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Good morning Steve.

I had a couple of other comments.

Cheers,
Mike

M.R. (Mike) Carlson, P.Eng.
President
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Thursday, January 08, 2015

Alberta Energy Regulator

Suite 1000, 250 — Fifth Street SW
Calgary, Alberta

Canada T2P 4K9

Attention: Mr. Steve Thomas Mr. Kirk Bailey
e-mail: reservoir.containment@aer.ca

Technical Feedback on Reservoir Containment

Gentlemen:

In October of 2014, ARE prepared a summary presentation on caprock developments for an
industry conference on SAGD development. In preparing the presentation, ARE noted three
other areas for comment, further to ARE’s previous letter of August 6", 2014. The sections for
comment come from the AER RC-1.:

1. Lithification and Induration:
« Fine-grained glacial deposits that have been subjected to the weight of several kilometres of glacier

ice can exhibit consolidation. However, the relatively young age of glacial deposits means that they
have not been subjected to adequate pressure, temperature, and cementation to be sufficiently lithified
and indurated.

2. Glacial Stress Unloading and Fractures
» Near-surface glacial deposits have been affected by glacial stresses applied after deposition. Glacial

melting and retreat releases the weight of the overlying ice on the underlving strata. This results in
1sostatic rebound of the earth’s crust and subtle expansion of the glacial sediments. potentially
creating a network of fractures. Fractures can increase the permeability” of the glacial deposits and
reduce their ability to contain steam and heated reservoir fluids. In addition, glacier movement can
induce thrusting. thereby compromising the integrity of the underlying glacial strata.® Glacial thrusts
are expressed as either extracted masses of displaced bedrock that are moved a short distance or as
faults and folds associated with glacial shear planes.

3. Variability of glacial deposits:





» Siltand clay-rich glacial deposits may have sufficiently low permeability to contain steam and heated
reservorr fluids on a local scale. However. the glacial depositional environment is very complex and
the continuity of silt and clay-rich units can be unpredictable due to facies variability. resulting in
preferential flow pathways.* For instance, the presence of a glacial channel filled with porous sand
that has incised a silt or clay-rich unit can increase the overall hydraulic conductivity and act as a
flow pathway from the reservoir to the surface. These glacial channels can be as small as hundreds of
metres wide and up to hundreds of metres thick and may be difficult to accurately delineate with

tvpical wellbore spacing and seismic.
Further elaboration is provided below.
Lithification and Induration

Trapping has been a conventional petroleum exploration issue for which there is a moderate
amount of material in the geological literature. In the past, ARE has relied on Marlan W.
Downey’s “Evaluating Seals for Hydrocarbon Accumulations”. The material overlaps with
reservoir engineering in that reservoir engineers are sometimes required to estimate (model)
reservoir performance where there are faults. When this is the case an educated estimate is
required if they will transmit fluids or be sealing. It is also of potential importance in water
flooding, where exceeding the original reservoir pressure may actually overcome capillary
pressure barriers that provide the essential trapping mechanism. A simplified summary is made
below:

1. Anhydrite is usually considered the best seal because it flows and deforms — maintaining
the seals over structures (such as anticlines). It also has the highest capillary threshold
pressure. The next best seal is shale, since shales tend to be somewhat plastic as well.

2. Faults are not intrinsically sealing: it is the gouge inside the fault (ground up rock) that
provides a fine low permeability capillary pressure barrier that may provide sealing. The
amount of gouge is determined by lithology and distance of travel of the fault. Soft
shales on faults of long throws are most likely to develop thick gouge and be sealing. It
is possible, in some circumstances, to recover gouge in core and estimate the sealing
capacity of faults quantitatively.

3. Atthe opposite extreme are very brittle rocks, such as dolomite and quartzite, where
structural deformation is not accommodated without breakage and the brittle nature of
the rocks results in fractures that are open. These reservoirs are discussed in books on
naturally fractured reservoirs. In fact, the industry has now moved to developing very low
permeability shales, where fractures are accessed with large multiple fracs.

Restated, the silt and clay rich deposits, which represent glacially reworked (ground up)
sediments and which are indeed less indurated and less lithified, could, from a conventional
trapping perspective, be viewed as a more attractive trap.

From the perspective of geomechanically modelling a caprock, the stiffness of the caprock has
significant influence on the changes in the stresses in the caprock. There are two driving forces
that should be mentioned. The producing zone expands according to the coefficient of thermal
expansion for the payzone matrix material. This results in both lateral and vertical movement.
The caprock then has to accommodate the expansion of the heated payzone. If the stiffness of
the caprock is very high, there are large drops in horizontal stress caused by the strain induced
by the heated payzone. On the other hand, if the caprock is not as stiff, there will be less stress
changes for the same strain induced by the expansion of the heated payzone. Restated, the





less lithified material with more clay content may be more suitable as a caprock material. A high
stiffness difference between caprock and payzone is desired.

The strength of the caprock is usually described with a Mohr-Coulomb failure criteria, that is
plotted based on effective stresses. (Effective stress is the total stress minus the pore pressure).
Note that while there may be natural gas trapped at the top of a SAGD payzone, the interfacial
tension between steam & water is lower than natural gas & water and the caprock will likely not
be a barrier to steam migration that condenses against cold caprock. Most steam chambers are
operated at pressure above the original reservoir pressure. Upward migration of fluids is
therefore expected and indeed pressure increases are seen in the sands (where pore pressures
can be measured) overlying SAGD zones. With the upward migration of water that occurs, the
pore pressures increase and the shear strength of the material decreases. The question than
arises, what is the best caprock situation:

e A SAGD project with shale from surface to top of pay; or,

e A SAGD project with 10 meters of shale above the pay and interbedded sands and
shales above?

With the low permeability shale from surface to top of pay the thickness of the caprock that will
be substantially reduced in strength is fairly large. In the case with the interbedded sands and
shales, the water moving upward drains laterally and the pressure is dissipated — leaving the
majority of caprock material at closer to full strength. More fluid will be lost in the second case
than in the first case. This will change the SOR slightly. However the two projects will likely have
different MOPs.

Glacial Unloading and Fractures

Indeed the Athabasca is affected by glacial unloading. Fractures, normally referred to as joints,
are ubiquitous in the subsurface. The trick is figuring out if the joints are connected and
therefore provide flow paths. There are definitely unloading fractures in the Athabasca.

1. As alluded to in “Cherry, J.A. and Parker, B.L. (2004): Role of aquitards in the protection
from contamination: A “state of the science” report. Awwa Research Foundation”,
determining the essential portion of a stratigraphic column that acts as the essential
aguitard can be quite difficult. This is really a lot of work to figure out. Cherry and Parker
suggest that the hydrogeology of an area often is the best indicator of flow capacity. An
example is shown below:
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Figure 3.2-6 Vertical hydraulic head profile measured in a clavey aquitard using a
multilevel monitoring svstem. Nearly all head loss occurs at the bottom of the aquitard
indicating the vertical hydraulic conductivity is lowest in this zone. Core logs indicare that
the variability in the head profile cannot be arrribured to rextural variations and therefore
fractures are the inferved cause.





The Athabasca often has pay zones that are well below hydrostatic gradients, reflecting
lateral drainage into surface topographical lows (river valleys). This gives gradients that
could be quite similar to those shown above in the diagram from Cherry and Parker:

2. The presence of fractures has the effect of making a rock mass less stiff, which, as
outlined above, may actually aid in reducing stress changes. There are engineering
formulas to estimate this effect, which require the exercise of considerable judgement.
While a certain amount of low permeability is required to retard upward migration of
steam condensate, the higher permeability in the caprock will prevent pore pressures
from weakening the caprock materials. Ideally there is a thin basal low Kv zone shown
above and below:
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Figure 3.2-7 Vertical hydraulic head profile across a shale aquitard in Wisconsin Pressure I:kpl.]
(Magquoketa Formation). Nearly all head loss occurs at the bottom of the shale indicating
the vertical hydraulic conductivity is lowest in this zone although there is no lithologic
evidence for low K Figure 13—Variation of pressure with depth in select

The diagram on the right is from Bachu and Undershultz and shows the gradient
reversal across the Clearwater aquitard. The detail in the Clearwater is not that great
and the few points are probably from Clearwater sands in which there will be a
hydrostatic gradient. The interpretation shown might actually be like the diagram on the
left hand side. However, somewhere in the section shown, there is an effective low Kv.

3. The presence of glacial thrusts is likely not intuitively obvious to the majority of people
with a classical training in petroleum engineering/geology, which typically does not
include glacial geology (nor groundwater flow).

Variability of Glacial Deposits

ARE agrees that glacial deposits are more variable than an offshore marine shale. The
increased variability suggests that more site investigation is required under these
circumstances. As outlined in the preceding, glacial deposits may have some engineering
advantages.

The presence of glacial channels is specifically mentioned and, to ARE’s knowledge, there are
no public domain submissions on this. The AER has set some minimum offsets on some
properties. It is natural to question what would happen if a steam chamber leaked into a glacial
channel? ARE has done some simplified models on this and believe this is a serious safety





consideration. The immediate concern is would such channels provide a rapid pathway for
steam to escape?

The simplified model indicates upward communication takes quite some time. In essence the
steam condenses when it hits the large supply of cold water in the high permeability channel
aquifer. To the industry this would be viewed as a steam chamber disaster and would result in
guenching of the steam chamber. Some limited graphical results are shown below:
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ARE believes this would have a dramatic effect on oil production rates and SORs and would
likely not go unnoticed by an operator. The sensitivity above hardly qualifies as an in-depth
study and covers only one possible geometry. Special conditions, such as a narrow high
permeability pipe with no water influx or recharge, would likely be required for steam to rise
quickly. Such a geological condition would likely be extremely rare. Again, to ARE’s knowledge,
this issue has not been addressed in a public industry, government or academic forum.

Summary

In essence ARE agrees that glacial deposits are less indurated and less lithified. They are likely
to be more varied. Unquestionably there are glacial channels and the presence of glacial thrust
structures is also well established. Glacial unloading has resulted in jointing and this will affect
the structural and flow properties of the rock. Geological conditions change locally in the
Athabasca.

ARE believes there are some counterbalancing considerations:

1. Less induration and lithification means lower stiffnesses which will allow the caprock to
accommodate strain.

2. Increased permeability above a sealing (really a permeability restriction) actually helps
with pore pressure dissipation.

3. Hydrogeology suggests there is a Kv restriction over large areas based on inferred
aquitard behaviour.

4. Glacial channels may pose a bigger economic risk than safe operation risk.





Caprock integrity is a very technical issue and is situationally dependent. RC-1 outlines a
number of risks that the AER has identified. It is clear that the RC-1 document was designed to
elicit comments on a number of different points.

ARE suggests the AER directive could specify increased diligence with glacial caprock and
each project could be considered on its own merits. This might be preferable to broad
restrictions, as there are potentially significant reserves in such areas that would be of potential
benefit to the Province and to the companies that have invested in development to date. In any
event, the AER retains discretion in granting licenses. The shut-in of leases shallow gas leases
over bitumen deposits led to compensation and lease cancellations.

It seem to ARE that there are a great number of issues that remain unresolved and which would
likely benefit from increased cooperation within the industry, government and academia.
Historically these issues would have been discussed extensively in CIM conferences, typically
initiated by those in corporate research departments. Joslyn occurred in 2006 and it is now
almost 10 years later. With the exception of the Total report on Joslyn, there is very limited
research that has been published on caprock issues.

ARE hopes that the enclosed perspectives are of some assistance to the AER. If there any

guestions, you may call me at (403) 399-7151 or at (403) 284-1104 respectively. You may also
reach me via e-mail at appliedreservoir@lightspeed.ca.

Yours truly,
Applied Reservoir Enterprises Ltd.
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M.R. (Mike) Carlson, P.Eng.
President






