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Abstract: Subsurface interaction between critically stressed seismogenic faults and anthropogenic
fluid injection activities has caused several earthquakes of concern over the last decade. Proactive
detection of the reverse and strike-slip faults inherent in the Alberta Basin is difficult, while identi-
fication of faults likely to become seismogenic is even more challenging. We present a conceptual
framework to evaluate the seismogenic potential of undetected faults, within the stratigraphic se-
quence of interest, during the site-selection stage of fluid injection projects. This method uses the
geomechanical properties of formations present at sites of interest and their current state of stress to
evaluate whether hosted faults are likely to be brittle or ductile since the hazard posed by faults in
brittle-state formations is generally significantly higher than that of faults in ductile-state formations.
We used data from approximately 3100 multi-stress triaxial tests to calculate the Mogi brittle–ductile
state line for 51 major injection and confining formations in the Alberta Basin and in situ stress
and pore pressure data from approximately 1200 diagnostic fracture-injection tests to assess the
last-known brittle–ductile state of each formation. Analysis of these data shows that the major injec-
tion formations assessed in the Alberta Basin were in a ductile state, with some confining (caprock)
formations in a brittle state at the time of the stress measurements. Once current site-specific in situ
stress data are available, our method enables site-specific assessment of the current brittle–ductile
state of geologic formations within the zone of influence of large-volume fluid-injection projects and
an evaluation of the associated potential for fault seismogenesis.

Keywords: induced seismicity; Alberta Basin; brittle–ductile state; critically stressed faults; high
volume fluid injection; fluid-injection hazard; Mogi line; seismogenic carbonate formations; subsurface
risk

1. Introduction

The presence of proximal geologic faults is a key hazard to many types of infrastructure
projects, including major infrastructure projects located on the ground surface (e.g., water
retention dams), in the subsurface (e.g., tunnels) and those that utilize the subsurface
(e.g., subsurface fluid disposal, energy storage, geothermal projects). Critically stressed
faults are of particular importance in infrastructure hazard assessments since small changes
in subsurface stresses or pore pressure can trigger fault reactivation, resulting in ground
displacement, earthquakes and out-of-zone migration of subsurface fluids.

However, critically stressed faults appear to be pervasive, even in seismically quiescent
intraplate continental regions [1], and intraplate earthquakes can pose a non-negligible
infrastructure hazard in such regions because of a paucity of seismic-resistant infrastruc-
ture in these historically aseismic locations [2]. Fault hazard assessment in such regions
is challenging because of the lack of a fundamental scientific framework to understand
seismogenesis, inadequate historical seismic records and the paradox between low strain
accrual and sudden moment (energy) release of a stick–slip nature [3]. Fault hazard as-
sessments conducted for fluid injection projects located in such regions usually focus on
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the identification and avoidance of (known) faults or the curtailment of injected fluid vol-
umes/pressures to limit induced seismicity occurrence in cases where (usually unknown)
critically stressed faults have been intercepted or previously triggered [4].

Within the Alberta Basin, vertical and thrust faults are common [5,6], with brittle
slip along these types of faults responsible for the major induced seismic events that have
occurred to date [7,8]. In the Precambrian basement that underlies the Alberta Basin,
extensive fracturing has been postulated to exist mostly at the sub-seismic scale, consisting
of deeper brittle fault detachments and offsets overlain by the broad zones of folded
and fractured sedimentary strata [9]. Detection of such types of faults (i.e., reverse and
vertical to sub-vertical strike-slip faults) using conventional seismic methods is difficult
because of low offsets and limited extent (i.e., below the seismic resolution limit) [10].
Most of the anthropogenic induced seismicity that has occurred to date in the USA and
Canada has been caused by the inadvertent interception and triggering of such previously
undetected/unmapped faults [11,12]. Fluid-injection-project fault hazard assessments
that rely solely on identification and avoidance of known faults may therefore possess
some inherent uncertainty regarding future induced seismicity generation potential. The
availability of a screening method to assess fault seismicity-hazard potential at the site
selection stage of fluid injection projects can therefore be a useful hazard mitigation tool.

Over the last decade, there has been increasing evidence that geological/geomechanical
factors largely control induced seismicity hazard (i.e., felt induced seismicity), but the con-
trolling factors have been unclear [13,14]. Pore pressure increase, for instance, has often
been cited as a primary factor in induced seismicity generation [15]. However, recent
research noted that only 10% of an extensive fault trace triggered in the Dallas–Fort Worth
Basin was actually seismogenic (with seismicity occurring at relatively low levels of pore
pressure increase), while approximately 90% of this fault trace was not seismogenic at all
levels of pore pressure increase [16]. Additionally, in this case the pore pressure increase
required to trigger faults proximal to disposal operations was much higher (∆P = 0.34 MPa)
than that required to trigger distal faults (∆P = 0.04 MPa) [16]. While the importance of
geomechanical features in fault seismogenesis has been recognized [17], there has been
limited progress in identifying the main causal factors for fault seismogenicity. The in-
creasing use of machine learning tools to analyze large datasets in this field has resulted in
the creation of new lumped parameters (e.g., geologic susceptibility, integrated geological
index, combined geomechanical index, etc. [18–20]), which have been proposed to account
for the combined seismogenic influence of all geologic/geomechanical features. While such
methods can be useful in hindcast analyses, there is an important need to identify specific
geomechanical parameters that control fault seismogenic slip in order to enable site-specific
data collection and induced seismicity risk assessment prior to the construction/operation
of fluid-injection projects.

The upper 10–15 km of the continental crust hosts most of the crustal displacement
and seismogenic faults, with the seismogenicity of this zone generally attributed to (brittle)
fracture and/or stick–slip displacement in brittle rock and fault sequences [21–23]. The
lower crust is considered ductile, with its rock sequences displaying plastic/viscous behav-
ior, and faults in this zone are aseismic [21,22]. In faults that extend over the brittle–ductile
zones, progressive displacement within the ductile zone can result in strain accumulation
within the brittle zone and subsequent seismogenic shear across the entire fault system [24].
Earthquake seismic hazard is generally associated with stick–slip displacement within
brittle faults, while slip/displacement of ductile faults is generally aseismic and poses
negligible seismic hazard [25]. Relatively small changes in confining stress can cause
sedimentary rock sequences to transition from a (brittle) seismogenic state (i.e., unstable,
stick–slip) to a (ductile) aseismic state and vice versa, with this mechanism postulated to
primarily account for earthquake activity in deep sedimentary sequences [26].

While mature fault zones are generally weak, fault and host-rock deformation mecha-
nisms and rheology can vary considerably over short distances (i.e., inside or outside the
localized deformation zone) and timescales (earthquake recurrence cycles), since these de-
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pend on thermodynamic conditions, rock properties and mechanical state [27]. Variations
in material composition along a fault can also determine if fault displacement is seismo-
genic (i.e., if fault movement is seismic or aseismic) even within fault sections considered
brittle [27–29]. Ductile fault host rock behavior is possible at depths of less than 5 km
under conditions of high differential stress [30], pore pressure [30], confining pressure [31],
porosity [32] and clay content [33]. Ductile rock sequences are likely to host ductile faults
since the fault is expected to display the rheological behavior of the host material, and
consequently, slip along such fault is expected to be aseismic. Conversely, brittle rock
sequences are likely to host brittle faults, with slip along such faults anticipated to be brittle.

In some cases (physical/chemical), alteration of the rocks in the fault zone may alter
the behavior of the fault shear-zone, either increasing [34] or decreasing [35] its brittleness
relative to the host rock formation. For instance, higher dolomite mineral content in a
carbonate formation increases formation and shear zone brittleness [36], with previous
research linking the occurrence of some fluid-injection-induced seismic events to specific
dolomitized regions of deep (high confining stress and pore pressure) Devonian platform
carbonates present throughout the Alberta Basin [37]. While these extensive, highly frac-
tured (low clay content, low-porosity) carbonate formations are important hydrocarbon and
fluid disposal reservoirs [38], under certain conditions, these deep (often brittle) carbonates
can be nucleation sites for significant earthquakes [39]. Therefore, the ability to assess (at
the site screening stage) the seismogenic potential of carbonate formations within the zone
of influence of large-scale fluid injection projects in this basin could help mitigate future
fluid-injection project seismic risk.

Prior work indicated that the location of fluid-injection-induced earthquakes in Alberta
is primarily influenced by geologic factors [18,40]. This research assesses the relative
brittleness and the brittle–ductile limits of most of the major injection formations and
confining sequences (caprock and underburden) in the Alberta Basin, using the Mogi
relationship and rock mechanical properties obtained from multi-stress triaxial testing. We
subsequently present and demonstrate the use of a conceptual framework to evaluate the in
situ brittle–ductile state of each formation with reference to its Mogi line, using available in
situ stress and formation pore pressure measurements. Our results indicate that, at the time
of the in situ stress and pore pressure measurements, the major injection formations assessed
were in the ductile state, with some caprock formations in the brittle state. However, the in
situ stress data available for most of the deep (carbonate-rich) formations in seismogenic
regions are likely outdated since they predate recent localized high-volume fluid injection
trends occurring in this basin [4], and changes in fluid injection/extraction are known to
alter the stress condition in rocks [41]. Our analysis indicates that one such formation (the
Belloy) that was historically depleted and close to its brittle state has experienced notable
induced seismic events triggered by recent industrial-scale fluid disposal activities. Our
conceptual framework could be useful, in conjunction with contemporaneous site-specific
(in situ stress and pore pressure) data, to evaluate the seismogenic potential of future
industrial-scale fluid injection project sites in carbonate-rich stratigraphic sequences in
this basin.

2. Materials and Methods

The extensive history of oil and gas development in the Alberta Basin, combined with
the province’s policies on data collection and open data access, resulted in the creation
of one of the world’s most comprehensive collections of publicly available geoscience
data. This includes operational data such as fluid production and injection volumes,
formation pressures and well logs, as well as geological, geomechanical, chemical and
other types of laboratory analyses. The Alberta Energy Regulator maintains lists of data
types and availability on its website (https://www.aer.ca/providing-information/data-
and-reports/activity-and-data (last accessed 16 September 2022)), with the data catalog
for tests conducted on almost all core samples collected in the Alberta Basin located at
https://static.aer.ca/prd/documents/sts/GOS-REPS.xlsb (last accessed 16 September
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2022). Submission of all laboratory core-test data for all cores collected is a component
of regulatory requirements in the province and, therefore, mandatory for operators in
Alberta. However, there is currently no standard submission format for the different types
of laboratory core tests conducted, and consequently, significant variability exists in the
type and format of data provided. A significant amount of data curation and interpretation
was required to compile the database used for regional analyses across the basin.

2.1. Identification of Major Injection Formations in the Alberta Basin

Injection fluid operational data were used to identify all wells in Alberta that have in-
jected any volume of fluid into the subsurface over the period from January 1960–December
2021, along with the type and volume (at surface conditions) of fluid injected and the in-
jection stratigraphic zone (i.e., target receiving formation). This analysis showed that
approximately 33,000 wells injected approximately 25 cubic kilometers (km3) of water,
692 km3 of gas and 3.35 km3 of cold-water-equivalent steam (all measured at surface con-
ditions) into the subsurface in Alberta during this period. We then grouped these wells
according to the lithology and geologic age (era and period) of the injection formation
and calculated the proportion of the total basin-wide volume of each type of fluid injected
into each lithological group in each geologic age. We present the results of this analysis in
Section 3.

2.2. Determination of the Mogi Brittle–Ductile State Limits for Major Formations and Confining
Sequences in the Alberta Basin

The AER’s core and drill cutting material sampling database (as of December 2021)
contained approximately 600 individual reports (in secure pdf format) that included lab-
oratory core triaxial tests. However, only a third of these reports contained the results of
multistage triaxial tests; the remainder consisted of single-stage triaxial tests. Additionally,
many reports contained the results of multiple core triaxial tests conducted on samples
from different stratigraphic horizons within the same well. Figure 1a below shows the
triaxial core-sample well locations, the type of triaxial test data available and the location
density of fluid injection wells across the basin. Figure 1b shows the relative locations of
known significant fluid-injection-induced seismic events that have occurred in the Alberta
Basin to date.

The multistage triaxial data were contained in individual reports, each corresponding
to a single well (or an individual sample in some cases). Manual data extraction, processing
and data entry were required to aggregate the data and enable further analysis. Addition-
ally, while each core-test laboratory report contained the unique well identifier (UWI) for
each source well and the core sampling intervals, in some cases, the originating formation
details were missing. This necessitated a geological review of the corresponding well logs
for approximately 40% of the multistage triaxial core sample wells to identify the geologic
formations and lithologies corresponding to each of the core samples tested. Additionally,
in approximately 30% of the laboratory reports, only raw triaxial data were available; in
such cases, processing and interpretation of the data were required to obtain the required
formation geomechanical parameters. By using these data, we compiled approximately
3000 multistage triaxial tests corresponding to most of the major lithological sequences in
the Alberta Basin (Table 1).

Table 1 shows that approximately 91% of the multistage triaxial tests available were
conducted in low permeability (calcareous shale, calcareous sandstone or shaly limestone)
lithologies, generally with the objective of measuring geomechanical properties important
for hydraulic fracturing design (for tight oil exploitation) or caprock characterization (for
thermal oil exploitation) in cases of shallow shale formations. The other major category
of multistage triaxial tests data available was collected for the purposes of subsurface salt
cavern design, and the wells drilled for these purposes provided geomechanical data for
multiple adjacent formations in each area of interest. This information was then used
to build an Excel database containing the core-sample originating formation, core depth
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and laboratory-measured parameters for each sample, including confining stress (σ3),
failure stress (σ1), unconfined compressive strength (Co), Young’s modulus (E), Poisson’s
ratio (υ), porosity (n), cohesion (c), angle of internal friction (ϕ) and Biot’s coefficient (α).
All the reports examined stated that the laboratory triaxial tests were conducted under
drained conditions.
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Figure 1. (a) Location of (approximately 600) triaxial core samples (triangles), (approximately 200)
multistage triaxial samples (circles) and density of approximately 33,000 wells reporting some fluid
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Table 1. Summary of the number of multistage triaxial tests used in this analysis and the source
lithologies.

Geologic Era Major
Lithology No. of Wells No. of Multistage

Triaxial Core Tests
Proportion of
Analyses (%)

Mesozoic Shale 56 490 16

Mesozoic Sandstone 58 716 24

Mesozoic Limestone 17 147 5

Paleozoic Calcareous
shale 67 1105 37

Paleozoic Calcareous
sandstone 7 67 2

Paleozoic Limestone 42 413 14

Paleozoic Anhydrite 13 77 3

Total 260 1 3015
1 In some cases multiple core samples were collected from the same well.
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This database was then used to determine confining stress at the brittle–ductile transi-
tion (σ3*) and to calculate the empirical Mogi ductility parameter (d) for each formation
in accordance with the methods provided by Walton, 2021 [42]. First, the confining stress
at the brittle–ductile transition (σ3*) for each formation was determined by reviewing the
stress–strain curves of each of the (approximately 3000 triaxial tests), using the method
shown in Figure 2 below.
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The empirical Mogi ductility parameter (d) was then calculated using Equation (1):

d = (σ1 − σ3*)/σ3*, (1)

where σ1 and σ3* are the principal and confining stresses, respectively, at the Mogi brittle–
ductile transition limit.

While the empirical Mogi ductility parameter (d) provides a useful index for the
relative brittleness of rocks, it is highly dependent on the strength of the rock [42]. Walton
(2021) notes that it is necessary to normalize the ductility parameter by the unconfined
compressive strength (Co) of the rock to obtain a normalized ductility parameter (termed
d*) that is independent of the unconfined compressive strength of the rock. This modified
ductility parameter includes both rock strength (i.e., Co) and material parameters (d),
is directly comparable to existing brittleness indices, and can be used to quantitatively
compare the brittleness of different rock formations [42]. Walton (2021) also notes that
the d* evaluated based on the stress–strain curves in the ductile regime can be considered
an inherent material property, directly comparable to the modified Hoek–Brown material
constant (m), which is extensively used in the geotechnical/geomechanical fields [43].

By using our Excel database, we then calculated the average unconfined compressive
strength of each rock formation and then calculated the modified ductility parameter (d*)
in accordance with Equation (2):

d* = d/Co, (2)

where Co is the average measured unconfined compressive strength of the corresponding
rock formation (in MPa). We present the results of this analysis in Section 3.

2.3. Determination of the Brittle–Ductile State Parameter and Brittle–Ductile Stress Index for Each
Major Injection Formation and Confining Sequence in the Alberta Basin

The standard Mogi ductility parameter (d) provides the confining stress limit at which
the transition from brittle fracture to ductile flow can be expected to occur [44] in each
of the 51 formations assessed in the Alberta Basin, while the modified d* provides a
quantitative measure of the relative brittleness of the formations assessed. However, in
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order to determine whether a formation is likely to be in a brittle or ductile state at its initial
in situ stress regime, it is necessary to evaluate the relationship between its initial in situ
stress state and its Mogi state limit. Such an evaluation also can provide an indication of
whether sections of geologic faults contained within such formations are likely to be in
a brittle or ductile state since hosted faults are likely to reflect the Mogi state of the host
formation (especially in the low-porosity, low-clay content formations such as the deep
carbonates of the Alberta Basin). Therefore, an evaluation of the brittle/ductile state of a
formation can help provide an indication of the probability of the existence of brittle faults
within rock sequences and consequently an indication of potential seismic hazards.

We devised a method based on the principles of the critical state concept applied to
rock [45] to evaluate the in situ stress state of a formation relative to its Mogi line (considered
the critical state line for rocks in this case). We used this concept, shown in Figure 3 below,
to derive two associated parameters, called the Brittle–Ductile State Parameter (χ) and the
Brittle–Ductile Stress Index (IBD), shown in Equations (3) to (6). These two parameters can
be used to assess whether a formation, at its current in situ stress state, may be in the brittle
or ductile regime in relation to its Mogi state limit and, by extension, whether it is likely to
host brittle (potentially seismogenic) faults.
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In Figure 3, Formation A at an initial confining stress CS0
A and deviator stress DS0

A
is in the ductile regime with respect to its Mogi line. Since the Mogi line relationship (i.e.,
the ductility parameter d, which is the gradient of the Mogi line in Figure 3) is known,
Equation (1) above can be used to calculate the equivalent confining (CSMA) and deviator
(DSMA) stresses at the Mogi line for the initial stress state (CS0

A, DS0
A) of Formation A in

accordance with the following relationships:

DSMA = (σ1 − σ3)MA = d* σ3
0

A, (3)

CSMA = σ3MA = σ1A/(d + 1), (4)

The calculated in situ equivalent confining (CSMA) and deviator (DSMA) stresses at the
Mogi line for Formation A can then be used to calculate the Brittle–Ductile State Parameter
(χ) and the Brittle–Ductile Stress Index (IBD) for Formation A according to the relationships
provided in Equations (5) and (6):

χ = (σ1 − σ3)0
A − (σ1 − σ3)MA, (5)
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IBD = (σ3
0

A/σ3MA), (6)

where χ is the Brittle–Ductile State Parameter, which provides a measure of the distance to
the Mogi line under conditions of constant confining stress, while IBD provides a measure
of the distance to the Mogi line under conditions of constant deviator stress.

Similarly, the Brittle–Ductile State Parameter (χ) and the Brittle–Ductile Stress Index
(IBD) can be calculated for Formation B’s initial stress state shown in Figure 3, using
Equations (3) to (6). A negative χ value indicates that the formation is in the ductile regime
(based on its initial stress state), whereas a positive χ value indicates that the formation
is in the brittle regime (based on its initial stress state). Values of IBD of one or below
indicate that the initial stress state of the formation is within range of the brittle–ductile
transition state, while (IBD) values of greater than one indicate that the initial stress state of
the formation is further away from the brittle–ductile transition state.

2.4. Estimation of the In Situ Stress State of Each Major Injection and Confining Formation in the
Alberta Basin

An extensive database of in situ vertical and minimum horizontal stress measure-
ments exists for various formations of interest to the hydrocarbons, disposal and cavern
storage industries in Alberta. Density logs are routinely collected to meet operational and
regulatory requirements in the hydrocarbon industry, and integration of these logs to the
depth of interest provides a reliable estimate of the vertical stress (gradient) at the target
zone [46]. Mini-fracture tests (also referred to as minifrac, diagnostic fracture injection tests
or DFITs) required for operational (e.g., fracture design [47]) and regulatory (e.g., AER’s
Directive 40 [48]) requirements typically provide reliable estimates of the magnitude of the
in situ minimum horizontal stress [49]. Formation pressure tests are routinely conducted to
meet operational and regulatory requirements and can provide reliable estimates of the
formation pore pressure (gradients) for most formations in the Alberta Basin [4]. Additional
sources of minifrac, vertical stress and pore pressure data include the published reports
listed in the Data Availability section.

While comprehensive vertical, minimum horizontal stress and pore-pressure data
are publicly available for many formations in the Alberta Basin, these data are widely
distributed across many different sources, such as regulatory, industry, academic and
scientific publications. We consolidated the vertical, minimum horizontal stress and pore
pressure data contained in the publications listed in the Data Availability section into a
single Excel database and then used this database to compute the complete stress state
of the individual formations using the methods described below. In approximately 30%
of the cases, UWIs were provided, but the corresponding formations were not listed. In
such cases, geological interpretation of the specific well logs was required to identify each
corresponding formation for the in situ stress/pore pressure measurements. Additionally,
data vintages varied widely, with relatively recent data available for formations of interest
to the tight (e.g., the Montney and Duvernay) and thermal (e.g., Clearwater caprock,
McMurray reservoir) hydrocarbons industries, while data for other (e.g., deep carbonate)
formations were collected up to several decades ago.

Determination of the Brittle–Ductile State Parameter (χ) and the Brittle–Ductile Stress
Index (IBD) requires the full stress tensor (i.e., σ1, σ2 and σ3). The frictional limits theorem
can be used to estimate the upper limit of the magnitude of the maximum horizontal
stress (i.e., σ1) under (critically stressed) reverse and strike-slip faulting conditions, which
are responsible for the occurrence of felt-induced seismicity in the Alberta Basin [50].
This theorem assumes that the maximum horizontal stress is horizontal and is limited by
the frictional strength of faults within the rock mass, as shown in Equations (7) and (8)
below [51,52]:

σ1 max = f (µ) * (σ3 − Pp) + Pp, (7)

f (µ) = [(1+ µ2)1/2 + µ]2, (8)
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where µ is the coefficient of internal friction and Pp is the formation pore pressure. The
coefficient of internal friction is the tangent of the angle of internal friction of the formation
core sample (i.e., tan (ϕ)) and is calculated from the formation core triaxial test database,
while formation pore pressure and minimum stress measurements (which can be either
horizontal or vertical) are available from the in situ test database compiled above. Therefore,
assuming that geologic faults are present and in a critically stressed state, the complete
in situ stress state of each formation can be estimated using Equations (7) and (8), in
conjunction with the measured in situ stress (i.e., vertical stress, minimum horizontal stress
and pore pressure) and the triaxial test database. Critically stressed faults appear to be
prevalent across all continental regions [1], and direct/indirect triggering of such faults has
been the main causal factor for fluid-injection-induced seismicity in this basin [53].

Ranges of minimum horizontal stress and pore pressure (gradient) measurements
were available for individual formations, depending on the characteristics of the lithology,
location, measurement method and vintage of the data. The minimum and maximum
stress and pore pressure measurements for each formation were used to create a low and a
high range of minimum horizontal stress, vertical stress and formation pore pressure for
the corresponding depth range of each formation. The combinations of low and high σ3, σv
and Pp values were then used to calculate the corresponding maximum horizontal stress
for each scenario, resulting in a minimum and maximum value for each of σ1, σ2, σ3 and
Pp at the corresponding formation depth. Only reverse (σv = σ3) and strike-slip (σv = σ2)
stress regimes have been considered in this analysis since only these cases have been linked
to the occurrence of felt-induced seismicity in the Alberta Basin [8,50,54–56].

This approach resulted in four possible combinations of confining stress (CS = σ3)
and deviator stress (DS = σ1 − σ3) that could be used to calculate the Brittle–Ductile State
Parameter (χ) and the Brittle–Ductile Stress Index (IBD). These are (i) a high CS-high DS
(HCS-HDS), (ii) a high CS-low DS (HCS-LDS), (iii) a low CS-high DS (LCS-HDS) and (iv) a
low CS-low DS (LCS-LDS). The use of the LCS-HDS combination minimizes both the Brittle–
Ductile State Parameter (χ) and the Brittle–Ductile Stress Index (IBD) for each formation,
and this combination was used as the default (conservative case) analysis scenario. This
scenario is also consistent with the observations of previous work, which noted that low
confining stress (and high deviator stress) in deep carbonate formations is associated with
an increased probability of induced seismicity occurrence in the Alberta Basin [18].

3. Results

In the sub-sections below, we used the data analyzed to identify the geologic forma-
tions most utilized for fluid injection in the Alberta Basin. We also presented the (calculated)
modified Mogi ductility (d*) parameter to evaluate the relative brittleness/ductility of these
formations and to identify the most brittle and most ductile injection and confining for-
mations in this basin. We then used our Brittle–Ductile State (χ) and Brittle–Ductile Stress
Index (IBD) parameters and the measured in situ stress reported in the existing literature
to evaluate the brittleness of the major injection formations at the time of in situ data
collection.

3.1. Major Injection Formations in the Alberta Basin

Table 2 below presents the summary of major injection formations identified in the
Alberta Basin and the relative proportion of fluid volumes (measured at surface conditions)
injected into each type of formation.

Table 2 shows that approximately 94% of the water, 88% of the gases and 100% of the
steam that have been injected into the Alberta Basin over the past six decades were injected
into 27 major formations. Most of these fluids were injected into three Lower Cretaceous
sandstones and nine Devonian carbonate hydrocarbon reservoirs that were extensively
exploited, resulting in significant historical formation pressure depletion [4]. These forma-
tions are located at intermediate depths, generally sandwiched between extensive regional
low permeability (confining) formations, and possess the geologic characteristics required
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to isolate injected fluid from both the ground surface and the Precambrian basement. These
carbonate-rich formations, along with their confining geologic units (generally low perme-
ability shales or mudstones), form the focus of the subsequent geomechanical data analyses
provided in this study.

Table 2. Geologic formations receiving the largest volumes of injected fluids in the Alberta Basin and
the relative proportion of fluid volumes (measured at surface conditions) injected over the period
January 1960 to December 2021. Steam injected is reported in cold-water equivalent volumes at
surface conditions.

Geologic Formation Water Injected 1 Gas
Injected 1 Steam Injected 1

Paleogene sands (Swan Hills) 17.1% 14.0% 0%

Lower Cretaceous sandstones
(McMurray, Clearwater, Cardium,

Viking, Nikanassin)
30.6% 9.8% 97.9%

Jurassic sandstones (Sawtooth) 11.5% 15.1% 0%

Triassic carbonates (Charlie Lake,
Halfway) 0.4% 1.0% 0%

Triassic siltstones (Montney, Doig) 0.3% 0.6% 0%

Permian sandstones (Belloy) 0.2% 0% 0%

Carboniferous carbonates (Banff,
Debolt, Elkton, Livingston, Turner

Valley)
0.7% 1.8% 0%

Devonian carbonates (Arcs,
Grosmont, Keg River, Leduc,
Muskeg, Nisku, Slave Point,

Wabamun, Winterburn)

29.2% 43.3% 1.4%

Devonian sandstones (Granite
Wash, Gilwood) 4.1% 0.6% 0%

Cambrian sandstones (Basal
Sandstone Unit) 0.3% 0% 0.8%

Total volumes injected in
above-listed formations 23.8 km3 596.7 km3 3.41 km3

Total fluid volumes injected into
all formations in the Alberta Basin 25.2 km3 692.2 km3 3.41 km3

1 Totals may not add to 100% due to rounding. Fluid volumes are reported in cubic kilometers (i.e., km3 = cubic
kilometers).

Notably, Table 2 does not account for the geographic extent of the listed formations and
consequently for differences in the geographic distribution of the injection fluid volumes.
For instance, the Cretaceous, Devonian and Triassic formations listed are geographically
extensive, present in most of the Alberta Basin, and the fluid volumes injected are corre-
spondingly geographically distributed [4]. Conversely, the (regional) Permian (e.g., Belloy)
and Carboniferous carbonate (e.g., Debolt) formations have a limited geographic distribu-
tion with injection volumes concentrated in specific areas. Despite the apparent marginal
contribution at a basin scale, at a regional scale these formations support large volumes of
industrial-scale fluid injection activities, especially over the last decade (Figure 4).

As shown in Figure 4, fluid injection into some of these regional disposal formations
has increased notably over the last decade, as the hydrocarbon industry in Alberta and
the types of subsurface activities conducted in its subsurface have evolved. Significant
future increase in fluid injection volumes in these regional formations is expected over the
next decade to support energy transition and net zero energy objectives [4], which has the
potential to considerably alter the stress and pore pressure states of these formations.
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ited geographic extent) formations in the Alberta Basin.

3.2. Determination of the Mogi Brittle–Ductile State Limits and Relative Brittleness of Major
Injection and Confining Formations in the Alberta Basin

Table 3 below presents the summary of the laboratory-measured geomechanical prop-
erties used to calculate the empirical (d) and modified (d*) Mogi ductility parameters.

The empirical Mogi ductility parameter (d) for formations in the Alberta Basin
(Table 3) indicates that most of the 51 formations evaluated are relatively ductile, which
(in combination with extensive basin-wide pressure depletion [4]) may help to explain
the relative success of sustained historical high-volume fluid injection in this basin [57].
Approximately 72% of the empirical ductility values in Table 3 are significantly higher than
the typical ranges reported for similar types of rocks in the existing literature (e.g., Wal-
ton, 2021). Walton (2021) noted that silicate rocks tend to have d values in the range of
0.9–4.1, while the d values of carbonate-based rocks range from 3.5 to 10.7 (in the case
of marble). The higher d values of rocks in the Alberta Basin are likely a function of the
high carbonate content, porosity and heterogeneity of its lithological sequences compared
to those reported in the literature. For instance, the limestone/dolomite content of the
Alberta Basin sandstone core samples presented in Table 3 ranged from 5% to more than
30%, whereas the Berea sandstone samples referenced in the published literature [42] only
contained up to 2% dolomite [58] (i.e., far less than that of the Alberta Basin sandstones).
Additionally, carbonate presence was pervasive in all core sample results examined, with
limestone/dolomite content ranging from 5% to above 80%. Secondary porosity is also
likely a significant contributing factor to the higher d values in the Alberta Basin since
the degree of faulting and fracturing is directly correlated to the ductility of (dolomitic)
rocks under conditions of high confining pressure [59]. The injection formations listed
above are all depleted hydrocarbon reservoirs, which have elevated secondary porosity
and pervasive dolomitic mineral content (in the core samples tested, as shown in Table 3).
Geological heterogeneity in the Alberta Basin is also high, with most of the core samples
contained in Table 3 consisting of layered, interbedded lithological sequences and mixed
clastic rock types, which is unique compared to the (relatively homogeneous) samples
tested and results reported in the existing literature in this field.
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Table 3. Summary of laboratory triaxial test data, empirical and modified Mogi ductility parameter
for major injection and confining formations in the Alberta Basin.

Formation * No. of
Wells

No. of
Core
Tests

Major Core
Lithology

TVD
from (m)

TVD
to (m)

Mean
UCS

(MPa)
Mean
n (%)

Mean
ϕ

Mean
µ

σ1
(MPa)

σ3*
(MPa) d d*

Lea Park 2,4 1 6 Clayey shale 1524 1531 0.04 13 28 0.5 38 18 1.1 28.9

Cardium 3,4 4 21
Sandstone,
carbonate

cement
1794 2477 49 5 37 0.8 184 19 8.5 0.17

Second White
Specks 2,3,4 11 194 Calcareous

siltstone 323 2782 79 3 31 0.6 252 42 5.0 0.06

Fish Scales 2,4 1 12 Silty shale 469 471 15 21 32 0.6 25 5 4.5 0.30

Dunvegan 3,4 1 16 Dolomitic
siltstone 1751 1823 224 5 38 0.8 185 10 17.0 0.08

Viking 3,4 3 28 Calcareous
sandstone 507 2182 39 19 37 0.8 133 23 4.8 0.12

Joli Fou 2,4 2 11 Silty shale 287 599 19 16 25 0.5 4 1 2.5 0.13

Falher G, H
3,4 1 56 Silica cemented

sandstone 2928 3064 107 8 33 0.7 312 42 6.4 0.06

Upper
Clearwater 2,4 10 73 Silty shale 96 243 2 35 28 0.5 7 3 1.3 0.61

Lower
Clearwater 2,4 24 154 Silty claystone,

some siltstone 243 651 20 38 32 0.6 20 7 1.9 0.09

Spirit River
3,4 1 18 Calcareous

sandstone 2875 2892 93 9 33 0.6 234 27 7.7 0.08

Lower
Mannville 3,4 4 81 Calcareous

sandstone 1398 2778 107 12 41 0.9 201 19 9.5 0.09

Ostracod 3,4 4 8 Calcareous
sandstone 2663 2692 131 4 40 0.8 276 26 9.6 0.07

Shallow
Wilrich 2,4 1 4 Silty clay shale 574 575 5 22 36 0.7 36 8 3.3 0.62

Deep Wilrich
2,3,4 1 20 Argillaceous

siltstone 2660 2695 137 3 38 0.8 279 40 6.0 0.04

Wabiskaw 3,4 6 30 Silty mudstone 148 417 3 36 40 0.9 11 4 1.6 0.64

McMurray 3,4 5 23 Weak sandstone 182 455 1 36 32 0.6 11 4 1.6 1.46

Nikanassin 3,4 4 24 Sandstone 2280 3385 90 4 50 1.2 497 30 15.6 0.17

Fernie 2,4 3 12 Calcareous
shale 1845 3064 79 4 29 0.6 174 36 3.8 0.05

Nordegg 3,4 12 95 Argillaceous
limestone 1464 3079 149 4 38 0.8 214 34 5.2 0.03

Charlie Lake
2,3,4 5 52 Dolomitic

siltstone 1478 2241 85 12 52 1.3 206 18 10.4 0.12

Doig 3,4 2 20 Dolomitic
sandstone 2406 2990 59 4 53 1.3 224 18 11.2 0.19

Montney 2,3,4 23 373 Dolomitic
siltstone 823 3264 155 4 44 1.0 318 22 13.5 0.09

Belloy 3,4 2 20 Dolomitic
siltstone 2476 2672 164 9 44 1.0 316 42 6.5 0.04

Mt. Head 3,5 1 8 Argillaceous
limestone 2393 2405 108 6 40 1 417 37 10.3 0.10

Banff 2,3,5 2 14 Dolomitic, silty
mudstone 1550 1740 123 5 30 1 158 15 9.9 0.08

Exshaw2,3,5 3 19
Silty,

argillaceous
dolomite

1754 2419 179 3 48 1 313 23 12.4 0.07

Wabamun
1,3,5 2 24 Micritic

limestone 2238 2374 124 3 38 1 205 15 12.6 0.10

Ireton 1,2,5 4 39 Calcareous
shale 1594 3995 78 5 29 1 181 20 8.1 0.10

Leduc 1,3,5 2 20 Vuggy
dolostone 1618 1851 103 6 48 1 214 17 11.4 0.11

Duvernay
Innisfail 1,2,3,5 2 22 Calcareous, silty

mudstone 1819 2017 100 8 33 1 175 22 7.0 0.07
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Table 3. Cont.

Formation * No. of
Wells

No. of
Core
Tests

Major Core
Lithology

TVD
from (m)

TVD
to (m)

Mean
UCS

(MPa)
Mean
n (%)

Mean
ϕ

Mean
µ

σ1
(MPa)

σ3*
(MPa) d d*

Duvernay
Kaybob 2,3,5 22 599 Calcareous silty

mudstone 2274 4070 71 8 40 1 164 14 10.9 0.15

Duvernay W.
Green 2,3,5 15 122 Calcareous

mudstone 2796 3524 44 5 41 1 138 10 12.8 0.29

Majeau Lake
1,2,5 1 22 Calcareous

shale 3233 3439 76 7 36 1 187 40 3.7 0.05

Muskwa 1,2,5 5 32 Calcareous, silty
shale 1459 2190 73 8 43 1 78 10 6.9 0.10

Waterways 2,5 3 13 Calcareous
shale 498 767 69 4 49 1 80 5 15.0 0.22

Slave Point 3,5 7 60 Micritic
limestone 324 1366 81 6 43 1 181 5 35.3 0.43

Fort
Vermillion 2,5 3 31

Anhydrite,
interbedded

calcareous shale
402 778 112 3 47 1 186 10 17.6 0.16

Watt Mt. 3,5 11 165

Anhydrite,
interbedded

siltstone,
dolomite

343 2198 79 0 42 1 124 9 13.2 0.17

Muskeg 2,5 3 17
Dolomite,

interbedded
shales

739 1523 78 4 44 1 85 5 15.9 0.20

Keg River 3,5 6 49
Dolomite,

interbedded
anhydrite

1014 1778 104 3 50 1 175 20 7.8 0.07

Contact
Rapids 2,5 5 54 Calcareous

mudstone 1012 1814 76 7 51 1 123 15 7.2 0.09

Cold Lake
Limestone 2,5 2 16 Clastic

limestone 1383 1796 156 3 41 1 322 15 20.5 0.13

Cold Lake
Shale 2,5 3 36 Argillaceous

dolostone 956 1830 85 4 40 1 132 16 7.1 0.08

Ernestina
Lake

Anhydrite 2,5
10 138 Calcareous, silty

anhydrite 1068 1132 136 0 32 1 194 10 18.4 0.14

Ernestina
Lake

Limestone 2,5
10 88

Calcareous,
argillaceous

limestone
963 1837 78 0 42 1 111 10 10.1 0.13

Basal Red
Beds 3,5 1 16

Calcareous
siltstone,

anhydrite
stringers

1494 1609 92 6 42 1 86 5 16.2 0.18

Basal
Sandstone

Unit 3,5
5 51

Fine grained,
calcareous
sandstone

2050 2732 45 14 42 1 123 11 10.5 0.23

* Only formations for which multi-stress triaxial testing data were available are listed. 1 Poor confining stress
resolution. 2 Confining formation. 3 Injection formation. 4 Mesozoic-era formation. 5 Paleozoic-era formation. “TVD
from” and “TVD to” indicate sampling location depth intervals. TVD: total vertical depth from ground surface.

Analysis of the d* values in Table 3 shows that the Upper Clearwater, Lea Park and
shallow Wilrich shales appear to be the most ductile, whereas the lower Clearwater and
the Joli Fou appear to be the most brittle of the confining sequences in the Mesozoic era.
Examination of the d* values for Mesozoic-era formations also suggests that the Nordegg,
Belloy, Deep Wilrich and Falher appear to be the most brittle injection formations in this era,
while the most ductile injection formations of this era appear to be the Wabiskaw/McMurray,
Doig, Cardium and Nikanassin. Examination of the d* values of formations in the Paleozoic
era indicates that the Majeau Lake, Exshaw, Duvernay Innisfail and Keg River appear to be
the most brittle injection formations, whereas the Slave Point, Duvernay Willesden Green,
Basal Sandstone Unit, and Basal Red Beds appear to be the most ductile formations of this era.

An analysis of the current Brittle–Ductile State Parameter and the Brittle–Ductile Stress
Index (using the current site-specific in situ stress conditions relative to the respective Mogi
line) is required to assess the probability that such formations within the area of interest of
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a fluid injection project could be brittle/ductile under the current in situ stress conditions.
Such an analysis would involve collecting current in situ stress and pore pressure data from
lithological sequences at sites of interest and then calculating the Brittle–Ductile State Parameter
(χ) and the Brittle–Ductile Stress Index (IBD) to assess the site-specific brittle–ductile state of the
stratigraphic sequences at each site. We use the historical stress and pore pressure data available
for formations in the Alberta Basin in the section below to calculate the last-known brittle–ductile
state of each formation in order to demonstrate the utility of our conceptual framework.

3.3. Determination of the Brittle–Ductile State Parameter and Brittle–Ductile Stress Index for
Major Injection Formation and Confining Sequences in the Alberta Basin

Table 4 below shows the calculated historical Brittle–Ductile State Parameter (χ) and
the Brittle–Ductile Stress Index (IBD) for major injection and confining formations in the
Alberta Basin. Since the χ and IBD provided below are based on the formation stress state at
the time of the in situ and pore-pressure data collection (using the LCS-HDS scenario), the
formation regime provided in Table 4 below is only applicable for the geographic location
and period in which the minifrac data were collected. Regional changes in the net fluid
balance have been occurring in specific formations and regions in this basin over the last
decade, and such activity can alter formation stresses. Therefore, current site-specific in situ
stress data are required to assess the current brittle–ductile state of stratigraphic sequences,
and site-specific multi-stress triaxial core analyses are required to account for site-specific
geological heterogeneities that may exist within the project area of interest. Additionally,
this list does not include formations for which insufficient in situ stress and pore pressure
data were available at the time of this analysis.

Table 4 indicates that only 4 (Lea Park, Upper Clearwater, Wabiskaw and McMurray) of
the 41 major injection and confining formations assessed in the Alberta Basin appeared to be in
the brittle regime, while all others were in a ductile regime (under an LCS-HDS scenario) at
the time of data collection. This is somewhat expected since brittleness has been previously
reported in the Clearwater shales [60] and shaly sections of the Wabiskaw Formation [61],
whereas brittle behavior is typical of the locked sands of the McMurray Formation [62,63].
However, this analysis also suggests that some major injection/confining formations, such as
the Belloy, Doig, Muskwa, Majeau Lake, Duvernay Innisfail, Shallow and Deep Wilrich, Joli Fou
and Fish Scales, could be close to a brittle state (at the time of the in situ stress and pore pressure
measurements). Additionally, this analysis indicates that the Duvernay Willesden Green could
be considerably more ductile than the Kaybob and Duvernay Innisfail, which offers additional
insights into the relative seismic quiescence [64] of the former and the seismogenicity [40] of
the latter formation sequences when subjected to high volume fluid injection.

As shown in Table 4, the vintage of the in situ stress measurements used in this assessment
varies significantly, ranging from data collected in the late 1970s up to 2019. Most of the earlier
data were collected for basin-wide stress and acid-gas storage studies, whereas most of the recent
in situ stress and pore pressure data available was obtained from low permeability formations
(collected for hydraulic fracturing design or thermal caprock characterization purposes). Over
this period, extensive fluid extraction and injection activities occurred in this basin, with large-
scale fluid extraction resulting in regional formation depletion in most areas and, in some
areas, large-scale injection resulting in local formation pore pressure increase [4]. Large-scale
fluid injection can lead to formation pore pressure (and temperature) changes, cause formation
deformation, and substantially alter total formation stresses in every direction [65]. Therefore,
an assessment of the current brittle/ductile state of a formation using our method described
above requires an assessment of the current in situ stress state of the formations of interest.
Consequently, while our assessments in Table 4 provide the brittle–ductile state of the formations
at the time of (in situ stress) data collection, continuous and evolving injection and production
activity occurring within this basin are likely to have altered the stress state in these formations.
However, current site-specific (in situ stress, pore pressure, geological and geomechanical) data
collection is typically required to support the project design, risk assessment and regulatory
application process for fluid injection projects. The use of our method, in conjunction with such
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site-specific and recent data, can provide an assessment of the current brittle–ductile state of the
formations of interest and the potential for seismic/aseismic slip in hosted faults.

Table 4. Assessment of the Brittle–Ductile State (χ) and Brittle–Ductile Stress Index (IBD) of major
formations in the Alberta Basin (at the time of in situ stress and pore pressure data measurements
and under the LCS-HDS scenario).

Formation 1 TVD
(m) d

Max In
Situ σ1
(MPa)

Min In
Situ σ3
(MPa) 4

Year
Minifrac

Data
Collected

Max In
Situ DS
(MPa)

DS on
Mogi
Line

(MPa)

CS on
Mogi
Line

(MPa)

χ
(MPa) IBD

Formation
Regime 3

Lea Park 325 1.1 15.6 6.8 2011 9 7 7 1 0.9 Brittle

Cardium 2742 8.5 147.4 34.3 2012 113 291 16 −178 2.2 Ductile

Second White Specks 3300 5.0 123.3 54.5 2011 69 272 21 −203 2.7 Ductile

Fish Scales 1644 4.5 82.3 26.9 2011 55 121 15 −66 1.8 Ductile

Dunvegan 1974 17.0 85.6 27.9 2016 2 58 474 5 −416 5.9 Ductile

Viking 2875 4.8 153.5 39.1 2019 114 188 26 −73 1.5 Ductile

Joli Fou 750 2.5 29.7 13.5 2019 16 34 8 −18 1.6 Ductile

Falher G, H 2147 6.4 65.5 30.9 2016 2 35 198 9 −163 3.5 Ductile

Upper Clearwater 304 1.3 15.4 4.6 2019 11 6 7 5 0.7 Brittle

Spirit River 2892 7.7 110.0 34.4 2019 76 265 13 −189 2.7 Ductile

Lower Mannville 2510 9.5 124.1 29.9 2019 94 284 12 −189 2.5 Ductile

Ostracod, Ellerslie 3005 9.6 131.5 46.3 2016 2 85 444 12 −359 3.7 Ductile

Shallow Wilrich Shale 575 3.3 33.8 8.3 2019 25 27 8 −2 1.1 Ductile

Deep Basin Wilrich 2695 6.0 168.7 38.8 2016 2 130 231 24 −101 1.6 Ductile

Wabiskaw 194 1.6 17.7 2.3 2019 15 4 7 12 0.3 Brittle

McMurray 291 1.6 16.0 3.4 2019 13 6 6 7 0.6 Brittle

Nikanassin 3211 15.6 143.9 43.8 2016 2 100 682 9 −582 5.0 Ductile

Fernie 2429 3.8 84.9 38.9 2016 2 46 148 18 −102 2.2 Ductile

Nordegg 3093 5.2 125.3 47.3 2016 2 78 246 20 −168 2.3 Ductile

Charlie Lake 1487 10.4 111.3 29.0 2005 2 82 301 10 −219 3.0 Ductile

Doig 2358 11.2 382.4 37.5 2004 2 345 421 31 −76 1.2 Ductile

Montney 2987 13.5 113.7 41.2 2018 73 556 8 −484 5.3 Ductile

Belloy 1940 6.5 194.2 30.5 2004 2 164 198 26 −34 1.2 Ductile

Mount Head 2393 10.3 189.7 43.3 2004 2 146 445 17 −298 2.6 Ductile

Banff 1550 9.9 74.7 29.5 2016 2 45 291 7 −245 4.3 Ductile

Exshaw Limestone/Shale 3066 12.4 230.1 58.3 2004 2 172 720 17 −548 3.4 Ductile

Wabamun 3822 12.6 178.8 52.0 2005 2 127 655 13 −528 4.0 Ductile

Ireton 2542 8.1 81.6 39.7 2016 2 42 321 9 −279 4.4 Ductile

Leduc 2677 11.4 161.3 37.0 2000 124 420 13 −296 2.8 Ductile

Duvernay Innisfail 1964 7.0 85.6 27.9 2019 58 194 11 −136 2.6 Ductile

Duvernay Kaybob 3442 10.9 142.5 50.5 2019 92 549 12 −457 4.2 Ductile

Duvernay Willesden Green 3800 12.8 103.1 64.6 2019 38 827 7 −788 8.6 Ductile

Majeau Lake 3916 3.7 104.0 57.4 2002 47 211 22 −164 2.6 Ductile

Muskwa 1565 6.9 97.8 20.8 2016 2 77 144 12 −67 1.7 Ductile

Waterways 2197 15.0 161.1 38.0 2016 2 123 570 10 −447 3.8 Ductile

Slave Point 1500 35.3 59.5 18.3 2014 2 41 646 2 −604 11.2 Ductile

Watt Mountain 2198 13.2 139.3 33.5 1982 106 441 10 −335 3.4 Ductile

Muskeg 1905 15.9 128.8 29.0 2013 100 462 8 −362 3.8 Ductile

Keg River/Winnepegosis 1531 7.8 56.4 24.6 2016 2 32 192 6 −161 3.8 Ductile

Basal Red Beds 1194 16.2 82.4 18.7 2009 64 304 5 −240 3.9 Ductile

Basal Sandstone Unit 2669 10.5 188.2 45.2 2009 143 475 16 −332 2.8 Ductile

1 Only formations with available in situ stress data are listed. 2 Indicates year stress data was published; actual
date of stress data collection was sometime between late 1970 and 2015. 3 At time/location of the in situ stress
data collection. 4 Lowest measured confining stress for formation.
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4. Discussion

Aseismic creep has been postulated to be the main process driving natural earthquake
swarms in shallow strike-slip faults globally, with interconnected vertically stacked creep
and dynamic rupture (brittle failure) processes responsible for seismogenicity in some major
faults such as the San Andreas [66]. Most of the world’s seismicity in sedimentary cover
occurs in carbonate sequences, driven by fault creep and rupture, which transitions from
slow, stable (ductile) slip to rapid unstable (stick; brittle) slip at confining stresses above in
situ conditions typically present at depths of 3–5 km (i.e., temperatures above 65 ◦C and
confining stresses above 60 MPa) [67]. This range of in situ conditions is analogous to those
that exist in deep carbonaceous injection/confining formations of interest in the Alberta
Basin (Table 4), in which our proposed methods are anticipated to be applicable.

Shallow strike-slip faults are prevalent in the Alberta Basin, and swarm-type seismic-
ity is characteristic of some of the major Alberta events triggered by fluid injection [68].
Aseismic creep in ductile formations triggering brittle faults within carbonate sequences
has been postulated to be the main driver of fluid-injection-induced seismicity in this and
other basins [33]. Current models for assessing and managing induced seismic risk may
be inadequate in such cases since large events have been observed to occur outside the
pressure influence zone and on faults considered not optimally oriented for slip (as in the
case of the 12 January 2016, Mw 4.1 Fox Creek earthquake [7]). The faults on which the seis-
micity occurred in the Fox Creek case extended across most of the stratigraphic sequences,
whereas the larger seismogenic events all occurred in the overlying (carbonate) Leduc
Formation, while fault slip within the Kaybob Duvernay (shale injection) Formation was
largely aseismic [69]. Aseismic slip has also been noted as a viable mechanism to explain
the occurrence of recent far-field fluid-injection-induced seismic events in both Alberta
and British Columbia, with aseismic slip occurring within the Montney and concurrent
seismogenic slip in the underlying (carbonate) Belloy/Debolt formations [70,71].

Our analysis shows that (for an LCS-HDS stress scenario) the overlying Leduc (carbonate)
Formation is more brittle (χ = −296 MPa, IBD = 2.8) than the underlying Kaybob Duvernay
(shale) Formation (χ = −457 MPa, IBD = 4.2), and consequently more likely to host seismogenic
fault slip (Table 4) within this stratigraphic sequence. In the case of seismic events triggered by
hydraulic fracturing in Alberta and British Columbia, virtually all of the large induced seismic
events triggered by injection into the (deep) Montney Formation (χ = −484 MPa, IBD = 5.3)
were actually located in the underlying Belloy (χ = −34 MPa, IBD = 1.2) and Debolt (no data
available) formations. Meanwhile, virtually all of the large induced seismic events triggered
by stimulation activity in the Kaybob Duvernay (χ = −457 MPa, IBD = 4.2) were located
in the overlying Leduc Formation (χ = −296 MPa, IBD = 2.8) [72]. Conversely, large-scale
fluid injection occurring in the shallow Montney (i.e., outside of the zone of influence of
the Belloy/Debolt) was observed to trigger (aseismic) slip equivalent to a Magnitude 5.0
earthquake, which resulted in measurable surface displacement but no detectable seismic-
ity [71]. Our analysis indicates that such a response could be expected since both the Montney
and Kaybob Duvernay are more ductile than the Belloy and Wabamun (under an LCS-HDS
scenario; no data were available for the Debolt Formation; Table 4). Table 5 below shows that
the major fluid-injection-induced seismic events that have occurred to date in Alberta and
British Columbia have occurred in the most brittle (underlying/overlying) formation(s) in the
stratigraphic sequence adjacent to the fluid injection zone.

Therefore, aseismic slip increasing the stress in and triggering brittle failure in faults
hosted in more brittle formations adjacent to the injection zone may be a likely contributing
mechanism in the cases outlined above. Our analysis provides a method to identify the
relative brittleness of injection and confining formations and to assess the potential for
brittle failure to occur by computing and comparing the Brittle–Ductile State Parameter
(χ) and Brittle–Ductile Stress Index (IBD) in each formation in the stratigraphic sequence of
interest. While our method requires current site-specific in situ stress and pore pressure
data for each major stratigraphic sequence in the zone of influence of injection projects,
such measurements are routinely collected as a part of injection project design regulatory
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requirements in Alberta. Table 6 shows the four major formations closest and furthest from
the brittle state at the time of the in situ stress and pore pressure measurements, which may
help guide data collection and hazard assessments for fluid injection projects proposed in
these formations.

Table 5. Summary of recent significant induced earthquake sequences in Alberta and British Columbia.

Location (Year) Largest
Magnitude

Trigger
Activity 1 Injection Zone Injection

Zone d*
Earthquake

Zone
Earthquake

Zone d*

Musreau Lake
(2018–2020) 3.9 WD [73] Ireton 0.10 Nisku

Precambrian
ND

ND 2

Peace River
(2018–2020) 3.2 WD [8] Leduc 0.11 Leduc

Precambrian
0.11

ND 2

Red Deer (2019) 4.2 HF [8]
Duvernay
Willesden

Green
0.29 Leduc 0.11

Fox Creek (2016) 4.8 HF [8] Kaybob
Duvernay 0.15 Leduc 0.11

Fox Creek (2016) 4.1 HF [33] Kaybob
Duvernay 0.15 Wabamun

Winterburn
0.10
ND

Cardston
(2011–2012) 3.0 HF [74] Exshaw 0.07 Wabamun

Precambrian
0.10

ND 2

Cordel Field
(1994–2008) 4.0 WD [75] Turner Valley ND Turner Valley

Precambrian
ND

ND 2

Montney (2018) 3 4.45 HF [71,76] Montney 0.09 Belloy
Debolt

0.04
ND

Montney (2015) 3 4.55 HF [71] Montney 0.09 Belloy 0.04

Montney (2015) 3 3.55 HF [71] Montney 0.09 Belloy 0.04

Montney (2014) 3 3.9 HF [11] Montney 0.09 Belloy 0.04

Montney (2013) 3 4.21 HF [71] Montney 0.09 Belloy 0.04
1 HF: Hydraulic fracturing. WD: Wastewater disposal. 2 The igneous Precambrian basement is likely the most
brittle formation in the stratigraphic sequence in the Alberta Basin. 3 Events located in British Columbia. ND: No
data available.

Table 6. Alberta Basin injection and confining formations closest and furthest from the brittle state in
situ (based on available historical in situ stress state and pore pressure measurements).

Geologic Era

Injection
Formations
Closest to

Brittle State 1

Injection
Formations

Furthest from
Brittle State 1

Confining
Formations
Closest to

Brittle State 1

Confining
Formations

Furthest from
Brittle State 1

Mesozoic

Wabiskaw-
McMurray,

Belloy, Viking,
Doig

Nikanassin,
Dunvegan,
Ostracod-
Ellerslie,

Mannville

Clearwater, Lea
Park, Wilrich,

Joli Fou

Montney,
Charlie Lake,
Second White
Specks, Fernie

Paleozoic

Muskwa, Keg
River, Majeau

Lake, Basal Red
Beds

Slave Point,
Wabamun,

Muskeg, Watt
Mountain

Banff, Exshaw,
Ireton, Duvernay

Innisfail

Waterways,
Duvernay

Willesden Green

1 Some formations can be both injection and confining since high-volume fluid injection occurs in some confining
(shale) formations for the purposes of tight hydrocarbon exploitation.

In the absence of current in situ stress and pore pressure data, the relative brittleness
(d*) of the formation sequences in the fluid-injection project area of interest could provide
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a screening-level indicator of the formations that are likely to be the most brittle in a
stratigraphic sequence of interest. Table 7 provides the four most brittle and the four most
ductile of the 51 (injection and confining) formations assessed in the Alberta Basin (based
on d*; i.e., rock strength and material properties).

Table 7. Four most brittle and most ductile major injection and confining formations in the Alberta
Basin, based on rock mechanical properties.

Geologic
Era

Most Brittle
Injection

Formations 1

Most Ductile
Injection

Formations 1

Most Brittle
Confining

Formations 1

Most Ductile
Confining

Formations 1

Mesozoic
Nordegg, Belloy,

Deep Wilrich,
Falher G, H

Wabiskaw/McMurray,
Doig, Cardium,

Nikanassin

Deep Wilrich,
Fernie, Second
White Specks,

Montney

Lea Park,
Shallow Wilrich,

Upper
Clearwater, Fish

Scales

Paleozoic

Majeau Lake,
Exshaw,

Duvernay
Innisfail, Keg

River

Slave Point, Duvernay
Willesden Green,

Basal Sandstone Unit,
Basal Red Beds

Duvernay
Innisfail, Banff,

Cold Lake Shale,
Contact Rapids

Duvernay
Willesden Green,

Waterways,
Muskeg, Watt

Mt.
1 Some formations can be both injection and confining since high-volume fluid injection occurs in some confining
(shale) formations for the purposes of tight hydrocarbon exploitation.

Triaxial core testing is considered a reasonable method of replicating stresses at reser-
voir conditions [77], but recovered core samples can be biased towards stronger and more
competent zones within a stratigraphic sequence. Such more competent units are also
more likely to be major stress-bearing members [78], display higher deviator stresses (i.e.,
high σ1 and low σ3), dominate the failure behavior of the rock unit and hosted faults and
have been associated with an increased probability of fluid-injection-induced seismicity in
the Alberta Basin [18]. However, while our analyses provides a regional-scale perspective
of the brittle–ductile state of the stronger (more competent) formations within this basin,
site-specific analyses of the stratigraphic sequences present would be required to account
for project-scale geological heterogeneities. Additionally, the possibility exists that fault
zones within dolomite layers may be even more brittle than the surrounding host rock
since embrittlement and localization of brittle deformation of the fault core and the shear
zone was previously noted [34]. This represents an area for future research.

Assessment of the potential for fluid injection projects to trigger seismicity has relied
on the identification and avoidance of faults within the zone of influence [4]. However,
assessment of the probability of aseismic slip within (more ductile) injection formations
loading fault sections and triggering seismogenic slip in far-field, more brittle formations
may be an important complement to the hazard assessment process for fluid injection
projects. This complementary assessment may be especially important in the Alberta Basin
since the types (strike-slip and reverse) of faults prevalent in this basin can be challenging
to detect during the site selection process.

5. Conclusions

We provided an assessment of the relative brittleness/ductility of 51 of the major
injection and confining formations in the Alberta Basin, as well as a method to assess the
likelihood of a formation being in the brittle or ductile regime, using the current state of in
situ stress and pore pressure.

This analysis indicates that approximately 72% of the formations had ductility signifi-
cantly higher than typical ranges reported for similar-type rocks in the existing literature.
The high ductility of the formations assessed, in conjunction with extensive historical
pressure depletion, could be a contributing factor in the success of sustained historical
high-volume fluid injection in this basin. However, some of the most brittle formations in
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the stratigraphic sequences assessed include extensively used injection formations such as
the Belloy, Deep Wilrich, Falher, Majeau Lake, Exshaw, Duvernay Innisfail and Keg River,
and notable confining formations such as the Lower Clearwater and the Joli Fou shales.
Increasing utilization of some of these injection formations (such as the Belloy and Doig)
may require closer examination of their current/future brittle–ductile state to mitigate the
potential for future seismogenesis.

Our analyses show that the Lea Park, Clearwater, Wabiskaw and McMurray formations
were in a brittle state, and the Belloy, Doig, Muskwa, Majeau Lake, Duvernay Innisfail,
Shallow and Deep Wilrich, Joli Fou and Fish Scales formations were close to the brittle state
at the time the in situ stress data were collected. Almost all of the induced seismic events
triggered by large-scale fluid injection into the (ductile-state) Montney formation in British
Columbia occurred in the underlying (close to brittle state) Belloy and Debolt formations.

The data and method presented could be used to assess the potential for (sub)vertical
fault sections to be aseismic/seismogenic by evaluating the relative brittleness/ductility
and the in situ brittle/ductile state of host formations in the stratigraphic sequence of
interest. Such information may be valuable during site selection for large-scale fluid
injection projects by providing insight into the far-field seismogenic potential of un-
known/undetected fault sections. Increasingly, it is recognized that near-field aseismic
fault slip triggering far-field seismic fault slip is an important driving process for injection-
induced seismicity both in the Alberta Basin (e.g., [33]) and globally (e.g., [79,80]).
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