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SUMMARY

Upper Cretaceous Belly River Gp. CO, storage complex pore pressure, as a function of depth
and time, is described by water level monitoring, subsurface gauges and water column pressure
loggers. Observations at a deep (~350 m) observation well completed in the CO; injection zone
(291-298 mbgs) imply an original injection zone pore pressure of ~2.44 MPa. Data from six water
wells (<110 m deep) define both, the top of the under pressured zone (51 mbgs) and the head
profile that begins at ~53 m depth. The water well head profile extrapolated to the injection zone
depth indicates an original injection zone pore pressure of ~2.45 MPa. On May 16", 2022 an
engineering intervention reduced the water column in the deep observation well. Gauge pressure
then increased until April 4", 2023 when it reached 1.83 MPa. Subsequently the gauge pressure
has not changed significantly to January 29", 2024. The regional water table is ~13m deep. At
the deep observation well the inferred original injection zone pressure is ~0.5 MPa lower than a
freshwater column to surface, but ~1.0 MPa higher than injection zone pressures inferred only 30
m away and >0.60 MPa higher than the observation in the same well after the water level
reduction. Since April 2023 the observation well gauge pressure, while much below the originally
inferred reservoir pressure, was higher than that inferred in the injection zone after long shut-in
periods. The observations are paradoxical considering Boyle’s law, such that we conclude the
storage complex under pressure, as a function of time, location and depth, consists of two
components. The first is an “original” regionally and stratigraphically extensive under pressure.
Commonly, in both WCSB and elsewhere, the total under pressure is attributed to either
epeirogenesis or glacial loading and unloading, possibly in association with lithospheric flexure.
At this location, reservoir paragenesis is inconsistent with the commonly preferred epeirogenic
mechanism in favour of a glacial loading and unloading mechanism, possibly with associated
lithospheric flexure. We propose that the second under pressure component is “induced”
accompanying some engineering interventions. The induced under pressure component is
unpredictable spatially and temporally heterogeneous as shown by the deep observation well,
and its causes remain problematic. It always additionally reduces the original under pressure, but
unpredictably so, often over short distances unlike either the geographic and temporal changes
in glacial loads or eroding landscapes, both of which have long spatial wavelengths.

INTRODUCTION

The pore pressure distribution in a well indurated sedimentary succession is commonly close
to the hydrostatic pressure as a function of hydrogeological boundary conditions and pore fluid
density. Transient pressures occur where additional processes result in either naturally occurring
over- or under pressures. Over-pressures commonly fall into two main groups, those related to
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petroleum phases in reservoirs, which provides reservoir energy for petroleum production, or
compaction disequilibrium resulting from an inability of pore space water to migrate out of
lithologies accompanying rapid burial, diagenesis or compaction of clay-rich rocks or gypsum
(Bradley, 1975; Birchall et al. 2002). Naturally occurring under pressures are less common,
although a recent review provides a global phenomenological catalogue (Birchall et al., 2022).
The compilation indicates that under pressure occurrences, are with a single exception, terrestrial,
occur both in porous and imporous lithologies, attributable to several potential mechanisms acting
individually or together, and, by their analysis, similar in magnitude and depth. Birchall et al. (2022)
note that the maximum under pressure magnitude among global locations is between 0.5 - 15
Mpa, or between 88%-1% of the expected hydrostatic pressure. However, they neither indicate
whether the region of the under pressure was glaciated, nor the claimed duration of the under
pressure conditions, which ranges from thousands (Wangen et al. 2016) to hundreds of millions
of years (Clark et al., 2013, 2015).

Many under pressure occurrences are attributed to a poro-elastic response accompanying
unloading of imporous or low permeability lithologies that increases pore volume and reduces
pressure. All infer that the total observed under pressure is attributable to a single or combination
of natural processes related only to geological history. They commonly appeal to long-wavelength
erosional or deglaciation unloading mechanisms. However, an early and common observation
was that the pressure variation is unpredictable spatially and often highly variable, even at similar
depths, over short distances (Parks and Toth, 1995; Bekele et al.; 2003; Clark et al. 2013; 2015).
Neither do any of the studies consider the diagenetic history of the rocks, or whether there are
any indications for strain or pore space reduction that would preclude a elastic response of the
lithologies accompanying exhumation or deglaciation.

The most common under pressuring mechanism are sedimentation followed by epeirogenic
uplift and erosion or glacial loading and unloading (direct loading of Nuezil, 2012; Birchall et al.,
2022), possibly augmented by lithospheric flexure, associated with the imposition and removal of
stratigraphic or glacial masses (flexural loading of Neuzil, 2012). Osmotic pressure (Neuzil, 2000)
and non-wetting gas phases in the presence of single or multiphase pore fluids are also proposed
causes of under pressures (Normani et al., 2017). Common arguments about mechanism and
timing are, unfortunately, not independent. The variably eroded and exposed continental
landmasses are commonly the locations of Pleistocene and Holocene terrestrial icesheets and
glaciers, especially in the Northern Hemisphere and Antarctica, but also in mountain ranges, even
at low latitudes. The most intense discussion has been in North America, in both the Western
Canada Sedimentary Basin and Michigan Basin. At both locations the primary question
addressed is the relative importance of epeirogenic unloading versus glacial unloading. Several
analyses include model simulations to explain the causes of subsurface under pressure formation
and duration. These commonly use a variety of methods of variable complexity to analyze the
magnitudes of strain variations with time (e.g. Normani et al.,, 2017 versus Kahdar and
Novakowski, 2014). The various computational models have yet to identify diagnostic observables
that would improve the understanding of the mechanism(s) (e.g. compare Normani et al., 2017
and Kahdar and Novakowski, 2014).

In contrast, observations and arguments presented below suggest that observational

paradoxes indicate that part of the observed under pressure is not the result of historical
processes, but that it can be induced by engineering interventions and processes yet to be
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established. We also suggest that the consideration of other data, like diagenetic strain reduction
may contribute to the future analysis and possible resolution of the causal and mechanistic
problems of under pressure formation and persistence.

STRATIGRAPHIC SETTING

The storage complex is accessed through an injection well 100-10-22-017-16W4 (-112.120°;
50.450°) at Carbon Management Canada’s Newell County Facility, also known as the CaMI Field
Research Station (Lawton et al., 2019; Macquet et al., 2022). The storage complex comprises
Campanian Belly River Group, predominantly sandstone with lesser coal, siltstone and shale
(Dawson, 1883; Russell and Landes, 1940; Crockford, 1949). In ascending order, Belly River Gp.
consists of Foremost, Oldman and Dinosaur Park formations, all of which are recognized.
Foremost Fm. Belly River Group (Glombick, 2010) conformably and gradationally overlies
Pakowki Fm, predominantly marine shale. Hamblin and Abrahamson (1996) described the
transition from Pakowki shales to Foremost sandstones as a shelf to shoreface transition marked
by eastward pro-grading basal sandstone bodies that accompanied west to east progradation of
an Upper Cretaceous clastic wedge derived from the Cordilleran orogen. Foremost Fm.,
commonly shallow marine to paludal sandstones, contains the MacKay and Taber coal zones.
Foremost Fm. is conformably overlain by Oldman Fm. (restricted), predominantly fluvial facies,
that is itself disconformably overlain by Dinosaur Park Fm. that contains the Lethbridge coal zone
at its top. The Oldman Formation was restricted to comprise only a lower predominantly fluvial
succession, that is unconformably onlapped by Dinosaur Park Fm., predominantly estuarine
sandstones, and a harbinger of the Bearpaw sea transgression and the deposition of marine shale
during late Campanian time (Eberth and Hamblin, 1993; Hamblin, 1997). The storage complex is
located at the eastern erosional limit of Bearpaw Shale. Basal Belly River shoreface sandstones
comprise the storage complex injection zone (Lawton et al., 2019; Macquet et al., 2022). Specifics
of the Injection zone reservoir petrology and diagenesis are discussed by Muravieva et al. (2017).

PREVIOUS WORK

Three AER regulated deep wells are operated by CMC at the site. These included the above-
mentioned injector (T.D. 545 mbgs) and two variously completed observation wells, both T.D. 344
mbgs, only one of which (101-10-22-016-17W4) is completed through a sand packed annulus
and screened casing intervals in the injection zone. Initial attempts to characterize the storage
complex pore pressure profile, especially in the basal sandstone injection zone (290-297 mbgs)
used a Modular Formation Dynamics Tester (MDT) wireline tool unsuccessfully. No result
attributable to the formation was obtained, possibly due to low formation horizontal permeability.

In general, the horizontal sandstone permeability in Belly River Gp. highly variable, but
generally an order of magnitude lower than that commonly expected for similarly porous
sandstones in other settings (Vocke et al., 2016). Low injection zone horizontal permeability was
subsequently confirmed by routine and special core analysis. Vocke (2016) and Vocke et al.
(2016) reported 0.0024 mD <k < 5.7 mD. Raad et al., (2021; 2022) and Yu et al. (2020) modelled
aspects of reservoir performance using Kmean = 0.1-1.5 mD. Core data was also used to calibrate
wireline well log data and Dongas (2016) summarized the injection zone reservoir characteristics
as 11% effective porosity and 0.57 mD intrinsic permeability. Raad et al. (2021; 2022) employed
a kv/kh permeability anisotropy of 0.1. However this value may be smaller as indicated by cutting
gas profile data collected during well construction at the site. An upward *3Ccua4 isotopic depletion
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trend (Mayer et al., 2015) was observed in methane. A similar upward depletion trend was also
observed later in co-eval shales to the east and attributed to an upward diffusional isotopic
fractionation (Hendry et al., 2016, 2017).
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Figure 1. 2018 equilibrated head profiles from ML-3 (Westbay completion, green) and ML-2 (G360
completion, red) from Cheung (2019, Figure A.1).
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The shallower hydrogeological environment is well characterized by seven water wells
constructed in association with the CO; injection program, Two wells have multilevel completions.
Another well was cored but was junked prior to completion and abandoned. The site and its vicinity
host other water, coal exploration and petroleum wells (Rush, 2016). Local shallow water tables
(e.g. +772 m, 7.6 mbgs) in glacial till (Rush, 2016; Cheung, 2019) are likely perched. They depart
from the consistent, repeated head profile head measurements in Multi-level (ML) well #3 (ML-3
port 27: head elevation = +768 m, water level ~13 metres below ground surface (bgs)), and in
ML-2, DW, and the “2018 shallow” well (slots between +768-767.1m, depth to water ~13-12.5
mbgs) all these wells are completed in Lethbridge coal zone, the shallowest bedrock strata, which
also provides the shallowest regional aquifer.

Above 40.9 mbgs (ML-3, port #23) the depth to groundwater at the site follows a freshwater
gradient. Cheung (2019) found deeper aquifers exhibited a progressive increase in the depth to
groundwater. Depth to groundwater increases rapidly between ML-3 ports 23-20, that are located
40.9-48.8 mbgs. A similar increase in the depth to groundwater occurs between the shallow 2018
water well, compared to the intermediate depth 2018 water well where water levels are ~29 mbgs
and the slots are 62.48-63.63 mbgs, as well as at the deep 2018 water well where water levels
are ~32 mbgs and the slots are 101.42-104.85 mbgs. In ports below 48.8 mbgs the ML-3 head
profile is observed to decrease linearly with increasing depth to the base of the water wells ~100
mbgs. The deeper water levels measured at ML-3 ports are consistent with water levels in the
intermediate and deep 2018 water wells, and similar depth intervals of ML-2. Water levels for all
aquifers below 53.4m in all wells are under pressured compared to the head profile measured for
all aquifers above 40.9 mbgs. Cheung (2019) did not recognize or analyze this under pressured
Zone nor comment on its significance.

Observation well #1 is equipped with two gauges outside the deeper casing at 286.08 mbgs
(290.30 mKB) and 291.68 mbgs (295.80 mKB). The upper gauge is inferred isolated from the
formation by impermeable cement and discussed no more. The lower gauge is located within the
sand packed annulus between the injection zone and screens in the well casing. Changes in
water levels between the injection zone and the casing interior in response to engineering
interventions demonstrates communication between the well and the injection zone bedrock. In
this well there is agreement among the gauge in the sand pack, and water levels in the well
determined by measured well water levels and pressure loggers. The injector is completed with
two tubing gauges at 257 mbgs (262.83 mKB) and 267 mbs (272.14 mKB) above the retrievable
bridge plug that isolates injection zone perforations from the well casing interior, but which is in
communication with the interior of the tubing and the gauges.

STORAGE COMPLEX PORE PRESSURE DATA

Two water wells with different multi-level completions were constructed at the site. These are
two examples of similar systems (Kock and Pearson, 2007). ML-3 is located nearest the CO;
injector and the two deep observations wells. ML-3 is completed with a Westbay system (Westbay
Instruments Multilevel Groundwater Monitoring System) of 26 ports between 100 mbgs and 29.3
mbgs. ML-2 is located near the domestic well several hundreds of meters to the south of the CO-
injector. ML-2 is completed with a less versatile but less expensive Morwick G360 Groundwater
Research Institute system (Morwick G360 Groundwater Research Institute (g360group.org)).The
multilevel systems permit measurement of hydrogeological parameters, primarily head/aquifer
pressure and collection of samples from individual aquifers.
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Cheung (2019) compared the 2018 equilibrated head profiles in ML-3 (Figure 1. Westbay,
green) and ML-2 (Figure 1, red). In the water wells a normally pressured regime that is consistent
with the hydrogeology of jointed bedrock and till that is observed (Grisak et al., 1975; 1976). The
transition between the naturally normal pressured and the under pressured parts of the storage
complex occurs between 44 mbgs (Port 22, ML-3) and 51 mbgs (Port 19 ML-3) The top of the
under pressure is inferred to lie below the depth of post-glacial joints (Hobbs, 1967; Barton, 1972),
which are observed in nearby outcrops of Till and Dinosaur Park Fm., along Bow and Red Deer
rivers. At Dinosaur Provincial Park some of the till bedrock joints are filled with gypsum or selenite,
possibly formed post-glacially. We infer that maximum depth of surface joints will vary, as was
observed at the Underground Research Laboratory near Pinawa Manitoba (Everitt and Lajtai,
2004; Everitt, 2018). Although generally similar, the ML-2 data set lacks detail through the
transition zone between the shallower, normally pressured, and deeper, under pressured,
intervals. We experienced issues obtaining both water level measurements and samples in ML-
2. Water level histories in three additional water wells drilled near ML-3, each with single
conventional slotted completion over a subset of the same intervals covered by ML-3 are
redundant with ML-3 data. Subsequent discussion uses only 2018 equilibrated head data profile
from ML-3.

STORAGE COMPLEX PORE PRESSURE ANALYSIS

The ground surface elevation is 779.6 m and the head in the shallowest bedrock aquifers is
766.6 m. In ML-3 port 19 and lower exhibit a very clear linear decline in head with increasing
depth that defines the top of the under pressured zone at 51 mbgs (Figure 1). The best-fit slope
for the head profile for ports 18 to 2 in the under pressured zone is -9.8 X 102 +/- 5.557X 1073,
The under pressured head extrapolated to ground surface is 757.4 +/-4.390 X107, R? = 0.943,
which is 9.2 m deeper than the head in the top of the normally pressured zone. If we extrapolate
the under pressured zone head profile in ML-3 ports 18 to 2 to the injection zone we obtain a
mean injection zone head elevation of +729.12 m, or an injection zone pore pressure of 2.45 MPa
(Pwater = 1020 kg/m3).

We can also infer injection zone pore pressure independently using a variety of consistent data
observations from observation well #1, 30 m away from the injector. Relatively shortly after the
completion of observation well #1 the well was subject to significant engineering interventions.
This included an N lift that removed the water column in early March 2017 to facilitate a
geophysical experiment. That action induced a short period of low-rate gas production in the well.
A weighted water column was introduced to suppress the gas flow into the well in mid-September
2017. Downhole gauge data at observation well #1 were recorded after mid-June 2018 and the
first water level measurement was made in early July 2018. A pressure logger was introduced
early March 2020 and removed in late April 2022 (Figure 2). The physical water level and pressure
logger measurements confirmed the function and calibration of the observation well lower gauge
in the sand pack. Since late April 2022 the water column measurement is inferred from the lower
gauge data after accumulated head space gas pressure is exhausted.

The water column in this well is disturbed slightly by episodic U-Tube sampling ten times
between mid-June 2018 and December 2023. U-tube sampling effects are minor compared to the
natural reduction in hydrostatic head over time, particularly after the installation of the pressure
logger, the restrictions of site access during the COVID-19 work restrictions, and the reduction of
U-tube sampling events. The natural reduction of head after the installation of the pressure logger
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indicates water flow from the well into the injection zone driven by the pressure difference between
the injection zone pore pressure and the introduced weighted water column pressure. A dropping
water level implies mass transfer and pressure communication among the casing water column,
the sand pack, and the injection zone. The measured water levels the injection zone pore pressure
is inferred to be, 2.44 MPa (Figure 3). This result from a well located 30 m northeast of the injector
is consistent with all the water well data, especially the head profile in ML-3 at that is located 70
m southeast of the injector, that indicated and injection zone pore pressure of 2.45 MPa.

Geochemistry well Pressure Logger and Measured Water Levels

SS=2>22>2>2>223S2>32=>2=>22=22=222=>22=2=2:23
o < <daoadaoaodaddadadaoaodaoadaoadda<aoaaoa<a
Gy Oy O O) O) OOy O O OO O) OOy OO O OOy ) ) O OOy Oy O O O
SEsSSSSSSSSSSESSESESESEYSSESSESESESSYSESSS
N 0N LWLwLwLwLwLwLwmLuwLwmLwmLuwmLwmLwmwmLwmLuwmLwmLwmLuwmLwmLwmLwmLwmLuwmLwmLwmwn
TS S S S S S S SSESESESSSSSESSESSSSSSSS
AN AN OO AN NOO AN NOXNOUST AN NONOVUIT AN NOXANNO VW
O 1141001 1001100001 10000 —dd0O0-dA«O O
O 0O 000000 0 d™EHA A ™dA ™ A A - " o o + 4 4 "4 NN NN
NN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN NN AN AN AN NN AN NN
~N S SN S S S N N NN "N "N """
MO AN OODMONEH!MmAON OMOVOASTOMm OO TN OO MINS N
oN N1 OO0 NN 100NN dId 0NN -d- 00NN 00NN
B e T e e T i e T T
O O NNV DHDOO I N T AN AN NN O ONWWDOO T NI ANONM S
O 0000 T A 1100000000000 Addd—dO0O0O0O O

10.00

15.00

20.00 = | 0gger water

25.00 levels

30.00 B measured water

35.00 levels

40.00 B

45.00

50.00

55.00

60.00

Figure 2. Reduction in observation well #1 head, shown as a depth from ground surface to the top of
the water column during the period when the pressure logger (blue line) was recording between June 3™,
2020, and April 30", 2022. Orange boxes are direct water level measurements during a similar interval.

A subsequent engineering intervention lowered the water level in observation well #1 to ~150
mbgs on May 16", 2022. Mass transfer and pressure communication between the interior of
observation well #1 and the injection zone was confirmed by the progressive increase in gauge
pressure after the 2022 swabbing event. Gauge pressure increased until April 4", 2023 when it
reached 1.83 MPa. Subsequently the observation well lower gauge pressure has not changed
significantly to January 29", 2024.

Injection well gauge pressure transients were observed between November 21%, 2017 and
January 16", 2023 during a dozen extended shut-in intervals, lasting individually between 85 and
30 days. These too are analyzed to infer injection zone pore pressures. The longest shut-in event
began July 17, 2018 following the cumulative injection of 7.8 tonnes of CO,. Within 20 days the
gauge pressures approached 1.5 MPa and during the interval between 60 and 85 days the
shallower and deeper gauge pressures were essentially constant and respectively 1480.94 kPa
and 1484.30 kPa. The pressure gradient between the two gauges during this last interval was
also a constant 0.338 kPa/m, indicating a gas phase between the two gauges that can be
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reasonably inferred to extend into the storage complex. The distance from the lower gauge to the
middle of the perforated interval is 26.24 m. From this we infer an injection zone pore pressure at
the perforation mid-point ~1493 kPa, if CO. density variations with depth are neglected.

pressureversus 1/t

S o

Figure 3. Inference of injection zone initial aquifer pressure from measured water levels in observation
well #1. The inferred initial injection zone pressure is 2.44 MPa, which is similar to the result obtained by
the downward extrapolation of the ML-3 head profile.

To summarize, water level data from water wells and observation well #1 indicated the storage
complex was originally under pressured below 51 mbgs. The water filled injection zone initial pore
pressure was inferred to be ~2.44 MPa even after complex engineering interventions and a short
period of low-rate gas production followed by the introduction of a weighted water column that
suppressed gas flow into the well. Injection zone pore pressure at the injector was not established
prior to CO; injection. However, early in the CO; injection program the injection zone pore
pressure data was ~1493 Kpa, or about 60% of the water-filled pore pressure determined only 30
metres away. The anomalously low pore pressures at the end of long shut-in periods persisted
until at least early August 2020. A later engineering intervention at the observation well in mid-
May 2022 reduced the water column to 150 mbgs. Subsequently the head elevation rose in that
well to 1.83 MPa on April 4", 2023, and this has not changed significantly to January 29", 2024.

Together these observations indicate that a continuous under pressure in the storage complex
extends from 51 mbgs to the base of the CO; injection zone or lower. Engineering interventions
including hydrostatic head changes and CO: injection are temporally associated with
augmentation of the under pressure in an unpredictable and non-systematic manner, even over
short distances, on time scales varying from months to years. However other engineering
interventions at the observation well, including both earlier manipulations of the head and natural
gas production, on the time scale of days and months did not result in permanent changes of the
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hydrogeological system as the water column introduced in June 2018 indicated an equilibrium
pore pressure of 2.44 MPa, similar consistent with the regional head profile in the under pressured
zone.

DISCUSSION

The multilevel water well head data, that describe the top of the under pressured zone are
consistent with the inferred injection zone pore pressure inferred at observation well #1, even
after the initial intervention which evacuated the observation well water column leading to a short
period of low rate natural gas production before that well was refilled to surface. This coherent
and consistent data set is inferred to describe the original hydrogeological system, both in and
above the under pressured zone. In addition, the under pressured zone is consistent with the
observations from the methane carbon isotopic cuttings gas profile (Mayer et al., 2015), and the
interpretation elsewhere that mechanism of upward carbon isotopic depletion indicates a
diffusional fractionation in system of very low vertical permeability. From this we conclude that the
hydrostatic head/pore pressure profile in under pressured zone below 51 mbgs extends
continuously to the base of Belly River Gp, including the injection zone sandstones, and lower.
All these data imply an injection zone pore pressure of 2.44-2.45 MPa prior to the construction of
the wells at the site.

However, we also observe that the injection zone pore pressure at the injector was often
inferred to be <1.5 MPa during protracted shut-in periods between December 2018 and late
February 2021. More recently, the injection zone pore pressure in the observation well has not
exceeded 1.83 MPa since early April 2023. From this we conclude that injection zone pressures
<2.44 MPa in either the injector or observation well #1 are attributable to an additional mechanism,
associated with engineering interventions that reduces injection zone pressure below the original
water filled pore pressure.

However, these observations are paradoxical, primarily because they appear to violate both
Boyle’s Law and Newton’s First Law simultaneously. If the pressure decreases in the injection
zone then the gas phase fluid must occupy a larger volume within the storage complex, assuming
that storage complex is isolated from a sink like the atmosphere. This is reliably assured by the
fact the gauges on the injection tubing commonly reach pressures exceeding 5.5 MPa during
active CO; injection. To occupy a larger volume the injected gas must do work against the
adjacent pore space fluids, which, assuming that the injected gas phase is continuous, will occur
only when the pressure in the reservoir beyond the plume is less than the sum of the pore space
fluid pressure and the storage complex capillary pressure. Any mechanism that simply
compresses the existing gas in the plume does not provide a solution to this enigma.

One plausible mechanism for reducing the pressure would be for CO; to become dissolved in
pore space water. Boyle’s law would suggest that up to 39% of the injected CO, would have to
be dissolved in formation water if the pressure reduction was entirely attributable to a dissolution
mechanism. It is true that the solubility of CO, in formation water is considerable, particularly if
the formation and pore water are cooled by a phase change from liquid CO; in the well, as has
been observed into gaseous CO: in the reservoir, during hiati in the injection program, which are
common. Ideal equilibrium dissolution indicates that this is possible.
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However, we tend to presume that this is an unlikely explanation for the observed under
pressures. There are three primary reason for this, both of which are illustrated by the under
pressure in Belly River Gp. sandstones at the Pembina oil field.

1. Similar, and sometimes even larger, under pressures are observed in wells, such as in
the Belly River Gp. at the Pembina Field, where the gas phase is natural gas. The
aqueous solubility of methane is exceedingly low. Most of the under pressure
occurrences are associated with producing gas wells rather than with CO2 injection
wells, primarily because of the small number of the latter. If we presume that a single
under pressure mechanism occurs in WCSB, this makes the dissolution explanation
less attractive.

2. If augmented under pressures were primarily attributable to dissolution mechanism,
then we would expect to see systematic and predictable variations in the magnitude of
the under pressure. However, this is not observed, rather as explained above the
magnitude of the augmented under pressure is spatially chaotic and temporally
unpredictable, as indicated since May 2022 at observation well #1. For that matter, if
the augmented under pressure was attributable to either epeirogenic or glacial
unloading and elastic response of the sedimentary rock succession we would expect
to find geographic variations in the magnitude of the under pressure at scales
comparable to the epeirogenic or glacial loads that were removed. This is clearly not
observed.

3. Similarly geophysical monitoring at this site indicates plume characteristics that are
consistent with most of the injected CO2 remaining in a gaseous phase (Macquet et
al., 2023).

For now, the mechanism that augments the naturally occurring under pressure remains
enigmatic and undetermined.

However, work at our site offers useful constraints on the mechanism of the natural under
pressure. Neuzil (1993) recognized an under pressure in the Upper Cretaceous Pierre Fm. shales
that were deposited overlying Belly River Group and equivalent strata. Similar naturally occurring
under pressured successions are now recognized globally (Birchall et al., 2022). WCSB under
pressures are initially recognized elsewhere in Alberta Belly River Group strata at the Pembina
oil field (Parks and Toth, 1995; Bekele et al., 2003). There, like at other occurrences of natural
under pressure, the focus has been on the cause. The various roles of unloading either
epeirogenic or glacial are debated. Parks and Toth (1995) preferred an epeirogenic mechanism,
while others like Bekele et al., (2003) inferred a glacial contribution.

Both the potential epeirogenic and glacial unloading under pressure mechanisms operate in
the Western Canada Sedimentary Basin. At the storage complex location estimates of mid-
Eocene and younger epeirogenic eroded succession (Nurkowski, 1984; Osadetz et al., 1992) and
the maximum Pleistocene Ice Sheet thickness (Gowan et al., 2016) are roughly comparable,
which makes a mechanistic preference difficult.

Two observations at our site are problematic for the epeirogenic model. The first is the
diagenetic history at the storage complex (Muravieva et al., 2017). At maximum burial the elastic
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strain of pore space appears to be partially or completely reduced by diagenetic mineral
dissolution/precipitation reactions that reduce burial strain. The most important is the deposition
of a pore space rimming and reducing clay cement that reduces rock volume by the dissolution
and reprecipitation of volcanic rock clasts in arenaceous beds. Whether any elastic strain
remained in the rock matrix following this strain reduction is uncertain. Similarly, the final
diagenetic phase, a pore filling kaolinite suggests the influence of meteoric waters. If sufficient
permeability existed to permit mid-Eocene and later meteoric water infiltration, we must question
if the protracted preservation of a natural under pressure could be preserved to the Present. Such
mechanistic issues have been similarly debated elsewhere, for example, on the eastern flank of
Michigan Basin where some (Clark et al., 2013; 2015) propose that natural under pressures have
persisted since Paleozoic time. In fact, Normani et al. (2017) who did not distinguish natural from
augmented under pressure components in a model study on the eastern flank of Williston Basin
favoured, “a state where under pressured conditions predate the onset of glaciation and are better
able to preserve the present day helium tracer profile in 260 Ma exhumation analysis”.

We have yet to model the natural under pressure component defined by multiple consistent
hydrogeological observations at our site, but together with the diagenetic constraints that require
the isolation under pressured zone from the epeirogenic groundwater regime after the
precipitation of the final pore filling kaolinite mineralization, we lean toward a glacial mechanism
as the cause of the naturally occurring under pressure component.

Important implications, with a significance beyond our CO; storage pilot, attend these
observations. We infer hydrogeological continuity within the naturally under pressured zone that
characterizes 87% of the thickness of the Belly River storage complex. Only the uppermost
Dinosaur Park Fm., at depths less than 44 mbgs (Port 22, ML-3) the hydrogeological system is
inferred normally pressured, especially where surface jointing is present. Since the depth of
surface joints varies it could possibly explain why ML-2 heads do not conform better to the
consistent pore pressure profile observed at all of ML-3, the three 2018 water wells and
observation well #1. The gauge data in both the injector (Behmanesh et. al., 2023) and
observation well #1 are both robust and generally well calibrated, even if they indicate conflicting
equilibritum storage complex pore pressures.

CONCLUSIONS

1. Deeper water wells indicate and characterize a naturally under pressured zone that
begins below 51 mbgs. Within the under pressured zone head profiles decrease
linearly with increasing depth. When extrapolated to the injection zone in basal Belly
River sandstones water well data suggest an initial injection zone pore pressures of
2.45 MPa.

2. In observation well #1 measured water levels, pressure loggers in the water column
and gauge data from the sand pack between the casing and the injection zone are
consistent and that all, until May 2022, indicated initial injection zone pressure of 2.44
MPa.

3. We infer that this agreement among multiple independent data sources indicates that
initial injection zone regional pore pressure is 2.44-2.45 MPa. Lower injection zone pore
pressures at the injection well, inferred from long shut intervals are associated with
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engineering interventions that suggest that the natural under pressure can be
augmented in response to engineering interventions in the injection zone.

4. The result is paradoxical compared to gauge pressure observations in the injector in
consideration of a static gradient test that confirmed the calibration of injector gauges
that was performed in April 2022 (Behmanesh, 2023).

5. Currently, we prefer glacial loading and unloading as the cause of naturally occurring
under pressure in the storage complex when the diagenetic history of the injection zone
is considered.

6. Studies of other under pressured environments should be designed recognizing that
engineering interventions may additionally augment the under pressure in ways that
remain unexplained.
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