








deposits at surface, as shown in Figure 4. The
density of the grid on the right hand side is a
result of formation sub-cropping merging into
the weathered bedrock/overburden zone. The
grid has 12 000 nodes.

Figure 4. 2D vertical model slice grid and proper-
ties.

The repository is located within the Cobourg
formation, which has a vertical permeability of
2 x 10" m?, a porosity of 0.015, a van Genuch-
ten 1/ parameter of 61.7 MPa, a pore
compressibility of 1.58 x 10° Pa™, and a loading
efficiency of 0.8. Material properties for all
formations are provided in NWMO (2013).

A warm-based glacier is assumed, with the
result that the ice thickness can be converted to a
hydraulic head surface boundary condition. The
glacial ice thickness is converted to a pressure,
assuming an ice density of 900 kg/m’, and
applied to the top of the model as a time-variable
boundary condition. At the north and south
sides of the model, time-variable boundary
conditions are defined by propagating the
surface pressure downwards. For glacial
advance and retreat only, the vertical loading
rate is calculated as the derivative of the surface
hydraulic head with respect to time.

The gas in the Ordovician is assumed to be
methane, with a Henry’s coefficient of
7.2 x 10" Pa” (Quintessa and Geofirma, 2011).

Initial gas saturation within the formations is not
known with precision, and reference case initial
gas saturation is assumed to be 10% in all
Ordovician units. In the 2D model shown in
Figure 4, the Ordovician units are all units below
and including the Queenston formation. All
units above the Ordovician are assumed fully
liquid water saturated. Sensitivity cases explor-
ing different initial gas saturations are presented
in a subsequent section.

COMPARISON OF SINGLE-PHASE AND
TWO-PHASE RESULTS

The glacial groundwater flow regime for single-
phase groundwater is compared to the flow
regime for the two-phase flow reference case,
with initial gas saturations of 10% in the
Ordovician units.

Groundwater head and velocity changes
correspond to glacial events. Figure 5 shows the
groundwater head and velocity impacts during
glacial advance, the glacier advancing from the
right. The impacts of the glacial advance are
more apparent in the fully saturated units. The
presence of gas is apparent in the reduced heads
in the Ordovician units, below approximately O
mASL.

Figure 6 shows the gas saturation profile at
various times during the fifth glacial cycle. The
various profile times are illustrated in Figure 2.
Gas saturation decreases during glacial loading,
due to the greater compressibility of gas relative
to water during loading, resulting in a smaller
volumetric ratio of gas. Gas saturations begin to
vary between formations, due to different
capillary pressures in each zone, with gas
preferring formations with low capillary
pressure.
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Figure 5. Groundwater head and velocity during
glacial advance for the single phase case

(above) and two-phase reference case
with 10% initial gas saturation (below).
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Figure 6. Gas saturation profiles at various times
during the fifth glacial cycle.

As expected, the greater compressibility of gas
significantly moderates the increase in head
during glacial loading, as shown in Figure 7 for
the fifth glacial cycle.
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Figure 7. Hydraulic head profiles comparing single
and two-phase groundwater flow.

Moderation of heads during glacial cycles does
not translate to a moderation of vertical veloci-
ties. Maximum upward vertical velocities, of
interest from a transport perspective, are shown
in Figure 8 for three Ordovician formations
during the fifth glacial cycle. Upward vertical
velocities in the repository formation are
increased due to differences in the vertical head
profile, such as an increase in the head gradient
during glacial loadings. The exception is the
Queenston formation during glacial loading,
when upward velocities are decreased.
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Figure 8. Maximum upward vertical velocities
during fifth cycle in selected formations.

Figure 9 shows the head and vertical velocity at
a single point at the repository horizon (in the
Cobourg formation), over the course of all 8
glacial cycles. There is very little incremental
change between each cycle, with a very small
increase in head with each cycle and no apparent
change in vertical velocity.
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Figure 9. Head and vertical velocity at the reposi-
tory location for all glacial cycles.

SENSITIVITY CASES - 2%,5% AND 15%
INITIAL GAS SATURATION

Three sensitivity cases investigated the impact
of initial gas saturation. As might be expected,
higher gas saturations result in greater modera-
tion of heads, and conversely, lower gas satura-
tions have less impact, as shown in Figure 10.
The moderation in head is not linear, and the
incremental decrease in head during glacial
loading decreases with increasing saturation.
Gas saturations, as shown in Figure 11 for the
fifth glacial cycle, remain relatively constant in
profile except when ice loads are applied. The
change in saturation increases with increasing
initial gas saturation, both between periods in
the glacial cycle, and between formations; for
example, the high gas saturations in the
Coboconk formation located below the Kirkfield
formation.

Maximum vertical velocities, while increased
compared to the single-phase case, are similar
between the different initial gas saturation
sensitivity cases, as shown in Figure 12. This is
due to the similarity of the head gradient (not
head magnitude) within the Ordovician units of
each case.
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Figure 10. Hydraulic head profiles in the fifth glacial

cycle, comparing various initial gas
saturations.
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Figure 11. Gas saturation profiles in the fifth glacial
cycle, comparing various initial gas
saturations.
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Figure 12. Maximum upward vertical velocities
during fifth cycle in the Cobourg
formation for various initial gas satura-
tions.
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CONCLUSIONS

TOUGH?2, coupled with a 1D hydromechanical
model, assessed the impact of glacial events on
heads and velocities at a hypothetical deep
geological repository in a sedimentary sequence.
The results of this modelling show that the
presence of gas, even at low saturations, can
significantly moderate the head increase
expected during glaciation events. This moder-
ation in head does not necessarily translate to a
reduction in velocities, which increased at the
repository horizon for the case presented here.
Increases or decreases in velocity, of interest
from a transport perspective, will be affected by
the change in the head profile caused by gas
saturation and its distribution between different
formations. While velocities at the repository
horizon increased due to the presence of gas, the
increase is small relative to the overall increase
in velocity due to the glaciation event.
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