS1-A case, in which dose to a
“downstream” exposure group is evaluated. The group is exposed via consumption of lake fish
and water from the South Basin of Lake Huron. The fish consumption rate for adults is taken to
be 100 g d” — a value which is five times the value for the Local Exposure Group given in the
Data report (Walke et al. 2009b) and twice the maximum value given in the survey of fish
consumption by the Chippewas of Nawash (Nawash Fishes 2002). The drinking water
consumption rate for adults is the same as that for the Local Exposure Group, i.e., 2.3 L d"
(Walke et al. 2009b). Despite the significantly increased fish consumption rate, the calculated

% The slower degradation results in slower production of carbon dioxide. Thus there is less carbon dioxide available
for the hydrogen consuming methane generation reaction, which also proceeds at a slower rate than for the base
case. This results in hydrogen, rather than methane, being the dominant gas in the repository and in higher gas
pressures.
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peak dose to the Downstream Exposure Group is more than four orders of magnitude lower
than the calculated peak dose to the Local Exposure Group (Figure 7-45) due to the significant
dilution and dispersion of radionuclides in the lake.
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Figure 7-45: Calculated Effective Dose to Adult Member of Exposure Groups for the
NE-RS1-A and NE-EG-A Cases

7.6 CONFIDENCE BUILDING MEASURES

As noted in Section3.7.3, it is important to develop confidence in the safety assessment and its
results. A range of measures can be used to develop confidence both in terms of establishing
confidence within each stage of the assessment process and in the overall process. As the
assessment of a repository progresses through a series of iterations, it can be expected that
the level of confidence will increase as uncertainties are identified and reduced.

Evidence of the measures that have been used in the current assessment of the DGR are
summarised in Table 7-12 and Table 7-13. As discussed in Section 7.5, the current
assessment has a range of associated uncertainties. These will be addressed by the future
programme of work outlined in Section 8 and, as a consequence, further confidence will be
developed in the subsequent iterations of the assessment.

The EIS guidelines for the DGR (CEAA and CNSC 2009) identify issues that need to be
addressed in the postclosure safety assessment (Section 3.3). Each of these issues is
identified in Table 7-14, together with a commentary on how they have been considered in the
current assessment.
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Table 7-12: Evidence of Confidence Building Measures used at each Stage of the Current Assessment Process

Assessment Confidence Building Measures Evidence of Use in the Safety Assessment
Stage

Assessment Demonstration of sound and complete See Section 3 in which all the key components of the assessment context are presented and

Context understanding of the key components of the discussed (purpose, audience, regulatory framework, assessment end points, assessment
assessment context. philosophy and timeframes).

System Demonstration of adequate understanding of Section 4 provides a summary of the system description. A more detailed description is

Description engineered and natural aspects of the disposal | provided in the System and its Evolution report (Little et al. 2009) in which the current
system (repository, geological setting and understanding of the DGR system and its wastes is summarised and the associated
surface environment) and associated uncertainties discussed.
uncertainties. Information from the on-going geosynthesis, site characterisation, waste characterisation and
Linkage to geosynthesis, site characterisation, repository design programmes has been used in the current assessment (see start of Section
waste characterisation, and repository design. .

Scenarios The set of scenarios is comprehensive and is The approach used to identify and justify the scenarios is summarised in Section 5 and
developed in a systematic, transparent and described in detail in the System and its Evolution report (Little et al. 2009).
traceable manner. A wide range of external (or scenario generating) features, events and processes has been
The approach and screening criteria used to considered and screened in/out, with justification being documented, in order to generate the
exclude or include scenarios are justified and set of scenarios for assessment (see Table 5-2, Table 5-3 and Table 5-4).
well documented. The scenarios considered have been developed based on the current understanding of the
Scenarios are consistent with the geoscience site and allow the exploration of the key associated uncertainties.
assessment, site characterisation, waste It is noted that the scenarios identified are comparable with those considered in other
characterisation and repository design. assessments of geologic repositories (see Table 5-5).

Models The conceptual models and associated data The process used for developing the conceptual models for the scenarios is described in

are consistent with the assessment context,
disposal system and scenarios.

The software tools have the ability to
adequately solve the problems under
consideration.

Alternative models, codes, data and
approaches are considered.

Models are consistent with the geoscience
assessment, site characterisation, waste
characterisation and repository design.

Section 6.1 and its application summarised in Section 6.2 and described in the Normal
Evolution and Disruptive Scenarios Analysis reports (Walke et al. 2009a; Penfold and Little
2009). The assessment context, disposal system and scenarios are taken into account when
developing the conceptual models (see Figure 6-1).

Both detailed and assessment-level software tools have been used to undertake the impact
calculations (Section 6.4). These tools have been used in previous assessments of geologic
repositories and have associated software documentation that demonstrates their applicability
to the problems addressed (see references given in Appendix B). The Gas Generation Model
(GGM) component of the T2GGM code has been developed specifically for the DGR
assessment and has an associated set of documentation to demonstrate its applicability to the
DGR (Calder et al. 2009; Suckling et al. 2009).

DGR-specific models, consistent with current DGR system information, have been
implemented in the software codes (Section 6.4). These models are applicable to the range of
conceptual models and associated calculation cases and data identified (Sections 6.2, 6.3 and
6.5).
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Assessment
Stage

Confidence Building Measures

Evidence of Use in the Safety Assessment

Analysis of
Results

Key assumptions are documented and justified
Uncertainties are adequately addressed.
Compliance with regulatory requirements and
recommendations is analysed.

Key areas for further work are identified.

Assumptions relating to each step of the assessment approach are documented and justified
in the relevant assessment report on the basis of the current understanding of the DGR
system (e.g., scenario assumptions in the System and its Evolution report, Little et al. 2009);
model assumptions in the Normal Evolution and Disruptive Scenarios Analyses reports, Walke
et al. 2009a, Penfold and Little 2009; data assumptions in the Data report, Walke et al.
2009b). As noted in the assessment context (Section 3.7.2), the current 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, but physically plausible, assumptions have been adopted to allow the impacts of
uncertainties to be bounded.

Uncertainties associated with the current assessment are identified in the System and its
Evolution report (Little et al. 2009), the Data report (Walke et al. 2009b), and the Normal
Evolution and Disruptive Scenarios reports (Walke et al. 2009a; Penfold and Little 2009).
They are assessed in Section 7.5 of the current report and a programme of future work
designed to reduce/manage them further is identified in Section 8.

Compliance with regulatory requirements and recommendations is summarised in Sections
7.1.3 and 7.2 for the Normal Evolution and Disruptive Scenarios, respectively.
Recommendations for further work are provided in Section 8. Their aim is to reduce
uncertainties and build further confidence in the assessment of the DGR.

Review and
Modification

Modifications are implemented in a structured
and well-documented manner.

Work is specified with the aim of ensuring that
key uncertainties will be reduced or better
understood.

The assessment results have been subject to a process of internal (QIS Partnership) and
external (OPG and NWMO) review and revision since 2008, when initial results were produced
for the Version 1 SA. This review process has been documented and an audit trail of review
comments and responses produced. It is expected that the current assessment will form the
basis of future assessments.

The uncertainties that have been identified during the assessment are summarised in Section
7.5. ltis envisaged that these will be investigated in a subsequent assessment in light of the
current results and the on-going programme of geosynthesis, site investigation, waste
characterisation and repository design work identified in Section 8.
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Table 7-13: Evidence of Measures used to Develop Overall Confidence in the Current Safety Assessment

Measures to Develop Overall
Confidence in the Assessment

Evidence of Use in the Assessment

Use of a systematic approach

An approach based on the IAEA’s ISAM methodology (see Section 2) has been used to assess the safety
of the DGR. G-320 (CNSC 2006) states that ISAM documentation provides useful recommendations on a
structured and iterative methodology for performing and documenting assessments.

Adequate understanding of the disposal
system and its uncertainties

As discussed in Section 7.5, there are a number of key uncertainties associated with the understanding of
the DGR system and its evolution (e.g., the evolution of repository conditions, the hydrogeological
conditions). These uncertainties have been explored in the current assessment using variant
calculations. This information informs on the significance of the uncertainties, and guides the priority
areas for further investigation and, if possible, reduction during future assessments.

Use of multiple safety and performance
indicators

A range of safety and performance indicators is considered in the calculations, in addition to doses to
adult members of a range of potential exposure groups. These additional indicators include doses to
infants and children, environmental fluxes and concentrations, impacts of radionuclides on non-human
biota, and health effects of non-radioactive contaminants on humans and non-human biota (see Section
7.1and 7.2).

Clear presentation of the assessment and
its results

The structure of the current document is designed to facilitate the clear presentation of the assessment
and its results. Extensive use is made of figures and tables to present information throughout the report.
The report is supported by a series of other reports that provide more detailed information on specific
issues (see Section 1.2 and Figure 1-3). Within the documentation, the basis for the models has been
justified and explained, and all relevant mathematical models and data have been presented.

Application of a quality management
system

The quality management system applied to the project is described in Quintessa (2009). It is in
accordance with the requirements of the International Standard 1SO 9001:2000. A number of project-
specific procedures have been developed, for example for the peer review and verification of deliverables
(documents, calculation files and software tools), and the storage of project records and deliverables.

Peer review of the assessment

In addition to being reviewed by OPG and NWMO staff, the assessment documents have been reviewed
by specialists in the QIS Partnership and their comments have been addressed in the final versions of the
documents. International peer review of V1 postclosure SA is planned by NWMO.

Involvement of stakeholders in the
development of the assessment

As noted in Section 3.2, the assessment has been undertaken primarily to inform the DGR Project Team,
who will use the knowledge gained to help inform the DGR EIS and Preliminary Safety Report and the
associated programme of work (including inventory characterisation, site characterisation, geosynthesis,
and design). OPG and NWMO staff have been heavily involved in the development of the assessment
through the specification of the work programme, attendance at technical meetings, and the review of the
project output.




Postclosure Safety Assessment (V1)

- 166-

June 2009

Table 7-14: Addressing the EIS Guidelines for the DGR in the Version 1 Safety Assessment

Issue Guidance Consideration in the Version 1 Safety Assessment

Demonstration | Need to provide reasonable assurance that the DGR will A Normal Evolution Scenario has been identified (Section 5.1) and its

of long-term perform in a manner that protects human health and the impacts on humans and the environment have been evaluated

safety environment through the use of a long-term safety through a process of identifying contaminant releases (Section
assessment based on a pathways analysis of contaminant 6.2.1.1), contaminant transport (Section 6.2.1.2) and receptor
releases, contaminant transport, receptor exposure and exposure (Section 6.2.1.3). The assessment has indicated that the
potential effects based on a scenario of expected evolution of | impacts on humans and the environment are acceptable (Section
the disposal facility and the site 7.1.3).

Selection of Long-term assessment scenarios should be sufficiently Systematic, transparent and traceable approach has been used to

scenarios comprehensive to account for all of the potential future states | identify and develop scenarios (Section 5), which has identified five

of the site and the environment. Scenarios should be

developed in a systematic, transparent and traceable manner.

scenarios (a Normal Evolution Scenario and four Disruptive (“what if”)
Scenarios). These scenarios are considered to be sufficiently
comprehensive to account for the potential future states of the site
and the environment. The range of scenarios identified is
comparable with those considered in postclosure safety assessments
of other deep geologic repositories (Section 5.2.1 and Table 5-5).

The anticipated evolution of the repository under different
scenarios has to be supported by a combination of expert
judgment, field data on the past evolution of the site, and also
mathematical models that might need to couple chemical,
thermal hydrologic, hydrogeologic and mechanical processes
that play key roles in the repository evolution.

The potential evolution of the repository has been developed using
expert judgment (including a scenario workshop in April 2008), field
data and results of detailed groundwater and gas modelling (Section
6.2). The modelling has included the use of a coupled model of gas
generation and repository resaturation (Section 6.4).

The safety assessment should include a central scenario of
the normal (or expected) evolution of the site and facility with
time. It should be based on reasonable extrapolation of
present-day site features and receptors lifestyles. It should
include expected evolution of the site and degradation of the
waste disposal system (gradual or total loss of barrier
function) as it ages.

A Normal Evolution Scenario has been identified (Section 5.1). The
scenario considers the expected evolution of the site and degradation
of the waste disposal system (Section 6.2.1). It is recognised that the
system will be subject to change resulting from continued
glacial/interglacial cycling. Rather than explicitly representing the
sequence of glacial/interglacial cycling, the conceptual model used
for the current assessment considers stylised, constant conditions
which are comparable with those found at present at the site (Section
6.2.1.3). A variant case with constant conditions based on a tundra
system is also considered (Section 6.3).

Additional scenarios should be assessed that examine the
impacts of low-probability disruptive events or modes of
containment failure that lead to the possible abnormal
degradation and loss of containment.

Four disruptive scenarios are identified (Section 5.2.1), described
(Section 5.2.2), conceptualised (Section 6.2) and evaluated (Section
7.2).

The approach and screening criteria used to exclude or
include scenarios should be justified and well-documented.

The selection of the scenarios is identified and justified in Section 5.
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Issue Guidance Consideration in the Version 1 Safety Assessment

Provision of Use of different safety assessment strategies: e.g., using a A range of approaches has been used in the current assessment
additional combination of approaches such as scoping and bounding including:

arguments and | calculations, deterministic and probabilistic approaches. e scoping calculations, e.g., to identify the contaminants for
multiple lines assessment (see Data report, Walke et al. 2009b) and the extent

of reasoning

of rockfall in the repository (see Appendix A of the System and its
Evolution report, Little et al. 2009);

e detailed groundwater and gas calculations (see associated
reports, Avis et al. 2009, and Calder et al. 2009); and

e assessment calculations (see Normal Evolution and Disruptive
Scenarios reports, Walke et al. 2009a, and Penfold and Little
2009).

The current assessment uses multiple deterministic calculations.

Probabilistic calculations will be used in future assessments.

Demonstrating that the waste disposal system will maintain its
safety function under extreme conditions, disruptive events or
unexpected containment failure.

The results presented in Sections 7.2 and 7.3 show that the system
maintains its safety functions under the Disruptive Scenarios
assessed.

Use of complementary safety indicators to doses and
environmental concentrations such as: waste dissolution
rates; groundwater age and travel time; fluxes of
contaminants; concentrations of contaminants in specific
environmental media; and changes in toxicity of the waste

The following complementary safety indicators are considered in the
assessment: waste dissolution rates (e.g., Figure 7-1 and Figure 7-2);
groundwater age and travel time (Section 7.1.2); fluxes of
contaminants (e.g. Figure 7-12 and Figure 7-13); concentrations of
contaminants in specific environmental media (e.g., Figure 7-16,
Figure 7-18).

Demonstration
of confidence
in
mathematical
models

Performing independent predictions using entirely different
assessment strategies and computer tools.

A range of approaches has been used in the current assessment

including:

e scoping calculations, e.g., to identify the contaminants for
assessment (see Data report, Walke et al. 2009b) and the extent
of rockfall in the repository (see Appendix A of the System and its
Evolution report, Little et al. 2009);

e detailed groundwater and gas calculations (see associated
reports, Avis et al. 2009, and Calder et al. 2009); and

e assessment calculations (see Normal Evolution and Disruptive
Scenarios reports, Walke et al. 2009a, and Penfold and Little
2009).

The current assessment uses multiple deterministic calculations.

Probabilistic calculations will be used in future assessments.
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Issue

Guidance

Consideration in the Version 1 Safety Assessment

Demonstration
of confidence
in
mathematical
models

(cont.)

Demonstrating consistency amongst the results of the long-
term assessment model and complementary scoping and
bounding assessments.

Key contaminants identified in the scoping calculations described in
Data report (Walke et al. 2009b) are comparable to those identified in
the Normal Evolution and Disruptive Scenarios reports (Walke et al.
2009a, and Penfold and Little 2009).

Scoping calculations for repository gas pressure are presented in
Appendix B of the Gas Modelling report (Calder et al. 2009) and build
confidence in the gas pressures calculated using T2GGM.

Applying the assessment model to an analog of the waste
management system to build confidence through a post audit
of the real data available from an analog.

Not undertaken for the current assessment.

Performing model intercomparison studies of benchmark
problems

The assessment code used (AMBER) has been extensively applied
to benchmark problems from international studies including those of
the IAEA and NEA (Enviros and Quintessa 2008b).

The choice of solute transport modelling codes used should
be justified and supporting information on code verification
and validation provided.

The selection of the modelling codes is discussed in Section 6.4 and
Appendix B. Further details, including code verification and validation
information, are provided in the Groundwater Modelling report (Avis
et al. 2009), Gas Modelling report (Calder et al. 2009) and the Normal
Evolution Scenario Analysis report (Walke et al. 2009a). The review
of calculations is documented as part of the quality management
system applied to the project (Quintessa 2009).

Scientific peer review by publication in open literature and
widespread use by the scientific and technical community will
add to the confidence in the assessment model.

The codes used have been used in a wide number of studies, and
have associated, peer-reviewed, open-literature publications
(Appendix B). Further details are provided in the Groundwater
Modelling report (Avis et al. 2009), Gas Modelling report (Calder et al.
2009) and the Normal Evolution Scenario Analysis report (Walke et
al. 2009a).
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Issue Guidance Consideration in the Version 1 Safety Assessment

Interpretation The proponent will establish and justify the acceptance criteria | The acceptance criteria adopted for the assessment are identified

of results and adopted for the assessment and justified in Section 3.4

comparison Compliance with the acceptance criteria and with regulatory Compliance with the acceptance criteria and with regulatory guidance
with guidance must be evaluated, and the uncertainties associated | is discussed in Section 7.1.3 for the Normal Evolution Scenario and
acceptance with the assessment should be analysed. Section 7.2 for the Disruptive Scenarios.

criteria Associated uncertainties are discussed in Section 7.5.

Demonstration of a thorough understanding of the underlying
science and engineering principles which are controlling the
assessment results.

The analysis and interpretation of the assessment results is
presented in Section 7. More detailed analysis and interpretation is
provided in the following supporting reports: Normal Evolution
Scenario Analysis (Walke et al. 2009); Human Intrusion and Other
Disruptive Scenarios Analysis (Penfold and Little 2009); Groundwater
Modelling report (Avis et al. 2009); and Gas Modelling report (Calder
et al. 2009). These analyses identify the key processes that control
the assessment results.

An uncertainty analysis of the predictions should be performed
to identify the sources of uncertainty and determine the effects
of these uncertainties on safety. This analysis should
distinguish between uncertainties arising from uncertainties in
site characterisation data, in the conceptual site descriptive
model, in assumptions of the scenario, and in the
mathematics of the assessment model.

Uncertainties are discussed in Section 7.5. Uncertainties are
evaluated arising from scenarios (Section 7.5.1), mathematical
models (Section 7.5.2.1), conceptual models (Section 7.5.2.2) and
data (Section 7.5.3).

For the uncertainties, which have important impact on long-
term safety, follow-up field and laboratory investigation
programmes in combination with refinement of mathematical
models should be proposed.

A programme of work has been identified to address the identified
uncertainties (Section 8).
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8. IMPLICATIONS FOR DGR WORK PROGRAMMES

The results presented in Section 7.1 indicate that the DGR system provides effective
containment of the disposed radionuclides for a long period of time (many hundreds of
thousands of years) for the Normal Evolution Scenario. Most radionuclides decay within the
repository or the deep geosphere. The release of contaminants from the waste packages is
limited by the slow rate of repository resaturation, and the embedded nature of contamination in
the higher activity zircaloy metal wastes means that they are released slowly as the wastes
corrode over time. The low permeability of geosphere and the engineered barriers in the shaft
further limit the migration of contaminants in groundwater or as bulk gas. The amount of
contaminants reaching the surface is small, such that the calculated peak doses for the base
case is almost nine orders of magnitude below the 0.3 mSv a” dose criterion. Calculations
have also been undertaken to assess the impact of radionuclides on non-human biota and the
impact of non-radioactive species on humans and the environment. The results indicate that
potential impacts are well below the relevant criteria.

In addition, consideration has been given to disruptive events that, although unlikely to occur,
could disrupt or bypass many of the repository barriers. The analysis shows that 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 vast majority of the contaminants in the
waste would continue to be contained effectively by the DGR system such that safety criteria
are met in almost all circumstances (Section 7.2).

As noted in Section 3.7.2, 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, but physically plausible,
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 overestimates of impacts. For example
the base case calculations for the Normal Evolution Scenario do not account for the potential
impact of Ordovician underpressures in limiting contaminant migration and conservatively
assume a constant vertical hydraulic head gradient due to the Cambrian overpressure.

It is important to recognise that there is a range of uncertainties associated with the current
assessment. These uncertainties and their effects on calculated impacts have been evaluated
in Section 7.5. This evaluation has highlighted a number of issues for further analysis in the
next iteration of the safety assessment (Section 8.1). In addition, it is recognised that studies
could be undertaken under the other DGR work programmes to help support the assessment of
these issues in future assessments (see Section 8.2).

8.1 POSTCLOSURE SAFETY ASSESSMENT WORK PROGRAMME

Analysis of the results obtained for the current assessment and the associated uncertainties
has highlighted the following two main areas of key uncertainties to be addressed in the next
iteration of the postclosure safety assessment.
1. Characterisation of shaft and EDZ properties and their physical and chemical
evolution with time, including further review of whether there are any significant effects
from glaciation, and seismic and gas loadings that would cause the seals to degrade
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faster than currently expected in the Normal Evolution Scenario. Various calculation
cases have shown the significant variation (more than nine orders of magnitude at the
extreme) in calculated impacts arising from differing assumptions relating to the
characteristics and evolution of the shafts and their EDZs. Although this is an important
source of uncertainty that needs to be addressed further (see Sections 8.2.2 and 8.2.4),
it should be recognised that the calculated peak doses for all calculation cases remain
below the relevant dose criterion.
Understanding and representing the geosphere system. As noted in Section 7.5,
both conceptual and parameter uncertainties exist relating to the geosphere that result
in variations in impacts of more than four orders of magnitude. In particular:
e the geosphere permeability, especially in the Deep and Intermediate Bedrock
Groundwater Zones (i.e., low or very low);
e the origin and evolution of the hydraulic head distribution in the geosphere
(especially under conditions of glacial/interglacial cycling);
¢ the flow characteristics of the Guelph, Salina A0 and Salina A2 evaporite
formations; and
e gas flow parameters, especially in the formations above the Ordovician.
Of these, calculations have shown that the variations in permeability considered in the
assessment have the greatest impact on calculated peak doses, with a range of more
than four orders of magnitude. Nevertheless, doses remain many orders of magnitude
below the dose criterion even for the higher permeability geosphere.

Further improvements to the postclosure safety assessment will help improve our
understanding of the DGR processes.

1.

Building confidence in the detailed and assessment calculations through using different
safety assessment strategies: e.g., using a combination of approaches such as scoping
and bounding calculations, deterministic and probabilistic approaches (as recommended
in the EIA guidelines for the DGR). As noted in Table 7-14, there is scope for the next
iteration of the assessment to undertake probabilistic, as well as deterministic
calculations, and to compare the results obtained using the detailed and assessment
calculations with those obtained from simplified scoping models.

Enhancement of models used to represent the DGR system, its evolution and the
migration of contaminants through it. Such improvements could include: geochemical
models and more detailed 3 dimensional groundwater models and 3 dimensional gas
models; the modelling of individual gases (rather than bulk gases); the explicit
representation of the salinity profile in groundwater and gas calculations; and the
improved integration of detailed groundwater and gas calculations. Analysis of
modelling approaches adopted for the Version 1 SA has demonstrated the conservative
nature of the AMBER and 2D FRAC3DVS calculations when compared to the 3D
FRAC3DVS calculations which calculate one to two orders of magnitude lower impacts.
Partitioning of contaminants between phases (gas-solid, liquid-gas and liquid-solid) in
the DGR system. For example assumptions concerning the sorption of contaminants
(i.e., liquid-solid partitioning) can affect calculated impacts and the relative importance of
contaminants by up to three orders of magnitude (compare peak calculated dose for
NE-RS1-A (sorption of certain radionuclides), 4.3 x 10"° mSv a”, and NE-RT-A (no
sorption), 7.7 x 10" mSv a™'). There could be scope to undertake a literature review to
determine appropriate geosphere sorption coefficients for certain elements, such as Pu
and Pb, that are currently considered to be non-sorbed.
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8.2 OTHER DGR WORK PROGRAMMES

The next postclosure safety assessment will take account of developments arising from the on-
going waste characterisation, repository design, site characterisation and geosynthesis
programmes. However, it is recognised that these programmes should, in turn, be informed by
the results of the Version 1 SA. This will allow relevant work to be undertaken by the other
DGR work programmes to support the evaluation of the postclosure safety assessment issues
identified in Section 8.1.

8.2.1 Waste Characterisation

Assessment calculation results are ultimately dependent on the estimated amount of
contaminants (radioactive and non-radioactive) that are present in the waste. Most aspects of
the waste inventory are not subject to a significant degree of uncertainty (i.e., uncertainties are
typically less than an order of magnitude) or the uncertainty is not important to the assessment
— see discussion in Section 4.5.1. Nevertheless, the waste inventories, including the inventory
of non-radioactive species in wastes, should be updated periodically so they are consistent with
current storage and projections.

8.2.2 Repository Design

The design of the shaft seal evaluated in the current assessment differs from that presented in
the May 2008 version of the DGR conceptual design developed by Hatch (Hatch 2008). After
discussion and agreement with NWMO in February 2009, the following modifications were
made:
e the asphalt waterstops have been repositioned around the permeable Guelph formation;
and
e the rock around the shaft is not reamed out in an effort to remove the Inner EDZ.

There is a need to ensure that the next revision of the conceptual design takes into account the
results of the assessment of this modified shaft design, particularly the need to ensure that
seals penetrate the shaft EDZ and the need to take measures to minimise the extent of the
EDZ and its impact on the performance of the host rock.

Calculation cases have shown no significant benefit to be gained from backfilling the access
and ring tunnels (see Section 7.4).

8.2.3 Site Characterisation

It is expected that the on-going programme of site characterisation (Intera 2008) will yield
improved site-specific information, which will reduce certain key data uncertainties discussed in
Section 7.5.3. In particular, further information to that available for the Version 1 SA on the
following data items would be of value to the next iteration of the safety assessment:
e the permeability of formations, particularly in the Ordovician and Silurian;
e the flow characteristics (e.g., gradient, hydraulic conductivity and porosity) of the
Guelph, Salina A0 and Salina A2 evaporite formations;
e gas capillary pressure and relative permeability parameters, especially for the
formations above the Queenston; and
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e the geochemical characteristics of the pore water and rocks, especially for the Cobourg
formation, which could be used to support the development of geochemical models of
repository and shaft conditions and their evolution.

8.2.4 Geosynthesis

The current assessment has highlighted the need for supporting information from the
geosynthesis programme:
e to characterise the rock EDZ properties, and their evolution with time;
e to understand the origins and future evolution of the current hydraulic head distribution;
and
e to demonstrate that the effects of glacial/interglacial cycling, seismic events and gas
loading will be limited in the repository and deep and intermediate geosphere.
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A.1 ASSESSMENT MODEL CALCULATION CASES

A total of 13 deterministic parameter and conceptual model sensitivity cases have been
developed to assess the impact of different parameterisations of the DGR system for the
Normal Evolution Scenario (Table A-1). A further 12 calculation cases are considered for the
Disruptive Scenarios (Table A-2).
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Table A-1: Assessment Modelling Cases for the Normal Evolution Scenario

Case ID

Case Description

Associated
Detailed
Modelling
Cases

Uncertainties which case can be used to addressed

NE-BC-A

Based on detailed groundwater and gas modelling

reference cases but considers:

¢ final resaturation from 1.0 Ma to 1.05 Ma (cautious
assumption, T2GGM calculations suggest a longer
timescale);

e only dissolved gas release to Shallow Bedrock
Groundwater Zone (i.e., no bulk gas release)
(based on T2GGM calculations);

e source terms with release for certain radionuclides
partitioned between gas and groundwater;

e sorption and potential solubility limitation of certain
radionuclides;

e additional time-dependent processes (e.g., rockfall)
but no explicit consideration of climate change

See Table 6-5 for summary of data.

NE-BC-T
NE-RS1-F3

Base case for radioactive contaminants

NE-UG-BC-A

As NE-BC-A but with updated preliminary geosphere
data from DGR-3 and DGR-4.

NE-UG-BC-T

Alternative permeabilities in geosphere
Alternative resaturation profile

Repository Resaturation

NE-RS1-A

As NE-BC-A but with:

e immediate water resaturation of repository;
® no gas generation in repository; and

e no degassing from groundwater.

NE-RS1-F3

e Timing of resaturation of repository (instant
resaturation)

e Partitioning of contaminants between groundwater
and gas (all in groundwater)

NE-UG-RS1-A

As NE-RS1-A but with updated preliminary geosphere
data from DGR-3 and DGR-4.

NE-UG-RS1-
F3

e Alternative permeabilities in geosphere

e Timing of resaturation of repository (instant
resaturation)

e Partitioning of contaminants between groundwater
and gas (all in groundwater)
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Case D Case Description Associated Uncertainties which case can be used to addressed
Detailed
Modelling
Cases
NE-RS2-A As NE-BC-A but with final water resaturation between - e Timing of resaturation (much earlier than base case)
10 ka to 20 ka due to internal repository processes
resulting in faster gas release from repository.
NE-RS3-A As NE-BC-A but with final water resaturation between - e Timing of resaturation (much earlier than base case)

50 ka and 60 ka.

Groundwater Release and Transport Model

of Lake Huron.

NE-RT-A As NE-RS1-A but with: NE-RS1-F3, | e Timing of resaturation (instant resaturation)
e instantaneous release of radionuclides to NE-NHG-F2 | e Partitioning of contaminants between groundwater
groundwater; and &F3 and gas (all in groundwater)
e no radionuclides sorbed or solubility limited in * Contaminant release. and migration (_lns_tantaneous
. release and no sorption/solubility limitation)
repository or geosphere.
Case allows direct comparison with NE-RS1-F3
Also consider version with no horizontal flow in the
Guelph, Salina A0 and Salina A2 evaporite formations
(directly comparable with NE-NHG-F2 and
NE-NHG-F2).
Excavation Damaged Zone
NE-EDZ-A As NE-BC-A but hydraulic conductivity for shaft inner NE-EDZ-F2 e The evolution of the shafts and their EDZs, and their
EDZ assumed to be four orders of magnitude greater NE-EDZ-T impact on contaminant migration
than intact geosphere, and hydraulic COHdUCtiVity for e The gas and groundwater flow and transport
shaft outer EDZ assumed to be two orders of characteristics of the shaft sealing materials and the
magnitude greater than intact geosphere. Interruption shaft EDZ
of shaft inner EDZ by concrete bulkheads and asphalt
waterstops is assumed to be ineffective.
Geosphere
NE-GF-A As NE-RT-A, but with 80 km pathlength in the Guelph GW-G3-F e Hydrogeological conditions in the geosphere and the
Formation leading to discharge into the Central Basin GAS-G2-T associated processes and properties

e Hydraulic characteristics of the Guelph, Salina AO
and Salina A2 evaporite Formations
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Case D Case Description Associated Uncertainties which case can be used to addressed
Detailed
Modelling
Cases

Climate Change

NE-CC-A

As NE-BC-A, but with alternative constant state
biosphere (i.e., tundra rather than temperate)

e Biosphere evolution
Alternative geosphere-biosphere interface
Human consumption rates

Exposure Group

NE-EG-A As NE-RS1-A, but with dose to “downstream” exposure | NE-RS1-F3 e Human consumption rates
group evaluated. The group is exposed via
consumption of lake fish and water from the South
Basin of Lake Huron.
Non-radioactive contaminants
NE-NR-A As NE-RS1-A, but with non-radioactive species NE-RS1-F3 e Base case for non-radioactive species

identified in Table 4-4.
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Table A-2: Assessment Modelling Cases for the Disruptive Scenarios

Case ID

Case Description

Associated
Detailed
Modelling
Cases

HI-SR1-A

As for the Normal Evolution Scenario case NE-BC-A (slow
saturation) but with an exploration borehole drilled from
surface down to the repository sometime after controls are no
longer effective. Borehole terminated at repository depth.
Case considers the consequences of surface release
immediately following intrusion.

HI-SR2-A

As HI-SR1-A, but based on the Normal Evolution Scenario
case NE-RS1-A (immediate resaturation)

HI-GR-F3

HI-NR1-A

As for HI-SR2-A, but assesses the consequences of a
release of non-radioactive species.

HI-GR-A

As HI-SR1-A but considers long-term release of
radionuclides from the repository to the Shallow Bedrock
Groundwater Zone through an exploration borehole drilled at
300 years. The repository vents any gases and fully
resaturates through the exploration borehole.

HI-GR-F3

HI-NR2-A

As for HI-GR-A, but assesses the release of non-radioactive
species.

SF-ES1-A

As for the Normal Evolution Scenario case NE-BC-A but
hydraulic properties of all seals, backfill and shaft inner EDZ
set to extreme degraded values from t=0, all seals not keyed
into shaft EDZ, and reduced sorption on shaft materials. Gas
flows derived from detailed gas modelling case.

SF-ES1-F2 and
SF-ES1-T

SF-US-A

Failure of the upper shaft seals only. As for SF-ES1-A but
characteristics of the Ordovician seals, backfill and inner
shaft EDZ (including those at the Silurian-Ordovician
boundary) as for NE-BC-A.

SF-US-F2 and
SF-US-T

SF-NR-A

As SF-ES1-A, but assesses consequences of non-
radioactive species.

OB-BC-A

As for the Normal Evolution Scenario case with instant
resaturation (NE-RS1-A) but with poorly sealed borehole
from surface down to Pre-Cambrian located 400 m from the
western edge of the South Panel. Characteristics of borehole
and associated flow conditions to be the same as used for
detailed groundwater case OB-BC-F3

OB-BC-F3

OB-NR-A

As for OB-BC-A but with the inventory of non-radioactive
species disposed in the repository.

EE-BC-A

As for the Normal Evolution Scenario case with instant
resaturation (NE-RS1-A) but with reactivated fault 500 m
down gradient from the repository. Characteristics of fault
and associated flow conditions to be the same as used for
detailed groundwater case EE-BC-F3.

EE-BC-F3

EE-NR-A

As for EE-BC-A, but with the inventory of non-radioactive
species disposed in the repository.
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A2 DETAILED GROUNDWATER MODELLING CALCULATION CASES

Seven parameter and conceptual model sensitivity cases for detailed groundwater modelling
have been developed to assess the impact of different parameterisations of the geological and
engineered barrier systems for the Normal Evolution Scenario (Table A-3).

The reference case is consistent with that summarised in Table 6-5 with the following
additions/modifications:
e 1,000,000 year simulation period;
¢ no flow boundaries on all vertical model boundaries with the exception of a horizontal
gradient of 0.002 in the Guelph, Salina A0 and Salina A2 evaporite formations achieved
by fixed head boundaries at the elevation of the formations along the Y-axes;
e constant density water flow;
repository resaturation and contaminant transport is assumed to start immediately after
facility closure; and
e (CI-36 transport, initial concentration in repository based on instantaneous dissolution of
the CI-36 inventory given in Walke et al. (2009).

Table A-3: Detailed Groundwater Modelling Cases for the Normal Evolution Scenario

Case ID Case Description

NE-RS1-F3 Reference case parameters for groundwater modelling based on V1
inventory, R1 repository conceptual design and Phase 1 site
characterisation data, with immediate repository resaturation and no gas
generation.

NE-UG-RS1-F3 NE-RS1 with updated geosphere data

NE-NHG-F2 & NE-RS1 with no horizontal gradients in permeable Silurian sediments

NE-NHG -F3 (Guelph, Salina A0 and Salina A2 evaporite)

NE-UG-NHG-F2 | NE-NHG with updated geosphere, transient flow from current pressure
distribution

NE-EDZ-F2 As NE-NHG-F2, but hydraulic conductivity, K, for shaft inner EDZ

assumed to be four orders of magnitude (OM) greater than intact
geosphere, and K for shaft outer EDZ assumed to be two OM greater
than intact geosphere. Interruption of shaft inner EDZ by concrete
bulkheads and asphalt waterstops is assumed to be ineffective.

NE-UG-EDZ-F2 | NE-EDZ with updated geosphere

NE-UG-RD1-F3 | NE-UG-RS1 with ring and access tunnels sealed with concrete.

Six calculation cases are considered for Disruptive Scenarios (Table A-4).
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Table A-4: Detailed Groundwater Modelling Cases for the Disruptive Scenarios

Case ID Case Description

HI-GR-F3 As NE-RS1-F3 but with an exploration borehole drilled from surface
down to the repository and then terminated at repository depth. The
borehole was assumed to be sealed with a fill material.

SF-ES1-F2 As NE-NHG but with hydraulic properties of all seals, backfill and shaft
inner EDZ set to extreme values and seals not keyed into shaft EDZ.

SF-UG-ES1-F2 | As SF-ES1 with updated geosphere data

SF-US-F2 As SF-ES1 but with failure only for those seal system components
located above the top of the Queenston shale.

EE-BC-F3 As NE-RS1 but with a single high permeability, reactivated fault 500 m
down gradient from the repository.

OB-BC-F3 As NE-RS1 but with a poorly sealed site characterisation borehole

located downgradient of the repository at the current location of site
characterisation borehole DGR-3.

A.3 DETAILED GAS CALCULATION CASES

Eight modelling sensitivity cases for detailed gas modelling have been defined for the Normal
Evolution Scenario (Table A-5). The base case is equivalent to the base case considered for
the detailed groundwater modelling (Appendix A.2) with the following additions/modifications:
¢ no horizontal gradient in the Guelph, Salina A0 and Salina A2 evaporite formations (due
to the limitations of a 2D radial model used for the T2GGM modelling);
e single bulk gas of air;
initial gas saturation 98.3% in the repository (based on initial water content of waste),
50% in shaft, and 0% in intact rock; and
e initial inventory of metal mass is 5.8 x 10" kg and of organic mass is 2.2 x 10" kg.
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Table A-5: Detailed Gas Modelling Cases for the Normal Evolution Scenario

Case ID Case Description

NE-BC-T Base case (BC) parameters.

NE-UG-BC-T NE-BC with updated geosphere data from DGR3 and 4

NE-GG1-T NE-BC except increased gas generation achieved by increasing the

inventory (and hence surface area) of metals disposed in the repository and
increased corrosion and degradation rates using the maximum values given
in the V1b Data Report (Walke et al. 2009).

NE-GG2-T NE-BC except use reduced degradation rates (i.e. minimum values from
Version 1 data report (Walke et al. 2009) which for anaerobic conditions are
an order of magnitude less than the best estimate values) and a lower
hydrogen consumption rate (0.01/yr).

NE-EDZ-T NE-BC except permeability for shaft inner EDZ assumed to be four orders
of magnitude greater than intact geosphere, and permeability for shaft outer
EDZ assumed to be two orders of magnitude greater than intact geosphere.
Interruption of shaft inner EDZ by concrete bulkheads and asphalt
waterstops is assumed to be ineffective. Reduced 1/a values for the shaft
EDZ calculated using the Davies relationship (Davies, 1991), which
suggests that air-entry pressures are highly inversely correlated with
permeability.

NE-UG-RD1-T | NE-UG-BC except backfill access tunnels and ring tunnels filled with low
permeability concrete (rockfall only in emplacement rooms).

NE-UG-GT-T NE-UG-BC except initial gas saturations in Ordovician sediments of 10%
(consistent with site characterisation results).

The only disruptive scenario considered for the detailed gas modelling is the Severe Shaft Seal
Failure Scenario; the associated calculation cases are listed in Table A-6. Other scenarios are
not considered due to the limitations of the 2D radial gas transport model (i.e. features such as
open boreholes or fractures, required by the Human Intrusion, Open Borehole and Extreme
Earthquake Scenarios cannot be modelled with a 2D radial model; a 3D model would be
required).

Table A-6: Detailed Gas Modelling Cases for the Severe Shaft Seal Failure Scenario

Case ID Case Description

SF-ES1-T As NE-BC but with hydraulic properties of all seals, backfill and shaft inner
EDZ set to extreme values and seals not keyed into shaft EDZ.

SF-UG-ES1-T SF-ES1 with updated geosphere data.

SF-US-T As SF-ES1 but with failure only for those seal system components located
above the top of the Queenston shale.
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APPENDIX B: OVERVIEW OF SOFTWARE TOOLS USED
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B.1 AMBER
B.1.1 DESCRIPTION

AMBER is a graphical-user interface based software tool that allows users to build dynamic
compartment models to represent the migration, degradation and fate of radioactive and non-
radioactive contaminants in environmental systems. AMBER was originally developed for
modelling contaminants from radioactive waste repositories and this remains its core area of
application and development.

AMBER also allows text-based recording of case files, with in-built parameter checking and
'units awareness'. The code has full probabilistic capabilities (Monte Carlo or Latin Hypercube
sampling) and includes a range of probability density functions. It has two fast solvers that
permit time-varying, linear/non-linear source terms, environmental properties and transfer
processes.

The code allows any number of contaminants, compartments and transfers to be represented.
Data can be imported/exported for use with other software tools and databases.

AMBER’s capabilities are fully described in a Reference Guide (Enviros and Quintessa 2008a).
B.1.2 QUALITY ASSURANCE
AMBER is managed and developed under Quintessa’s ISO 9001:2000 registered QA system

that incorporates the requirements of TicklT software quality system (www.Ticklt.org). Each
release is extensively tested against a broad set of verification tests (e.g., Walke et al. 2009a).

AMBER has a wide international user base, with over 70 organisations in more than 30
countries owning licences. There are in excess of 75 publications describing assessments in
which AMBER has been applied (Enviros and Quintessa 2008b), including several international
code intercomparison exercises.

Two DGR-specific models (AMBER_V1_NF&GEOv2 (for the repository, shafts and geosphere)
and AMBER_V1_BIOv2 (for the biosphere)) have been implemented in the AMBER 5.2 code to
undertake radiological impact calculations for the five scenarios assessed. In addition, a variant
of each of these models has been developed in which the radionuclides are replaced with non-
radiological contaminants (AMBER_V1_NF&GEO_NRv2 and AMBER_V1_BIO_NRv2). The
quality assurance of these models is discussed in Appendix H of the Normal Evolution Scenario
Analysis report (Walke et al. 2009b).
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B.2 FRAC3DVS
B.2.1 DESCRIPTION

FRAC3DVS solves the three-dimensional variably-saturated groundwater flow and solute
transport equations in non-fractured or discretely-fractured media. Developed at the University
of Waterloo by Therrien, Sudicky, and McLaren, FRAC3DVS provides a realistic representation
of fracture connectivity, which can greatly influence the mass transport process by providing
preferential pathways for rapid contaminant migration.

FRAC3DVS uses the control volume finite element approach to solve Richards' equation
governing 3-D unsaturated/saturated subsurface flows, and the classical advection-dispersion
equation for problems that also involve solute transport and chain decay.

FRAC3DVS provide several discretisation options ranging from simple rectangular and
axisymmetric domains to irregular domains with complex geometry and layering. Mixed
element types provide an efficient mechanism for simulating flow and transport processes in
fractures (2-D rectangular or triangular elements) and pumping/injection wells or tile drains (1-D
line elements). Subgridding and subtiming features are also available to facilitate concurrent
multi-scale simulations. The code includes options for adaptive-time stepping and output
control procedures along with an ILU-preconditioned ORTHOMIN solution package and a
Newton-Raphson linearisation package.

B.2.2 QUALITY ASSURANCE

Initially released in 1995, FRAC3DVS has enjoyed widespread acceptance with both academics
and groundwater professionals. The flow and solute code has been verified against other
numeric and analytic models. Verification cases are published in the FRAC3DVS
documentation.

A version of FRAC3DVS (FRAC3DVS-OPG Version R622) has been documented for use on
the DGR project (Therrien et al. 2007).

FRAC3DVS-OPG is currently undergoing qualification consistent with NWMO Software Quality
requirements. Reports detailing the use of FRAC3DVS include Therrien and Sudicky (1996),
Lacombe et al. (1995), Normani et al. (2004), Park et al. (2005) and Garisto et al. (2004).

B.3 T2GGM
B.3.1 DESCRIPTION

The postclosure safety assessment of the DGR requires the calculation of the generation and
build-up of gas in the repository and the two-phase flow of gas and groundwater from the
repository to the surface environment. The software used to undertake these calculations is
called T2GGM (Version 1.3). It is comprised of two coupled codes: a project-specific gas
generation model (GGM) used to model the detailed generation of gas within the DGR due to
corrosion and microbial degradation of the various wastes present, and TOUGH2 for two-phase
gas and water transport in the repository and geosphere. Integration of the TOUGH2 and GGM
codes was performed by Intera Engineering Ltd and is described in Suckling et al. (2009).
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The GGM is implemented as a FORTRAN module that is used by TOUGH2 in its gas transport
and repository saturation calculations. The theory behind GGM is documented in Suckling et
al. (2009). Basically, GGM is based on a kinetic description of the various microbial and
corrosion processes that lead to the generation and consumption of various gases. Mass-
balance equations are given for each of the species included in the model, including three
forms of organic waste (cellulose, ion-exchange resins, and plastics and rubbers), four metallic
waste forms and container/overpack materials (carbon and galvanised steel, passivated carbon
steel, stainless steel and nickel-based alloys, and zirconium alloys), six gases (CO,, N, Oy, Ho,
H.,S, and CH.), five terminal electron acceptors (0., NOg, Fe(lll), SO,, and CO,), five forms of
biomass (aerobes, denitrifiers, iron reducers, sulphate reducers, and methanogens), four types
of corrosion product (FeEOOH, FeCOs3, Fe;O,4, and FeS), and water. The code includes the
limitation of both microbial and corrosion reactions by the availability of water.

TOUGH2 models the two-phase transport of the gas from the repository through the
geosphere. TOUGH2 is a well-known and widely-used numerical model for simulating the
coupled transport of water, vapour, non-condensable gas, and heat in porous and fractured
media in multi dimensions developed by the Earth Sciences Division of Lawrence Berkeley
National Laboratory (Pruess et al. 1999). TOUGH2 includes the flexibility to handle different
fluid mixtures (water, water with tracer; water, CO,; water, air; water, air, with vapour pressure
lowering; and water, hydrogen). TOUGH2 takes account of fluid flow in both liquid and
gaseous phases occurring under pressure, viscous, and gravity forces according to Darcy's
law. Interference between the phases is represented by means of relative permeability
functions. The code includes Klinkenberg effects and binary diffusion in the gas phase,
capillary and phase adsorption effects for the liquid phase. Heat transport occurs by means of
conduction (with thermal conductivity dependent on water saturation), convection, and binary
diffusion, which includes both sensible and latent heat.

T2GGM includes TOUGH 2 Version 2.0 with the EOS3 equation-of-state module for transport
of air and water (Pruess et al. 1999), including the modified van Genuchten model provided in
iTOUGH2 (Finsterle 1999). The EOS3 equation of state module uses the steam table
equations for the properties of water and assumes air is an ideal gas. The coupling of GGM
and TOUGH2 allows the interactions between gas generation (by corrosion and microbial
degradation), gas pressure, and water saturation in the repository to be represented explicitly.

B.3.2 QUALITY ASSURANCE
Quality assurance documentation for T2GGM is provided in Suckling et al. (2009).
GGM has been developed under the DGR postclosure safety assessment project and so has

been subject to the project’'s QA requirements (Quintessa 2009), which incorporate the
requirements of the TickIT software quality system (www.Ticklt.org).

Developed at the Lawrence Berkeley National Laboratory, TOUGH2 has been tested by
comparison with many different analytical and numerical models, with results from laboratory
experiments and field observations. Originally released in 1991, TOUGH2 is a widely-used
code. Various versions of TOUGH2 are qualified for the Yucca Mountain project under YMP
procedure AP-SI.1Q. A number of verification and validation reports describing application of
TOUGH2 and comparison to other solutions are available, including Moridis and Pruess (1992),
Moridis and Pruess (1995) and Pruess et al. (1996).
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