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In order to mitigate CO, emissions while continuing to use fossil fuels as an energy source, CO, emissions
from large point sources such as power stations can be captured and stored in suitable subsurface sedi-
mentary formations. However, concerns have been raised that the injection of pressurized CO, may alter
the subsurface stress state, leading to the re-activation of faults and generating induced seismic activity.
Southeast Saskatchewan has seen extensive oil and gas activity since the 1950s. This activity includes,
in recent years, a boom in shale oil production entailing hydraulic fracturing. It is also home to two

Ic(?é words: world-leading CCS projects, the Weyburn-Midale CO, Monitoring and Storage Project, and the Bound-
Induced seismicity ary Dam/Aquistore Project. The aim of this paper is to assess whether any of the conventional oilfield
Geomechanics operations, shale oil activity or CCS has caused induced seismicity in southeast Saskatchewan. We find
Saskatchewan that the region has a very low rate of natural seismicity, and that there is no evidence to suggest that any

kind of oilfield activity has caused induced events. However, seismicity has been associated with potash
mining activities in the region. It is not clear whether the potash mining-induced events are triggered
by subsidence above the mined zones, or by re-injection of waste brines. It is of interest to compare the
situation in southeast Saskatchewan with other areas that have seen substantial increases in the amount
of injection-induced seismic activity. It is notable that in many areas that have seen injection-induced
seismicity, fluid injection is into basal aquifers that are hydraulically connected to the crystalline Pre-
cambrian basement. In contrast, most oilfield activities in southeast Saskatchewan are in Carboniferous
formations, while the only units to have experienced a net volume increase are of Cretaceous age. It is
tentatively suggested that the lack of induced seismic activity is due to the fact that injection is hydrauli-
cally isolated from the basement rocks, although it is also possible that stress conditions in the region
are less conducive to induced seismicity.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It has been conclusively demonstrated that injecting fluids into
the subsurface can trigger seismic activity (e.g., Raleigh et al., 1976).
However, early research on Carbon Capture and Storage (CCS) was
focussed on the danger that the buoyant CO, plume will migrate
through the caprock and leak back to the surface. The potential
hazard posed by injection-induced seismicity was generally down-
played (e.g. Damen et al., 2006) or not considered (e.g. Bickle, 2009).
Even where microseismicity was observed at CCS sites, such obser-
vations were generally considered in terms of potential leakage
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through the caprock because of fracturing, rather than the hazard
posed by injection-induced seismicity (e.g., Verdon et al., 2011).

However, these assessments were made prior to recent events
in the mid-continental USA, where sharp increases in wastewater
disposal volumes have lead to a dramatic increase in the number of
recorded earthquakes (Ellsworth, 2013). Given that, on a well-by-
well basis, injection volumes proposed for future CCS sites match
or even exceed current wastewater injection volumes (e.g. Verdon,
2014), these observations have lead to a re-appraisal of the hazard
posed by injection-induced seismicity at CCS sites (e.g. Zoback and
Gorelick, 2012).

The Williston Basin underlies parts of Saskatchewan, North and
South Dakota, Montana and Manitoba. It is a large (500,000 km?)
intra-cratonic basin of roughly oval shape, the origin of which
is speculative. The Precambrian trans-Hudson Orogen trends in
a NE-SW direction beneath the basin, sandwiched between the
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Archaean Wyoming and Superior Cratons. The oldest formation
to be deposited on top of Precambrian crystalline basement is
the Deadwood Formation, which is of late Cambrian/early Ordovi-
cian age. At its deepest, the thickness of sediments above the
Precambrian basement is about 5km. Most of the sediments are
of Paleozoic age, although sedimentation continued through the
Mesozoic. In Fig. 1 we show a stratigraphic column and schematic
cross section of the area.

Oil and gas has been extracted from fields in southeast
Saskatchewan since the 1950s, and production continues today.
Substantial volumes of produced water are also generated by this
extraction. Some of this water is re-injected for secondary recov-
ery, while some are disposed of into saline aquifers. Additionally,
the Bakken Shale underlies the conventional fields in southeast
Saskatchewan. Within the past decade, this resource has been tar-
geted for shale oil extraction using hydraulic fracturing.

CO, injection for the combined purposes of Enhanced Oil
Recovery (EOR) and Carbon Capture and Storage (CCS) has been
conducted at the Weyburn oilfield, in southeast Saskatchewan,
since 2000. In 2015, CO, injection for CCS began at the Boundary
Dam/Aquistore site, near to Estevan (approximately 85 km south-
east of Weyburn). Southeast Saskatchewan is therefore home to
two world-leading CCS projects, which provide an excellent oppor-
tunity to study the effects of CO, injection into the subsurface. At
Weyburn, oil production is from, and CO, injection is into, Carbonif-
erous rocks at a depth of approximately 1.5 km, while at Aquistore,
CO,, is injected into the Deadwood Formation, which sits on top of
the Precambrian basement at a depth of approximately 3.5 km.

Therefore, there are and have been a range of oilfield activi-
ties conducted in southeast Saskatchewan that have the potential
to induce seismic activity. The aim of this paper is to evaluate
recorded seismicity in southeast Saskatchewan and to compare
this activity with industrial activities in the area, thereby estab-
lishing whether oilfield activities have induced seismic activity.
By doing so, we hope to better understand the tectonic setting in
which these CCS sites are being developed, and thereby to assess
the likelihood that they will lead to injection-induced seismicity as
larger volumes of CO, are injected. Our principal study area extends
northwards from the USA-Canada border approximately 1° of lati-
tude (49°-50°N) and westward from the Saskatchewan-Manitoba
border approximately 3.5° of longitude (101.4°-105°W). However,
we also consider seismic activity across the broader southeast
Saskatchewan-Montana-North Dakota region, which covers much
of the Williston Basin.

2. Seismicity recorded in southeast Saskatchewan
2.1. Monitoring networks

We begin by curating a catalogue of seismic events recorded
in the southeast Saskatchewan-Montana-North Dakota region.
Broadly speaking, seismicity in this region is rare, and of low
to moderate magnitude. However, for long periods, seismometer
coverage has been equally sparse. Horner and Hasegawa (1978)
describe the historical seismometer coverage in this area, and esti-
mate detection thresholds of magnitude 6 prior to the 1950s, and of
magnitude 5 until the mid-1960s. From this time onwards, detec-
tion thresholds are estimated to be magnitude 3, although the Large
Aperture Seismic Array (LASA), which was deployed in Montana in
1966-67, provided a brief period of improved detection (Reinbold
and Gillispe, 1974).

At present, several permanent stations of the USGS Advanced
National Seismic System (ANSS) and Global Seismographic Net-
work (GSN) provide the nearest real-time coverage. The nearest
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Fig. 1. In (a) we show a stratigraphic column showing the key lithologies in our
study area. Each stratigraphic unit is categorised as being either an aquifer, through
which fluids can flow relatively easily, or an aquitard, through which fluid flow
is difficult or impossible, owing to the unit’s low permeability. In (b) we show a
schematic cross section running from west to east through southern Saskatchewan.
The approximate positions and target depths of the Weyburn oilfield and Aquistore
CCS project are both marked. Both figures are modified from Rostron et al. (2012).

such stationis at Dagmar, Montana (DGMT) which is approximately
130 km from the area of interest (Fig. 2a).

However, several studies have shown that such regional net-
works may not be able to detect small injection-induced events
(e.g., Frohlich, 2012; Friberg et al., 2014; Frohlich et al., 2015).
Therefore, in addition to events listed in National Earthquake Infor-
mation Centre (NEIC) and National Earthquake Database of Canada
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Fig. 2. Monitoring stations used in this study. In (a), we show ANSS and GSN seismometers in the southeast Saskatchewan-Montana-North Dakota region. The inset shows
the areas plotted in (a) (red rectangle) and (b) (blue rectangle). In (b), we show USArray stations that passed through Montana and North Dakota from 2008 to 2011 (blue),
the 3 seismometers installed to monitor the Aquistore CCS project in 2013 (green) and the 3 seismometers installed to monitor the Weyburn oilfield (magenta). In both plots
the dashed rectangle shows our specific area of interest, where CCS projects are active in southeast Saskatchewan. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.).

(NEDC) catalogues, we also identified additional seismometer
networks with which to search for small events. These additional
stations are shown in Fig. 2b, and included:

e Stations of the Earthscope USArray Transportable Array that
swept through Montana and North Dakota between from 2008
to 2011.

¢ [n 2013, a network of 3 broadband seismometers were installed
to monitor CO, injection at the Aquistore project.

e Between August 2014-August 2015, we installed an additional
network of 3 seismometers to monitor the Weyburn CCS-EOR
project.

With each of the above networks, we used an automated picking
algorithm (Lomax et al., 2012) to search for potential events. Poten-
tial events were identified when at least 4 stations of the USArray,
or all 3 stations of the Aquistore and Weyburn arrays, recorded
co-incident triggers.

These potential events were then examined manually. Triggers
that did not have the characteristics of a local earthquake (near-
vertical P-wave arrival, followed by S-wave arrival on horizontal
components, and consistent move-out of arrival times across the
array) were discarded. P- and S-wave arrival times were re-picked
manually, and inverted for event hypocentres using the NonLinLoc
package (Lomax et al.,2009), and a flat layered velocity model based
on refraction surveys conducted by Morel-a-I'Huissier et al. (1987)
and Hajnal et al. (1997). We note that many apparent “events” were
located in close proximity to known quarries and opencast coal
mines. These events were assumed to represent quarrying blasts,
and were discarded from further analysis. Local magnitudes were
computed using the scale defined by Nuttli (1973).

2.2. Detected events

Within the southeast Saskatchewan-Montana-North Dakota
region, a total of 65 events were listed on NEIC and NEDC catalogues.
In addition, a further 28 events, not listed in NEIC/NEDC catalogues,
were extracted from Bakun et al. (2011). Our analysis of additional
stations revealed a further 6 events that had not been detected by

NEIC/NEDC networks—all of these events were detected using the
USArray stations, and no additional events were detected using the
Aquistore and Weyburn arrays.

Fig. 3a shows all events listed in the NEIC/NEDC catalogues and
by Bakun et al. (2011). Fig. 3b shows the additional events detected
using USArray stations. Of these 6 events, we note that Frohlich
et al. (2015) also detected 4 of these events (2009-07-16, 2009-08-
31,2010-03-21, and 2010-06-11). Frohlich et al. (2015) detected a
further 5 events that were not detected during our analysis. This
is because Frohlich et al. (2015) had a different area of interest
(Bakken Shale activities in Montana and North Dakota) and so
included USArray stations further to the south in their analysis that
we did not use. Our overall compiled catalogue is shown in Fig. 4.

Fig. 5 shows event magnitudes through time. The largest event
in the region occurred in 1909, and is known as the Northern Great
Plains Earthquake. Bakun et al. (2011) estimate a magnitude of 5.3
for this event, though for obvious reasons, both the hypocentre and
the magnitude of this event are not well constrained. This event
serves as anindication that, while events in this region are generally
small, there must be faults present that are capable of generating
larger events, and that this should be kept in mind when assessing
the risks of injection-induced seismicity. However, since this event,
no earthquake larger than magnitude 4.0 has been detected in the
region.

We note a number of features in the overall event catalogue
(Figs. 4 and 5):

¢ The large cluster of events to the southeast of Yorkton is associ-
ated with potash mining at the Mosaic Company (International
Minerals and Chemical Corp as was) mine. Seismicity might be
caused by either subsidence in the rocks overlying the mined
zone, or by re-injection of waste brines into underlying rocks.
Hasegawa et al. (1989) and Gendzwill and Unrau (1996) attribute
the seismicity to subsidence above the mined zone.

A further 2 events, to the NW of Regina are also located near
to the Belle Plaine potash mine, and again are assumed to be
caused by mining activities. These examples indicate that indus-
trial activities, even if not oil and gas activities, are clearly capable
of creating induced seismicity in the region.
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Fig. 3. In (a) we show earthquakes listed in NEDC and NEIC catalogues, and in Bakun et al. (2011

symbols indicate magnitudes, and colours indicate the time of occurrence.
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Fig. 4. Compilation of all earthquakes recorded in the southeast Saskatchewan-Montana-North Dakota region. Event symbols indicate magnitudes, and colours indicate the
time of occurrence. The mapped Hinton (H), Weldon (W) and Brockton-Froid (B-F) fault traces are marked (based on Bakun et al., 2011).

e Most of the remaining events fall along a NE-SW trend extending
from Montana into North Dakota and Saskatchewan. This trend
matches the trend of 3 mapped fault-zones, the Brockton-Froid,
Hinsdale and Weldon (Fig. 3 of Bakun et al., 2011). This trend also
follows the strike of the trans-Hudson Orogen through the region.

Horner and Hasegawa (1978) link naturally occurring seismicity
in the region to both basement structures and to natural dissolution
of the Paleozoic Prairie Evaporite deposits. The Prairie Evapor-
ite deposit, of Middle Devonian age, is found in the sedimentary
sequence across much of the region. It is more than 200 m thick
in places, and lies at depths of between 400 m-3000 m (Hasegawa
etal., 1989). Wilson et al. (1963) suggest that basement lineaments

lead to the localisation of upward fluid migration, which in turn
results in the dissolution of the evaporites. Horner and Hasegawa
(1978) argue that the salt dissolution produces stress changes that
cause seismicity, pointing out that some of the recorded seismicity
correlates with the edges of the Prairie Evaporite deposits, and with
major salt dissolution structures.

Several events are located within the area that has seen a recent
boom of activity in the Bakken Shale. Within this region, hydraulic
fracturing is used to extract shale oil from the Bakken and Three
Forks Formations, while produced water and wastewater from the
hydraulic fracturing process are re-injected into saline aquifers
(Gaswirth et al., 2013). Both processes have the potential to gen-
erate seismic activity. Frohlich et al. (2015) investigated these
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Table 1

Total volumes of fluids produced from and injected into oilfields in southeast
Saskatchewan. Note that CO; injection volumes are listed by the Saskatchewan Min-
istry of the Economy are in units of standard m3. We assume a density of 700 kg/m?
to convert CO, volumes at standard conditions into volumes at reservoir condi-
tions, which is an approximation for CO, density at the pressure and temperature
conditions of the Weyburn oilfield.

Fluid Volume (m?3)
0il Produced 1.39x 108
Water Produced 1.95 x 10°
All Fluids Produced 2.09 x 10°
Water Injected 1.96 x 109
CO, Injected 4.70 x 10*
Net Fluid Produced — Injected 1.33x 108

earthquakes, but were only able to tentatively link one event to
injection and/or production activities. This was the My =2.3 event
on 2010-03-21, where both production and injection wells were
active within 5 km of the epicentre, and no prior events had been
recorded in this vicinity. The remaining events do not occur in close
proximity to active wells. Instead, these events occur in the same
vicinity as previous earthquakes that have been associated with the
Brockton-Froid fault zone (Fig. 4) that occurred prior to the current
boom in Bakken Shale activity.

Finally, we note that, within the specific area of interest of our
investigation, 4 events have been recorded, occurring in 1968, 1976,
1976, and 1985. Despite the extensive oilfield activity that has since
been conducted in the area, no further events have been identified.

3. 0il production and water/CO- injection in southeast
Saskatchewan

Volumes of fluids produced and injected in Saskatchewan are
reported to the Saskatchewan Ministry of the Economy, who
provided the data used in this study. Data were provided on a well-
by-well basis for over 25,000 wells, shown in Fig. 6, for a period
covering 2000-01 to 2014-12. Monthly volumes of oil and gas pro-
duction, water production, water (re-)injection, and CO, injection,
were listed. Total injection and production volumes for the period
2000-2014 are listed in Table 1. Overall, the volume of fluids pro-
duced slightly exceeds the volumes injected. However, we note
that the volume of water produced far exceeds the volume of oil
produced, and that this water is almost entirely re-injected. In Fig. 7
we plot the cumulative fluid volumes through time.

Although the net volume change is negative (i.e., more fluid
is produced than is injected), there may be areas and/or units
where injection volumes exceed production, and which would
therefore potentially be more prone to seismicity. Therefore, in
Fig. 8 we divide the study area into blocks, and consider injec-
tion and production volumes within these blocks. We note that
in most blocks, production exceeds injection. However, there are
areas where injection volumes do exceed production volumes. Seis-
micity associated with oilfield activities can be induced by both
fluid injection and production (e.g. Frohlich and Brunt, 2013). How-
ever, it is generally accepted that increases in pore fluid volumes
(and therefore pore pressures) associated with fluid injection are
the more common cause of induced seismicity. Therefore we expect
areas and/or units experiencing a net volume increase to be most
prone to induced seismicity.

Fluids are produced from an injected into different geological
units within this area. The geological ages of formations targeted
by injection and production wells are listed in the well data pro-
vided by Saskatchewan Ministry of the Economy. In Fig. 9 we plot
fluid volumes by the age of the geological formation. The major-
ity of oil production and water injection occurs in Carboniferous
units. However, significant volumes of water are also re-injected
into shallower Cretaceous units.

Verdon (2014) noted that in many (though not all) cases,
injection-induced seismicity occurs when fluids are injected into
layers near to the crystalline basement. This suggests that injection
in basal layers may be of greater concern than in shallower layers
that are hydraulically isolated from basement rocks. For example,
much of the wastewater disposal being conducted in Oklahoma,
which has seen a substantial increase in injection-induced seis-
micity, is injected into the Arbuckle Formation, which overlies
crystalline basement rocks (Keranen et al., 2013,2014). Three cases
of injection-induced seismicity in Ohio, at Perry (Nicholson et al.,
1988), at AshTable (Seeber et al., 2004) and Youngstown (Kim,
2013) all involved injection into the Mt Simon Formation, which
again overlies crystalline basement rocks. Similarly, injection wells
that triggered seismicity in Arkansas were injecting into the Ozark
aquifer, which in that location has a direct hydraulic connection to
underlying basement rocks (Horton, 2012).

In contrast, in southeast Saskatchewan, volume changes in deep
basal layers are small, with most oilfield activity focussed in Car-
boniferous and Mesozoic layers. The only units experiencing a
substantial net volume increase are of Cretaceous age, which are
unlikely to have any hydraulic connection to the basement rocks.
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Fig. 7. Cumulative fluid production and injection volumes (in m3, excepting CO, volumes, which are standard m?) from 2010 to 2015.

It is possible that the absence of a hydraulic connection between
layers in the basement and the layers with net volume increases is
the reason for the lack of induced seismicity in this area.

4. Correlation between oilfield activities and seismicity?

Fig. 8 shows the epicentres of the 4 events that have occurred
within our study area, overlain on a map showing areal variations
of net fluid injection volumes. Fig. 8 should not be used as a direct

comparison between seismicity and injection, because the injec-
tion data is from 2000 onwards, a long time after these events
occurred. However, assuming that injection and production activ-
ities have not changed location substantially, there is no obvious
correlation between event locations and areas with larger volume
changes (either positive or negative). Events are often deemed to
be associated with a well if they occur within 5km (Davis and
Frohlich, 1993). In Fig. 10 we overlay the event epicentres on a
plot showing the distance to the nearest well (considering only
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reader is referred to the web version of this article.).

wells that were drilled before 1985, when the last of these 4 events
occurred).

In order to assess the possibility that events have been induced
by industrial activities, we consider them within the framework
for induced seismicity outlined by Davis and Frohlich (1993). A
series of questions are posed, where predominately “yes” answers
indicate that an event may have been induced by industrial activ-
ities. The questions, and their answers in this particular case,
are:

1 Are the events the first known earthquakes of this character in
the region?

Hydrocarbon production in this area commenced in the 1950s.
However, adequate seismometer coverage was only achieved in the
1960s. Therefore, we have no assessment of seismicity rates prior to
oilfield activities with which we can answer this question robustly.
However, the rate, magnitudes and positions of these events
suggest that they are a continuation of the trend of seismicity run-
ning NE from Montana. This overall trend in seismicity is seen in
producing and non-producing areas alike, suggesting that these
events represent a natural trend.

2 Is there clear temporal correlation between injection and seis-
micity?

Injection and production has continued apace for nearly 30
years since the last event within the study area. There does not
therefore appear to be any temporal correlation between injection
and seismicity.

3 Are epicentres near to wells (within 5 km)?

When considering only wells that were active when these
events happened, only one event is (just) within 5km. However,
there is no spatial correlation between seismicity and injection
and/or production volumes.

4 Do some events occur at or near to injection depths?

Because of the lack of monitoring stations in the area, event
depths are unconstrained. It is therefore not possible to answer
this question.

5 Are changes in fluid pressure sufficient to encourage seismicity?

It is difficult to answer this question, since to model the pres-
sure changes induced at each injection well is beyond the scope
of this study. However, we can consider the case of Weyburn (as
described in Verdon et al., 2011), one of the largest oilfields in the
region, as a representative case. Oil has been produced at Weyburn
from Carboniferous age formations since the 1950s, with water re-
injection for secondary recovery. Tertiary recovery was initiated in
2000 with the injection of CO, with the combined purpose of CO,
storage and EOR.

Jimenez Gomez (2006) conducted an extensive study of the
geomechanical conditions at Weyburn. Based on prior studies of
borehole breakouts, natural fractures and inelastic strain recovery
tests (McLennan et al., 1986; McLellan et al., 1992), Jimenez Gomez
(2006) reports a maximum horizontal stress azimuth of 40-50°,
a vertical stress gradient of 24 kPa/m and a minimum horizontal
stress gradient of 18 kPa/m. Jimenez Gomez reports a maximum
horizontal stress gradient of 28 kPa/m, although this is not well
constrained, and he suggests a more realistic value to be 26 kPa/m.
Stress orientations can also be determined from measurements of
seismic anisotropy, where the fast shear wave polarisation is typ-
ically found to be parallel to the Sy direction (Boness and Zoback,
2006). Using both shear wave splitting measurements made on
microseismic data (Verdonetal.,2011)and controlled source AVOA
observations (Duxbury et al., 2012), the anisotropic fast axis at
Weyburn appears to be oriented at an azimuth of 45°, which is in
agreement with the orientation reported by Jimenez Gomez (2006).

Based on the above, we take the initial stress conditions at
Weyburn, which is at a depth of approximately 1,450m, to be:
Sy =37MPa, S;, =26 MPa, Sy =35MPa, with a principal horizontal
stress azimuth of 45°. Hydrostatic pore pressure at these depths
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Fig. 9. Cumulative fluid production and injection volumes from 2010 to 2015, as a function of the geological age of the unit from/into which fluid is produced/injected. The
y-axes of panels (a)-(e) are logarithmic to allow the differing volumes to be viewed clearly. Where no production/injection has taken place from/into a unit, no line is plotted.

is 14.5 MPa. We can resolve this stress tensor onto fault planes of where ¢ is the friction coefficient, and C is the cohesion. Faults are
arbitrary angle, computing normal stress, o, and shear stress, t, for therefore most likely to be reactivated if they have strike and dip
all possible fault planes. Mohr-Coulomb theory states that a fault such that 7 — @0y, is maximized. In Fig. 11 we plot T — @0, as a
plane will reactivate if function of fault-normal azimuth and inclination, noting that this

T—@op—C> 0, (1)
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Fig. 10. Epicentres of the 4 events located within the study area (grey dots), overlain on a map showing localities - shaded areas - that are within 5km of a well (either
injection or production) active in 1985 (the date of the last event to occur in the area). Much of the study area is within 5 km of at least one well. Nevertheless, 3 of the 4

events are located more than 5 km from any well.

T~ q/)an

Fig. 11. Stereoplots showing the Mohr-Coulomb criteria T — oy, as a function of
fault-normal (i.e. the line drawn perpendicular to the fault plane) azimuth and incli-
nation. Faults will be prone to failure when T — ¢, is maximized. In this case, vertical
faults striking NNE and ENE (marked by dashed red lines) will be most prone to fail-
ure. Vertical faults striking SE-NW will be least prone to failure. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.).

analysis suggests that faults striking ENE-WSW and NNE-SSW are
most likely to be re-activated.

A pore pressure increase will reduce the effective normal
stresses, increasing the probability of slip on a well-oriented fault.
The effective stress, o’;, is determined as a function of the stress
tensor applied to the rock, oy, and the pore pressure, P:

U'ij=0ij—ﬁwlijp» (2)

where [j; is a 3 x 3 identity matrix, and g, is the Biot-Willis parame-
ter (e.g., Mavko et al., 1992), typically assumed to be 1. However, as

well as influencing the effective stress via the ‘P’ term in the above
equation, pore pressure changes also affect the effective stress by
causing a change in the applied stress. For an isotropic, porous
elastic reservoir that is thin but laterally extensive, the change in
horizontal applied stress as a function of a change in pore fluid
pressure is

yy=1-2v/1-v, 3)

where v is the Poisson’s ratio, and yy describes how much hor-
izontal stress change Aoy is caused by a pore pressure change
AP:

yu= Aoy/AP. (4)

Assuming a typical value of v=0.25, Fig. 12 shows how the Mohr
circle, representing the stress conditions, moves as pore pressure
increases. Also shown is a typical M-C failure envelope with a fric-
tion coefficient of 0.6. Slip can occur when the Mohr circle exceeds
the failure limit. We find that a pore pressure increase of approxi-
mately 10 MPa is sufficient to move the stress conditions from their
current stable conditions and into a state where faults may be able
to slip. This value matches the value found for the same conditions
by Jimenez Gomez (2006), though we note that his thesis explored
a much greater range of scenarios.

Various reservoir models have been created to simulate the
change in pore fluid pressure during the various stages of produc-
tion at Weyburn (e.g., Jimenez Gomez, 2006; Verdon et al., 2013).
In the model used by Verdon et al. (2013), at no point does the
pore pressure exceed 10 MPa above hydrostatic. In the model used
by Jimenez Gomez (2006), pressures do occasionally exceed 10 MPa
above hydrostatic, but only rarely and in isolated model cells, rather
than systematically across the reservoir (Figs. 8-6, 8-14 and B-
19-B-24 of Jimenez Gomez, 2006). In summary, while we cannot
account for every injection well in the area of study, injection pres-
sures within the one of the largest oilfields in the area have not
reached the levels necessary to move faults in the present-day
ambient stress field beyond the Mohr-Coulomb stability envelope.
However, future plans for the Weyburn field include its conversion
into a purely CCS site, once oil production is exhausted. This would
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to reach the failure envelope.

entail continued CO; injection without any fluid removal (Sun et al.
2016). In such a scenario, fluid pressures quickly increase to levels
that are capable of moving faults beyond the Mohr-Coulomb sta-
bility envelope. We therefore recommend that if such plans are
realized, extensive geomechanical and microseismic monitoring
should be deployed to ensure that the risks entailed by deformation
and fault re-activation can be mitigated (as described by Verdon
etal., 2015).

5. Discussion

Based on our observations and the questions discussed in the
previous section, we conclude that there is no evidence to suggest
that oilfield activities in southeast Saskatchewan have induced seis-
mic activity. Broadly speaking, this conclusion applies across the
Western Canadian Sedimentary Basin in general (Ferguson, 2015).
However, it is worth comparing our study area with others that
have experienced much higher levels of induced seismicity from
similar levels of oilfield activity. By making this comparison, it may
be possible to identify why seismicity occurs in some cases and not
others, and thereby take steps towards mitigating the issue.

Frohlich (2012) and Keranen et al. (2014) both link induced seis-
micity in the mid-continental USA to the presence of high-volume
waste water disposal wells with monthly volumes in excess of
150,000-400,000 barrels per month (bbls/m). In Fig. 13 we com-
pare the maximum monthly injection rates in 2014 for wells in
southeast Saskatchewan with data from Oklahoma.!

In Fig. 13 we normalize the number of wells with a given injec-
tion volume by the size of the study area, such that we plot the
number of wells with a given maximum injection rate per 100 km?2.
For Oklahoma, the area we use for this normalization is the area of
the state. However, injection wells in Oklahoma are not evenly dis-
tributed, so it is likely that there are areas where the number of

1 Injection well data for Oklahoma is available from: http://www.occeweb.com/
og/ogdatafiles2.htm.

injection wells per unit area is larger than that plotted in Fig. 13.
Nevertheless, from Fig. 13 it is apparent that there are similar num-
bers of injection wells with large monthly rates in both Oklahoma
and southeast Saskatchewan. Therefore differences in injection vol-
ume alone cannot account for the differences in injection-induced
seismicity.

It is possible that the stress conditions in southeast
Saskatchewan are such that faults are less likely to rupture.
Williams-Stroud and Billingsley (2010) report a low level of stress
anisotropy during hydraulic fracturing in the Bakken Shale, for
example. This is consistent with the generally low levels of natural
seismicity in the area. However, potash mining in southeast
Saskatchewan has induced a substantial number of earthquakes,
indicating that the stress conditions are such that seismicity can
be triggered in this region, if the necessary forcing is applied.

Because they have not been well studied, it is not known
whether these events are caused by subsidence of rocks overlying
the mined zone, or by wastewater disposal in deeper layers. Further
analysis of these events is needed to establish why potash mining
in the region is able to induce seismicity, while oilfield activities
have not.

Assignificant difference between the two regions is the injection
depth. Wastewater disposal wells in Oklahoma, Ohio, and Arkansas,
which have induced seismicity, inject into basal aquifers that are
hydraulically connected to underlying crystalline basement rocks.
In contrast, the only geological units to have experienced a net vol-
ume increase in southeast Saskatchewan are Cretaceous in age, and
so are unlikely to have any hydraulic connection to the crystalline
basement. Basement rocks generally have higher shear moduli and
shear strength. This allows them to store higher shear stresses, and
when ruptures occur, they will be more energetic (e.g., Vilarrasa
and Carrera, 2015). Additionally, faults in basement layers can-
not be easily mapped with reflection seismic surveys (and they
are rarely the target for such surveys anyway, since they do not
contain hydrocarbons). As such, basement faults may be present
near to injection wells that are not detected. It might therefore be
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expected that injection into basal layers, with the result that pore
pressures also increase in the crystalline basement, is more likely
to lead to injection-induced seismicity.

Taking the above into account, we note that injection into basal
layers is not a necessary condition for induced seismicity (e.g.,
Zoback and Gorelick, 2015). For example, injection wells in the
Raton Basin that are 2-3 km above the basement have induced seis-
mic activity (Rubinstein et al.,2014). Similarly, some injection wells
in East Texas that are a substantial distance above the basement
have also induced seismic activity (e.g., Justinic et al., 2013), while
CO, injection at In Salah, which is also well above the basement,
has also produced seismicity (Stork et al., 2015).

To date, few wells have targeted the basal formations in south-
east Saskatchewan. However, the Aquistore CCS pilot project has
begun to inject CO, into the basal Deadwood Formation. At present,
only a small volume of CO, has been injected, and no seismicity
has been recorded. It will be of interest to see whether continued
injection into this layer begins to trigger seismicity, as CO, injec-
tion into the basal Mt Simon Formation has done at the Decatur CCS
pilot project, Illinois (Kaven et al., 2015). The operators of the Aquis-
tore project have installed an extensive passive seismic monitoring
system (Worth et al., 2014). Whether or not seismicity is triggered
may indicate whether injection into basal layers is a particular risk
factor for injection-induced seismicity.
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