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ABSTRACT: Efforts to quantify induced-seismicity risk and to develop mitigation strategies are hampered by a dearth of numerical
schemes that can accommodate realistic Earth models while capturing the full spectrum of applicable physics. Here we present a new
approach to modelling induced seismicity, whereby the three principal mechanisms for induced-seismicity triggering are accounted
for, and uncertainties in input parameters are addressed stochastically to provide a probabilistic assessment of induced-seismicity
hazard. The models provide probabilities for the expected maximum magnitudes of events and the sensitivities of results to the
different input parameters can be analyzed. In this manner, we can estimate the probabilities of generating an event of a certain
magnitude based on the modelled injection scenario and parameter distributions. This type of modelling can be used to give a site-
specific assessment of the probability of generating an induced event changes, based on different treatment designs. Case studies
from western Canada are used to evaluate the applicability of this approach for unconventional oil and gas development. This
methodology also has potential for mitigating injection-induced seismicity in other industries, including geothermal energy and

gigatonne-scale CO; storage.

1. INTRODUCTION

Anthropogenic fluid injection into the subsurface is
known to cause induced seismicity in some cases. Well-
known examples include enhanced geothermal systems
(Lee et al., 2019), wastewater disposal (Ellsworth, 2013)
and hydraulic fracturing (Bao and Eaton, 2016). In the
case of hydraulic fracturing, the stimulation process is
designed to fracture the reservoir rocks and this induces
microseismic events that are usually too small to be felt at
surface (M < 2). Nevertheless, in rare cases, events can be
large enough to exceed local regulations designed to
prevent felt earthquakes. This can result in costly delays
in resource extraction, moratoriums on resource
development, or ultimately, infrastructure damage and
human loss of life (Atkinson et al., 2020). Mitigating this
issue is therefore an important goal. However, induced
seismicity is a very complex problem and current
mitigation  strategies unfortunately have known
drawbacks and therefore may not present optimal
solutions to meet this objective.

Current mitigation strategies in many regions, including
the Western Canadian Sedimentary Basin, use adaptive
control measures known as traffic light protocols (TLPs;
Kao et al., 2016, 2018; Eaton and Eyre, 2018; Shipman et
al., 2018). For example, in the region of the Duvernay
play close to the town of Fox Creek, Alberta, Canada,

Subsurface Order No. 2 sets the yellow-light threshold
(requiring a change in operations) at local magnitude 2.0,
with a red-light threshold (requiring an immediate halt in
operations) of local magnitude 4.0. These TLP threshold
magnitude levels are higher than some other jurisdictions,
but are deemed to adequately characterize the potential
seismic risk in this region given the low population
density (Kao et al., 2018). Similar thresholds were also
adopted in NE British Columbia (BC), Canada, including
the Kiskatinaw Seismic Monitoring and Mitigation Area
(KSMMA). Although these protocols provide the best
mitigation measures currently available, they remain
imperfect, resulting in a number of due to the reactive
nature of such schemes. For instance, from the
introduction of the protocols in 2014 up until early 2018,
three red-light events occurred each in BC and Alberta,
respectively. All of the red-light events in Alberta were
preceded by a yellow event, but only one red-light event
in BC was preceded by such an event (Kao et al., 2018).
Additionally, once an earthquake sequence is induced,
events often continue after hydraulic fracturing activity
has ceased. Inherent uncertainties in magnitude
calculations also influence the reliability of such schemes.
Kao et al, 2018 suggested several potential
improvements to traffic light protocols, such as
incorporating ground motion information, standardizing
magnitude calculations, and adapting the traffic light



protocol to local hazard conditions. Even with these
additions, some of the aforementioned problems with
traffic light protocols would still exist.

Alternative mitigation approaches have focused on the
statistical characteristics of seismicity to forecast
maximum expected event magnitudes. Eaton and Igonin,
2018 gave an overview of the three common methods
used for estimating maximum magnitudes for induced
seismicity and tested them using data from western
Canada. However, these approaches rely on large
catalogues of seismicity to produce statistically
significant results and therefore require either significant
previous seismic activity in a region or high resolution,
real-time monitoring networks. They also state that
observations of induced seismicity from hydraulic
fracturing in western Canada do not conform exactly with
any of these models, highlighting the difficulty of using
these models for maximum magnitude forecasting.

Another approach is to assess whether faults in a region
are close to failure (e.g. the Fault Slip Potential (FSP)
software package; Walsh and Zoback, 2016; Walsh et al.,
2017). The most common method for calculating the
likelihood of failure of a fault is by analyzing the
proximity of a fault to failure based on the Mohr-Coulomb
failure criteria (Figure 1) (Walsh and Zoback, 2016;
Walsh et al., 2017). Faults that are most likely to generate
an earthquake are those that are critically stressed in the
regional stress field (Eaton, 2018). These critically-
stressed faults are characterized by a state of incipient
failure, such that a very small (relative to background
stress) change in Coulomb Failure Stress (ACFS) is
sufficient to bring a fault to a frictionally unstable state
(Figure 1). Moreover, these critically-stressed faults are
also more likely to generate a larger earthquake: a recent
analysis that considers runaway rupture processes
(Atkinson et al., 2020) suggests that rupture extending
outside of a region perturbed by local stress changes only
occurs if a fault is close to a critically-stressed state prior
to any operations that perturb the fault stability
conditions. This proximity to failure is dependent on a
number of factors, including the orientation and
magnitude of the stress field, the pore pressure, the
orientation of the fault and properties of the fault, e.g.
cohesion and coefficient of friction. These parameters are
often poorly resolved, introducing large uncertainties into
the analysis.

In order to overcome this inherent uncertainty, the FSP
software (Walsh and Zoback, 2016; Walsh et al., 2017)
takes a stochastic approach, wherein a large number of
realizations are computed within a numerical simulation
framework. This allows for a probabilistic assessment of
the likelihood of generating an earthquake on predefined
faults based on the assumed realistic ranges of input
parameters. However, the approach of the FSP software
was designed primarily for wastewater disposal wells and

can therefore prove difficult to apply to hydraulic
fracturing-induced seismicity. For example, it relies
solely on the effects of pore pressure diffusion (i.e.
neglects other potentially important mechanisms such as
poroelastic stress effects) and models injections as point
sources. This approach also provides no information on
likely maximum event magnitudes, and the authors have
noted that earthquakes often occur on previously
unidentified faults, while in many cases no events occur
on faults that show high fault slip potential.
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Figure 1. Schematic Mohr diagram showing state of stress for
three faults. The Coulomb failure criterion is shown in red and
is a function of the friction coefficient and the cohesion. Failure
can occur on Fault 1 if the pore pressure (and/or effective
normal stress) changes by 4P, or if the shear stress changes by
Az, These effects can be combined into the Coulomb failure
stress change required to slip (ACFS). If ACFS <0, the fault is
critically stressed. In the diagram, Fault 1 is closer to slip than
the other faults. Faults 2 and 3 have an equal ACFS and 4P.

The method described here aims to provide an alternative,
improved approach for induced seismicity mitigation.
The objective is to create a software toolbox that can aid
in producing site-specific quantitative mitigation and
response plans by combining reservoir-simulation
methods with advanced geomechanical and seismological
computational tools. This software is currently in the
development phase, with a number of modules that are at
or nearing completion.

We give a high-level overview of progress to-date and
show synthetic examples based on a real case study. Our
work so far has predominantly focused on hydraulic
fracturing-induced seismicity, but there is clear potential
to extend these methods to other injection-induced
seismicity  applications (e.g. CO; sequestration,
engineered geothermal systems, etc.).

2. TRIGGERING MECHANISMS

Modelling of induced seismicity is complicated by the
fact that several models have been proposed to explain the
mechanisms of fault activation by hydraulic fracturing
(Eyre et al., 2019b). The most common is an increase in
pore pressure within the fault zone, which leads to a
reduction in effective normal stress acting on the fault
(Bao and Eaton, 2016). Alternatively, poroelastic



coupling between pore pressure and the rock matrix is
capable of altering fault-loading conditions without any
hydraulic connection (Segall and Lu, 2015; Kettlety et al.,
2020). A new model was recently suggested by Eyre et
al., 2019b for hydraulic fracturing-induced seismicity,
whereby aseismic fault slip may play a major role.
According to this model, distal, unstable regions of a fault
are progressively loaded by aseismic slip on proximal,
stable regions of the fault that are stimulated by pore
pressure and/or stress changes due to fluid injection. This
has significant implications for the mitigation of induced
seismicity, as it suggests that there is a measurable slow
slip/deformation signal ~ hours prior to the nucleation of
an induced earthquake, which may aid monitoring and
mitigation efforts. Additionally, if we better understand
the driving processes, we can improve models that can be
used to simulate injection scenarios.

Most of the current modelling strategies focus on either
pore pressure or poroelastic stress changes, depending on
which is deemed to have a more important effect in each
individual case. Additionally, they generally neglect the
possibility that faults can slip either seismically or
aseismically, depending on a number of different factors.
It is important to incorporate all of these elements into
modelling efforts, and thus our approach combines all of
these effects.

3. MODELLING APPROACH AND EXAMPLES

We take a novel approach to modelling in order to aid
mitigation efforts. This leverages some elements of the
approach used in the FSP package, but extends the
approach in an attempt to overcome some of the
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limitations of this method that were previously described.
For example, the modelling is fully 3D and allows for the
estimation of maximum expected event magnitudes. It
also takes into account the three proposed mechanisms for
hydraulic fracturing-induced seismicity described in the
previous section.

Like FSP, we use a stochastic approach due to the inherent
uncertainties in many of the parameters. This also allows
for presentation of results in a probabilistic framework,
which is important for hazard assessment. Simulations
can be executed for a large number of iterations of input
parameters that are assigned stochastically from
distributions, which are assigned based on the available
knowledge of the area.

4. FAULT MODELS

The software allows for the loading of time or depth-
converted fault picks from 3D seismic data. Time picks
are converted to depth using loaded time-to-depth
conversion curves. The software converts these 3D depth-
converted fault picks into 3D gridded fault models by
interpolating between these picks, with a grid spacing
assigned by the user. An example for a single fault is
shown in Figure 2, but much more complex models that
incorporate multiple faults can be analyzed.

5. STRESS MODELS

Construction of a realistic depth-dependent stress model
is important in this approach. To analyze the proximity of
faults in a region to slip, the effective stress acting on the
fault needs to be evaluated (Figure 1). The effective stress
is defined as:
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Figure 2. Example of a 3D model of fault slip potential (plotted as change in normal stress required for slip) for a fault interpreted
from 3D seismic data. Note that the regional stress model contains two distinct overpressured layers, which cause the deeper parts

of the fault to be close to failure.



O-eff = O-n - ﬁP; (1)

where a, is the normal stress, S is the Biot parameter and
P is the pore pressure. In many cases the Biot coefficient
is approximated to be 1; however, this is a simplification
(Li et al., 2019) that can have an important influence on
the estimation of effective stress. Figure 3 shows
examples of synthetic stress profiles, a pore pressure
profile including an overpressured zone at depth and the
corresponding effective stress profiles. The zone of pore
overpressure has a strong influence on the profiles by
dramatically reducing the effective stresses, which will
bring any faults closer to failure at these levels. Figure 2
shows a fault with two layers of increased pore
overpressure at depth, demonstrating how this
overpressure increases the potential for slip. We are also
integrating stress as a function of rock strength when
creating stress profiles, as this can vary significantly in
sedimentary stratigraphy (Roche and van der Baan,
2015).

(a) (b) (0

w000\
1500

2000 \

th (m)

2500 \
\

Depl

3000 \
3500
4000

4500

5000

500 F '

1000

1500

2000

2500

3000

3500

4000

4500

5000

——Profile
Hydrostatic

0k o 0

Y
500 \ 5\imax
\ s

500

1000

1500

2000

th (m)

2500

Dept

3000

3500

4000

4500

coefficient of friction (u), shear modulus (G), pore
pressure, stress and Swmax Orientation) is varied within a
priori range to produce a large number of outcomes which
can be analyzed probabilistically. A practical requirement
is computational efficiency, in order for the software to
produce a result within a reasonable timeframe and/or at
reasonable computational expense. Our current approach
to simulating injection scenarios and the resulting stress
and pore pressure changes is therefore deliberately
simple, but nevertheless captures key dynamic behavior
of more complex models given the stochastic nature of
our approach.

Realistic distributions of input parameters are used as
inputs into the model (Figure 4). Calculations are iterated
for a large number (e.g. 10,000) of times to provide a
probabilistic assessment of fault stability. For each
iteration, we calculate the maximum expected magnitude
of an event caused by the modelled effective stress acting
on any of the modelled faults.

In this manner, we can estimate the probability
distribution of generating an event of a certain magnitude
based on the modelled injection scenario and parameter
distributions. Figure 5 shows an example of the results of
a model that was ran for 10,000 iterations. It is apparent
that the probability of occurrence of earthquakes in this
scenario is low and the vast majority of the 10,000 model
runs produced no earthquakes. Based on the obtained
results, we can estimate that the probability of a
magnitude 2.0 event is 0.0072 and a magnitude 3.0 event
is 0.0002.
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Figure 3. Synthetic example of stress profiles required in the
modelling. (a) Simple stress profiles constructed from
estimated stress gradients. (b) Example pore pressure profile
similar to that of Eyre et al., 2019b for the Duvernay play near
Fox Creek, AB. The reservoir is modelled as an overpressured
zone. (c) Effective stress profile constructed from (a) and (b).
The overpressure greatly reduces the effective stress, bringing
any faults passing through this zone closer to failure.

Orientations for the principal horizontal stress Sumax can
be estimated for a region based on a variety of techniques
such as wellbore deformation orientations (i.e. tensile
drilling-induced fractures and borehole breakouts) and
stress inversions from earthquake focal mechanisms
(Zhang et al., 2019). A globally compiled database for
these orientations is available from the World Stress Map
(Heidbach et al., 2016), although the reliability of such
data can vary depending on the data density in the region
being studied.

6. FAULT SLIP POTENTIAL ANALYSIS

In order to analyze the fault slip potential in a probabilistic
sense, the simulations are performed a large number of
times using a stochastic approach. During each iteration,
every unknown parameter in the model (e.g. cohesion,
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Figure 4. Example of input parameter distributions for the
stochastic modelling. Parameters are explained in more detail

in the text.
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Figure 5. Example of a histogram of the maximum earthquake
magnitude results produced by the stochastic modelling. Note
that 10,000 iterations were carried out, so the vast majority of
simulations produce no significant induced seismicity.

The sensitivities of the results to the input parameters can
also be analysed using tornado plots (Figure 6). This
diagram shows the variability in the assigned inputs and
the sensitivities of the calculated maximum magnitudes.
In the example shown, the strongest influence is cohesion,
which has a large impact on the position of the failure
envelope (Figure 1). However, this parameter is poorly
constrained and therefore has a wide input distribution,
which influences the sensitivity shown here. The
parameter that appears to show the most sensitivity is
Shmin, Which shows a wide range of magnitudes despite a
narrow input distribution. It is interesting that x, which
was also expected to have a strong influence on the
proximity of the fault to failure (Figure 1), shows one of
the smallest sensitivities in the case shown here, despite
significant input variability.
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Figure 6. Example of a tornado plot to show the sensitivity of
the maximum magnitude results to all of the input parameters
(Figure 4) varied in the stochastic approach. Grey bars show a
decrease in the parameter value while green bars show an
increase. A decrease in cohesion shows the strongest influence
on the maximum magnitude produced, but also had the highest
included uncertainty. Variations in Spmin Show the strongest
sensitivity.

7. OPERATIONS SIMULATIONS

Models can be ran both with and without hydraulic
fracturing injection scenarios. This allows us to
investigate how much difference operations are likely to
make to the expected seismicity behavior within the
region of interest. Hydraulic fracturing operations can be
simulated by inputting the locations, timings and injection
parameters of individual stages. The software has inbuilt
capabilities for hydraulic fracture modelling, but can also
handle outputs of more detailed hydraulic fracture
modelling packages to be input into the model. Again,
parameters are inputted as distributions to address the
inherent uncertainties.
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Figure 7. Example of modelling using the pressure diffusion
model for a near-vertical fault. Fluid pressure leaks off from the
hydraulic fracture (black rectangle) and the effect on the
stability margin for the fault is shown by the color scale. The
black line shows well trajectory and black circles show stages.

Figure 7 illustrates an example of the evolution of the
fault stability margin on a modelled fault for one
hydraulic fracture stage due to pore pressure diffusion.
The increased pore pressure brings the fault closer to
failure in the region close to the hydraulic fracture, the
area of which is affected by the modelled diffusivity.
Figure 8a shows the expected poroelastic stress changes
due to a propagating hydraulic fracture, and how these
stress changes can lead to variable activation of pre-
existing fracture and/or fault planes. Finally, Figure 8b
demonstrates how these stress changes can combine for a
number of hydraulic fractures to produce a positive
change in Coulomb stress in some regions on the order of
megapascals. This is more than sufficient to result in fault
activation, as a number of studies have suggested that
stress changes caused by fluid injection of the order of 0.1
MPa are sufficiently large enough to trigger significant
induced seismicity in areas where faults are critically
stressed (Keranen et al., 2014; Bao and Eaton, 2016).
Other studies have suggested that even stress changes of
the order of 0.01 MPa are capable of triggering an
earthquake (King et al., 1994; Deng et al., 2016; Ogwari



Figure 8. Example of modelling using the poroelastic stress model. (a) Expected local stress variations caused by a propagating
hydraulic fracture, modified from Eyre et al. (2018). (b) Map view of the change in Coulomb stress caused by a number of
hydraulic fractures for faults of a certain orientation, where positive = fault closer to failure and negative = fault further from
failure. The black line shows well trajectory and black circles show stages.

and Horton, 2016). It is therefore apparent that both of
these mechanisms are capable of inducing fault slip.

For further comparison, Figure 9 shows the change in
Coulomb failure stress separately for pore pressure
changes (for a diffusivity of 0.1 m?/s) and poroelastic
stress changes for the same modelled hydraulic fracturing
treatment and fault model, based on a real treatment and
associated microseismic dataset (Eyre et al., 2019a). For
the input parameters analyzed here, both mechanisms
produce Coulomb stress changes of a similar magnitude,
emphasizing the importance of taking both mechanisms
into account. Additionally, it is interesting to note that
both mechanisms produce similar patterns in the
Coulomb stress changes, and the highest values are quite
confined in depth to regions immediately surrounding the
hydraulic fractures. The combined effects of these pore
pressure and stress changes on the fault slip potential are
shown in Figure 10. However, Eyre et al., 2019a and Eyre
et al., 2019b found that most of the microseismicity
recorded during the treatment on which this model is
based occurred several hundred meters above the
injection well. This modelling work thus supports the
aseismic slip model of Eyre et al., 2019b, as they
suggested that stress and pore pressure changes due to the
hydraulic fracturing would more likely lead to slip at the
reservoir level than where the seismicity occurs; however,
stress loading from this slip at the reservoir level (which
would likely be aseismic) will load the fault in unstable
regions, leading to seismicity nucleating in these zones. A
key takeaway from the slip modelling work of Eyre et al.,
2019b is that the majority of slip occurs in the thick
carbonate formations and not where the largest pore
pressure changes occur, nor where the fault is closest to
failure according to the stress profile (i.e. in the reservoir
formation). This demonstrates the importance of
accounting for these factors in the modelling. We are
currently in the process of integrating realistic slip

modelling (both seismic and aseismic) into the software
so that these scenarios can be more accurately modelled.

8. DISCUSSION

Our new modelling approach shows promise for
modelling hydraulic-fracturing scenarios and providing
results that could help to improve injection strategies to
reduce the risk of induced seismicity. This modelling can
be used to simulate injection programs prior to drilling to
provide an assessment of the various scenarios that may
result in an increased risk of induced seismicity, which
will aid in the design of hydraulic fracturing treatments.
Additionally, it would be advantageous in designing
mitigation plans as it can assess the utility of various risk
mitigation approaches (e.g. reduce pumping pressure,
skip a stage, etc.). It can also be used as part of an
assessment of the likelihood of induced seismicity in a
new region, in tandem with an analysis of historical and
background seismicity.

There are a number of advantages to this approach in
comparison to existing modelling strategies. It accounts
for the three possible mechanisms described by assessing
stress changes due to both pore pressure changes,
poroelastic effects and slip-induced stress changes, while
also acknowledging that not all slip induced by these
changes is likely to result in seismicity. Simulations can
be ran a large number of times for input parameters that
are assigned stochastically from distributions that can be
based on the available knowledge of the area. The
approach also provides estimates for the maximum
magnitudes of any seismic events that may occur.
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Figure 9. Example of modelling change in Coulomb failure stress due to (a) pore pressure change, and (b) poroelastic stresses
caused by opening hydraulic fractures, where positive = fault closer to failure and negative = fault further from failure. Black
triangles show stages; the results are shown for stages 3, 13 and 26. The fault model is based on microseismic event locations
reported by Eyre et al., 2019a.
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modelled hydraulic fracturing treatment for a fault model based
on the microseismic event locations reported by Eyre et al.,
2019a. Black triangles show stages; the results are shown for
stages 3, 13 and 26.

9. FUTURE WORK

A number of aspects of the software are still in
development, including the fault slip module that
incorporates rate and state friction to allow for both
aseismic and seismic slip behavior. Thorough testing
utilizing various datasets is also required to both validate
and optimize our approach. However, it can currently
provide a much more detailed assessment of fault slip
potential than other available packages. We are also
working on a user-friendly graphical user interface (GUI)
that will be available to run the software package. In the
future, we aim to build modules that will quantify the
expected ground motion and seismic hazard. This is
important in induced seismicity risk mitigation as small
shallow earthquakes can result in stronger ground
motions than deeper, larger earthquakes, and can hence
have more associated risk. We also plan to extend our
methods to other induced seismicity applications, such as
CO, sequestration and geothermal energy extraction.

10. CONCLUSION

This paper describes a new software toolbox for the
hazard assessment of hydraulic fracturing-induced
seismicity. The software uses a stochastic approach to
provide an estimated probability distribution for the
maximum expected magnitude of an induced earthquake,
based on 3D analysis of fault slip potential. This can give
a site-specific assessment of how the probability of
generating an induced event varies based on different
treatment designs. Three proposed mechanisms for
induced-seismicity triggering are considered, namely
pore-pressure increase, poroelastic coupling and fault
loading by aseismic slip. Our approach is more
comprehensive than other existing tools for hydraulic
fracturing-induced seismicity.
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