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Abstract:	In an effort to promote awareness and understanding of the phenomena
of induced seismicity, geomechanical modeling is applied to large publicly
available datasets to demonstrate the potential for bolstering social license.
The Material Point Method (MPM) is used to simulate the interaction of
fault systems with regional stresses. By combining mechanical results of
the simulation to create induced seismicity potential (ISP) proxies, maps
are generated to express areas of high and low inducement potential of
seismic events. The results are compared to recent earthquake epicenter and
injection well data. High coincidence of earthquake epicenters with regions
of predicted high induced seismicity potential suggests the workflow
presented could be deployed to quantify the risk of induced seismicity
associated with the location of high-volume injection wells. The addition of
a tool to assess the impact of location, not only injection volumes, is another
critical step towards responsible regulation of injection wells, and mitigation
of induced seismic events.
Keywords:	Induced seismicity, geomechanical modeling, material point method,
Oklahoma earthquakes, Alberta earthquakes, social license, water disposal

1

Introduction

Recent media coverage has highlighted a major shortcoming in the industry of
unconventional resource production, inducement of seismic events. Seismicity
in certain areas of the midcontinent North America has increased drastically in
the past few years. This has come to be understood as a result of pore pressure,
and stress field perturbation due to water injection. Water disposal and hydraulic
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fracturing practices both introduce quantities of water to the subsurface which
may alter the mechanical quasi-equilibrium established through geologic time.
Such rapid perturbation of established stress fields can in some cases cause earthquakes. Because many of these operations are based in historically seismically quiescent regions, even magnitude 3–5 earthquakes may cause significant damage.
The public’s perception and media’s coverage of this phenomena has produced a
significant discussion topic, which impedes the rise of Shale 2.0, which will seek to
achieve a more efficient development of shale resources. It is clear that operators
do not understand the mechanical impact of such injections, as unpredicted seismic events have been induced at an increasing rate and of increasing magnitude.
Regulators in Oklahoma have taken steps to reduce the risk of operators inducing
seismic events, however the lack of means to quantify induced seismicity potential has hindered deployment of effective policy. The new tougher regulations
imposed in Oklahoma are limited to reducing injection volumes and shutting
down a limited number of water disposal wells around areas affected by recent
earthquakes. In other words, the regulators are mostly reacting to the increasing
earthquakes rather than proactively regulating the disposal process. With the
advent of induced seismicity, institutionalized trust is compromised once again,
and this time during a serious shift in the economies of unconventional production, underpinning not just the importance of the social license to operate, but the
effect such public support can have when attempting to deploy the vast infrastructure necessary to realize unconventional petroleum resources at half of the value
which they were previously produced.
In order to address these concerns, a workflow is proposed, to combine the
Material Point Method (MPM) and continuous fracture modeling (CFM) technologies with large geologically and geophysically constrained datasets. This workflow
is applied to investigate the relationship between complex regional fault systems,
and their collective impact on stress fields in a region. The mechanical outputs of
this modeling workflow can be combined into proxies, and used to investigate
areas of the model with stress fields more likely to be perturbed through highvolume injections or hydraulic stimulation. Plotting these proxies as a continuous
distribution on a map provides a practical tool that leads to very fast results that
are simple to interpret, and which leverages large amounts of data and advanced
modeling. This simple tool can be utilized by geoscientists, regulators, insurance
companies, and the public, whose support for the petroleum industry is critical for
the social license to operate.

2

The Social License to Operate (SLO)

In Thompson & Boutilier [1], the concept of the social license to operate, and its direct
relationship with the economic viability of an industry, is discussed. Traditionally,
industries with large aerial, and temporal impacts on a community, such as mining, have been considered in such a light. Now, with the advent of unconventional
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resource production, the manufacturing approach of deploying hydraulic fracturing for unconventional petroleum resource production from shales (fracking) has
drastically increased the footprint of the petroleum industry. This increased footprint elevates the potential for increased adverse effects as a result of industry presence and practices. Considered in this study is induced seismicity.
In the pyramid of social trust, there are many boundaries which must be surmounted to approach an institutionalized state of trust on the part of the public
(Figure 1). The public perception of the industry must evolve through legitimacy,
to credibility, and finally trust, to provide the community support necessary to
develop resources most efficiently.
In order to increase the public stakeholders in the industry, these boundaries:
legitimacy, credibility, and trust, must be satisfied. In the current price environment, the economic legitimacy will be realized again in Shale 2.0 as new technologies drive production costs lower into a sustainable range. Interactional trust and
the perception of socio-political legitimacy will only be established if new technologies can also serve to educate the public, and enhance regulators’ ability to ensure
safe operations. If all of these conditions are satisfied, institutionalized trust can
be established, maximizing public stakeholders’ engagement in unconventional
resource production.
The inability of regulators to stay ahead of such a significant industry impact
as induced seismicity has cautioned landowners and the general public’s support
of the unconventional petroleum industry. As volatile energy commodity prices,
driven by geopolitical factors, continue to challenge the development of North
American shale resources, it becomes exceedingly important to increase public
stakeholders in the industry.
Historically, there have been many setbacks to the public’s perception of the
petroleum extraction industry. With the advent of hydraulic fracturing, a major
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Figure 1 Diagrams showing the importance of credibility and trust in promoting social
license. Critical to the highest level of public support, institutionalized trust, is sociopolitical legitimacy, and a transition from credible operation to trusted operations. Modified
from Thomson and Boutilier [1].
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concern which developed in the public’s eye was consideration of aquifer contamination. Sophisticated studies have been leveraged to both absolve most hydraulic
fracturing from association with this contamination, and highlight shortcomings
in completions, which have led to safer practices and more thorough inspections
on the industry’s part to mitigate the hazard of aquifer contamination [2]. In a
similar fashion, sophisticated multidisciplinary modeling tools are deployed in
this study to continue a rigorous and scientific exploration of the potential drivers
of induced seismicity.

3 Regional Faults in Oklahoma, USA and Alberta, Canada used as
Input in Geomechanical Modeling
To address the issue of induced seismicity, collaboration between leading experts
in many fields and disciplines is the only viable course of action. No single expert,
whether they be hydrologically, seismically, or mechanically inclined, will provide
a satisfactory way to address the issue. It is through the synthesis of these many
disparate topics, that comprehensive models may be developed to help understand the ways in which humans may perturb evolving stress fields within the
earth’s crust, and induce seismic events.
Oklahoma scientists and regulators have taken a stand to address this growing
concern amongst their constituents. To this end, large, publicly-available datasets
are being considered in numerous respects. Here, fault information (Figure 2) will
be used as input in a geomechanical simulation that uses an advanced numerical
model [3], the results of which will be compared to injection well and seismic epicenter data (Figure 3).
Regulators in Alberta, Canada are also concerned, and have also hosted publicly available regional fault datasets, examined in Figure 4.

Oklahoma fault map

Figure 2 Fault map of Oklahoma [12]. These fault data are used as input to the geomechanical
models simulated in this study.
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Magnitude 3+ earthquakes 2006-present

Cumulative injection volume 2006–2013

Figure 3 Available earthquake and Underground Injection Control (UIC) well data from
2006-Present [13, 14]. Note the lack of earthquakes in multiple areas where large volumes
were injected.

(c)
(a)
(b)

(d)

Figure 4 (a) Extent of the Montney/Duvernay shale play and considered area of interest,
(b) Regional faults mapped by the Alberta Geologic Survey, (c) Faults in the study area
between the cities of Fox Creek and Saint John where earthquakes of 4.2 and 4.5 magnitude,
respectively attributed by Alberta Geologic Survey to hydraulic fracturing, were recorded
in 2015, (d) major faults extracted for the geomechanical simulation and subjected to the
regional stress.
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Using these publicly available datasets, and new geomechanical modeling techniques, a workflow is proposed to develop fast industry tools to assist oil and gas
companies, insurance companies, and regulators in addressing these public concerns.
A geomechanical workflow which incorporates geological & geophysical data,
with geomechanics [4, 5], is deployed on a regional scale to model the stress heterogeneities which exist as a results of the interaction between far-field regional
stresses, and complex subsurface fault systems. Development and refinement of
such a model on an oil or gas field level, where 3D seismic is available to accurately map all the existing faults, will provide a truly predictive tool to assess the
risk of inducing a seismic event in any area where it is possible to leverage actual
geologic and geophysical data.

4

Modeling Earthquake Potential using Numerical Material Models

In attempting to develop a predictive model for seismicity, and especially induced
seismicity resulting from water disposal or hydraulic fracturing, the primary drivers of the phenomena must be characterized. An earthquake is the surface wave
we experience standing on the earth as deformation equilibrates after stresses,
built up through tectonic loading over time, release due to critical loading of a
fault past a frictional restraint. It is therefore important to quantify the interaction
between complex fault systems and regional stresses.
What is a rock but a material, a material which to the ease of examination is
populated with regular lattices, defined by varying minerals. The interfaces of the
minerals, and in some rocks, the altered mineral interfaces, provide defects in the
material where the potential to be separated is much higher than the atomic bonds
within the mineral lattices. Through time, deforming the material will nucleate
along the interfaces, and generate voids, or line deformations, which when given
some amount of throw, in the very large scale are considered as faults. When considering the entire material, these defects will serve as a preferential nucleation
zone for further deformation, especially when these fractures are in certain orientations with respect to the principle stress axes. A more complete discussion of the
history of the study of failure in rocks can be found in Scholz [6].
It is therefore critical, for any model purporting to act in a predictive capacity, with regards to induced seismicity and seismic potential, to realistically capture the interaction of fractures (faults) with confining stresses, and furthermore,
the interaction of multiple fractures with each other and such confining stresses.
Successful prediction of the stress fields which arise from such interaction, will
provide the ability to assess fault stability, and consequently seismicity potential
within an evolving stress environment.
Previous approaches to constraining the effects of earthquakes on subsequent earthquake potential have focused on the Coulomb failure criteria, when a
Coulomb stress, Cf, exceeds a value

Cf = tb + m(sb + p)
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where tb is the shear stress on the fracture plane, sb is the normal stress on the
fracture plane, p is the pore pressure, and μ is the coefficient of friction along the
fracture plane [7].
In these models, the Coulomb stress change, which is the difference between the
Coulomb stress distribution before and after a major fault slip, highlights regions
of stress perturbation, in many cases associated with subsequent seismicity or
aftershocks. To better understand these complex stress fields and their relation to
earthquakes on a field or regional scale, a new geomechanical workflow will be
used and compared to previous results.
A major research topic that has preoccupied mechanical engineers for decades
is modeling materials with discontinuities (cracks, fractures, faults). This is a
critical research area since it is related to material failure which can cause major
losses of life in areas such as aeronautics, and civil engineering. During the last
decades major advances have been made in the study of crack propagation, crack
intersections and material failure prevention. However, in most industries the
number of fractures studied or modeled remain small compared to the problems found in the petroleum industry where rock failure is sometimes the goal.
In hydraulic fracturing, the petroleum industry attempts to create a stimulated
permeability by creating rock failure through hydraulic fracturing and leveraging the presence of natural fractures and the existing localized rock weakness
where earth discontinuities have been formed throughout geologic time. When
working at the scale of a well, this problem of studying the interaction between
hydraulic fractures and a complex network of natural fractures poses a major
engineering challenge. Modeling this large number of fractures and their propagation and interaction poses major computational and modeling challenges to
classical numerical simulation methods such as finite elements. When modeling
the geomechanical behavior of a large area that covers an entire oilfield or a producing trend the same problems arise since the number of faults present in the
area could become overwhelming to most classical numerical simulation methods. To address this issue of handling a large number of discontinuities (natural fractures or faults) in geomechanical simulations, the Material Point Method
(MPM) was introduced by Aimene and Nairn [8]. The introduction of the MPM
method was accompanied with and continues to drive the ability to create new
workflows that use quantitative data and information from geology, geophysics
and geomechanics [4, 5].
The Material Point Method (MPM) is a meshless method developed as a potential tool for numerical modeling of dynamic solid mechanics problems [9]. It represents an alternate approach, with alternate characteristics, for solving problems
traditionally studied by Dynamic Finite Element Methods. In MPM, a material
body is discretized into a collection of points, called particles. It uses a background
mesh as a computation space which allows the model to capture rapid and large
deformation. Solid body boundary conditions are applied to the grid and/or on
the particles. At each time step, the particle information is extrapolated to the
DOI: 10.7569/JSEE.2016.629515
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background grid, to solve these equations. Once the equations are solved, the gridbased solution is used to update all particle properties such as position, velocity,
acceleration, stress and strain, state variables, etc. This combination of Lagrangian
(particles) and Eulerian (grid) methods has proven useful for solving solid mechanics problems. Nairn [10] extended MPM to handle explicit cracks, resulting in the
CRAMP method. By imposing discrete discontinuities in the model, CRAMP is
able to simulate fractured materials using elastic fracture mechanics.
The major inputs for MPM simulations applied to a study area are four-fold:
1) the distribution of rock geomechanical properties, such as Young’s Modulus, in
the study area, 2) the distribution and properties of the discontinuities such as natural fractures or faults, 3) the distribution of the pore pressure, and 4) the boundary
conditions representing the far field stresses acting on the study area. The MPM
formulation is used to solve the classical dynamic continuum mechanics equations
that include the momentum equation. The results of the MPM simulation is the
usual stress and strain at the end of the dynamic simulation when the study area
reached a quasi-equilibrium. More details on MPM and its use in the geomechanical
modeling of multiple fractures and faults can be found in Aimene and Ouenes [3].
The MPM geomechanical computation was used to investigate a variety of geomechanical and engineering issues related to unconventional petroleum production at the well scale [3, 4]. Through several field validations, at the well and pad
scales, this workflow has been demonstrated to successfully capture local stress
variations, and predict complicated microseismic distribution in a number of
stimulated wells. In this study, the workflow is now deployed on a regional scale
inquiry to capture the interaction between large, complex, regional fault systems,
and regional stresses. At the regional scale, the distribution of elastic properties
and pore pressure used in the MPM simulation are considered constant. The discontinuities are represented by the interpreted regional faults. To test the validity
of these assumptions at the regional scale, the results from MPM simulations are
compared to previous studies conducted by seismologists studying the distribution of earthquakes near a fault.
A simple case study using a boundary element method, from King and Cocco
[7], is reproduced using MPM. The model presented by King and Cocco [7] plots
a Coulomb stress change (Figure 5a), as a result of movement of the fault in the
model. An approximation of Coulomb stress, captured by outputs of the MPM
model, is compared to the distribution of stress in the original model, and is
strikingly similar (Figure 5a,b). A proxy for Coulombs Stress (PCS) (Figure 5b) is
defined as:

PCS = 0.5 ∗ (sH - sh) ∗ (sin(2b) - 0.4 ∗ cos(2b)) - 0.5 ∗ m ∗ (sH + sh) + m ∗ p(1)
where sH and sh are maximum and minimum principal stresses respectively, m is
the coefficient of friction, and b represents the angle between the considered fault
and the compressive stress orientation.
DOI: 10.7569/JSEE.2016.629515
J. Sustainable Energy Eng., Vol. 4, Nos. 3-4, December 2016

269

Nicholas M. Umholtz and Ahmed Ouenes: Geomechanical Modeling of Fault Systems

The goal of computing PCS and other possible Induced Seismicity Potential or
(ISP) proxies is to demonstrate the possibilities for new quantifications of energy
in the medium which may elucidate the regions most likely to express seismicity
related to a fault in a specific stress field. Specifically, in this work a newly derived
ISP1 is used,

ISP1 = |t13| ∗ |(s11 - s33) - (sH - sh)|

(2)

where t13 is shear stress, s11 is the maximum principle stress at the particle in the
simulation, s33 is the minimum principle stress at a particle, sH is the input maximum horizontal stress, and sh is the minimum horizontal stress input to the model.
This quantity captures a particle’s subjection to shear stress and stress field perturbation due to the presence of a fracture. Plotting the proxy highlights areas near
the fault that display an asymmetric distribution of aftershocks proximal to and
oriented along the fault (approximately N-S), with quiescent regions surrounding the elevated occurrence of aftershocks, and with a secondary concentration of
aftershocks distributed E-W further from the simulated fault (Figure 5c).
Advances in processing power, and using MPM to simulate fracture mechanics, is desirable when investigating earthquakes as it allows for more realistic and
comprehensive inputs to be considered by the model. Advancing from models
with only a single or handful of faults, a model is considered in this study which
captures hundreds of regional faults, simulated in discrete sections, yielding over
2000 independent fracture planes to be simulated. An induced seismicity proxy,
which is not dependent on calculations involving individual fracture plane orientation, greatly reduces the computational inefficiencies which have plagued previous inquiries.

(a)

(b)

(c)

Figure 5 (a) Coulombs stress change as computed by King & Cocco [7], (b) An approximation
of Coulomb stress computed in this work using MPM, (c) An Induced Seismicity Potential,
ISP1, computed in this work using MPM.
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5 A New Workflow for Estimating Induced Seismicity Potential and
its Application to Oklahoma and Alberta
For decades, the industry of petroleum exploitation has developed organizational
structures that “siloed” professionals, which could have stymied multidisciplinary innovation. The ever-evolving economies of petroleum extraction continue
to appreciate the value of data gathering, and especially the analysis and synthesis
of those data into valuable information. To circumvent the shortcomings of siloing,
and enhance the translation of value between geologists and geophysicists (G&G)
and engineers, a 3G workflow that leverages the quantitative and simultaneous
use of geology, geophysics and geomechanics was introduced to the i ndustry [3, 5].
The use of a 3G workflow provides the fundamental framework within which to
develop numerous subsidiary workflows to combine, enhance, and apply large
G&G datasets with powerful mechanical modeling tools to address multiple
issues related to unconventional resource production.
Here, the workflow introduced by Umholtz & Ouenes [11] is applied to understand how large, regional-scale fault networks serve to perturb far-field stresses
defined by tectonic loading. The resulting stress field attributes of such a model
are then combined to generate an Induced Seismicity Proxy, which serves to identify regions of the model more or less likely to be perturbed by nearby or farther
away large injection volumes. The resulting ISP predictions depend entirely on the
preliminary input fault network, which is a work in progress [12].
Two areas in Oklahoma are of elevated interest to regulators (Figure 6), the area
around the large population center of Oklahoma City, and an area slightly northwest, which has hosted an increasing number of seismic events since 2009. These

Simulation 2
Study area

Simulation 1

EFM
EFM

Figure 6 Equivalent Fracture Models (EFM) derived from an area of interest in Oklahoma
for input into geomechanical models.
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will serve as the focus of the current study given the initial fault interpretation
released by Oklahoma regulators [12].
Additionally, an area in Alberta, Canada (Figure 4), which does not yet demonstrate a significant number of seismic events, is modeled to demonstrate the workflow in a region where a few large induced seismicity events exceeding magnitude
4 have been attributed to hydraulic fracturing.
With a powerful tool, able to capture the interactions between stress fields and
complicated fracture systems, the next step in developing an induced seismicity
proxy is selecting the appropriate outputs of the model to represent areas of preferential fault growth in the evolving stress field. As many authors modeling fault
propagation have noted, Coulomb stress change appears to highlight areas of historical aftershock generation related to ruptures along large-scale faults. Building
on these efforts, an alternative induced seismicity proxy is developed which
combines both the shear strain and differential stress changes in the model as a
result of tectonic loading on the regional fault system. This geomechanical proxy
captures both the preferentially stored energy, represented by differential stress
(sHmax-shmin), and the shear strain on the particles (dv/dx and du/dy), capturing
regions likely to accommodate slip along critically oriented planes.

 dv du 
ISP = 
−
 ∗ (σ H max − σ h min )
 dx dy 
The results of the simulation using the preliminary fault interpretation of
Holland [12] are summarized with the ISP proxy plotted in Figure 7. Regions of
elevated ISP are warmer red colors, while areas of low ISP are cooler blue colors.
Many of the regions of elevated ISP are found proximal to fault systems, especially
those critically oriented. Some regions of high ISP however, form conduits connecting less active areas of the fault network. Comparison to earthquakes data and
injection well data can help substantiate these interpretations.
Figure 7 compares the ISP proxy to earthquake data. We see that many of the
earthquakes observed in Oklahoma fall into areas of high ISP, and many are
located near critically oriented faults. Areas of low predicted ISP are often lacking
in induced seismicity.

ISP
High

Low

Figure 7 Result of the geomechanical proxy for ISP. Compared to historical earthquakes
and underground injection control well data.
DOI: 10.7569/JSEE.2016.629515
272  J. Sustainable Energy Eng., Vol. 4, Nos. 3-4, December 2016

Nicholas M. Umholtz and Ahmed Ouenes: Geomechanical Modeling of Fault Systems

Further comparison of the dataset, with consideration of injection well data,
shows interesting features in low ISP zones. Namely, that some of the largest volumes injected, do not coincide with seismicity, and these instances are all in areas
predicted as low ISP (Figure 8).
For these reasons, the predicted ISP map (Figure 7) is a promising tool to help
understand and regulate induced seismicity in Oklahoma by adding a missing
critical component: location of the injection wells as compared to the geomechanical interaction between the regional stress and the regional fault network. Most
regulatory efforts made to reduce induced seismicity potential are targeted at
reducing injection volumes. These preliminary results indicate that the location
of these injections may serve as a primary control over the expression of seismic
events as the result of stress field perturbation through high volume injections.
We also note that the preliminary fault interpretation of Holland [12] and its
use in the resulting ISP shows some inconsistencies with recent major earthquakes
(Figure 9). It is obvious from these recent earthquakes as well as previous earthquakes in that area that the initial fault interpreted by Holland [12] continues
towards the North East and does not stop as shown in the preliminary fault interpretation. This observation shows the importance of accurately mapping all of the
faults in high seismicity areas. This detailed mapping requires a statewide coordinated effort and can only succeed if all the seismic surveys and wells available in
these areas are used. The proposed MPM geomechanical simulation and its resulting ISP could be easily and quickly updated if a more complete fault interpretation
becomes available in the future.

ISP
High

Low

Low ISP regions
Large injection volumes
Limited earthquakes

Prague fault: high ISP
Many earthquakes
Limited injection volumes

Figure 8 Zoom of Figure 7 that includes to the east the Prague fault, Oklahoma City and very
large injection volumes in areas with no earthquakes. Notice that most of the earthquakes
occur in high ISP areas and large volumes are injected north and west of the Prague fault in
low ISP areas without causing any earthquake in their vicinity. Size of blue circles represent
injected volumes. Size of red stars represent magnitude of earthquakes.
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Figure 9 Zoom of Figure 3 to show seismicity NE of interpreted fault in Major County.
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(a)

(b)

Figure 10 (a) Equivalent Fracture Model derived from the major fault map of Figure 2d
(b) Resulting geomechanical output showing the complex distribution of the areas of high
potential induced seismicity.

The same process could be applied to Alberta where the faults shown in
Figure 4d and their discrete representation shown in Figure 10a, could be used
as input in the geomechanical workflow which will calculate the ISP shown in
Figure 10b. The areas with red colors in Figure 10b could potentially have a higher
probability of causing earthquakes as a result of water disposal or even large volume hydraulic fracturing.
The implication of these results is that a predictive tool, which can be deployed
over large areas, can be constrained in such a fashion that it is an understandable
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representation of the spatial variation of the potential to induce seismic events
for regulators, E&P companies, insurance companies, and the public. Such a tool
can be envisioned by considering the following maps for large areas in Oklahoma
(Figure 11) and Alberta (Figure 12).

ISP
High
Low

Figure 11 Derived ISP maps plotted along with injection volumes and earthquake data
over a large area of the state of Oklahoma.

High
Low

Figure 12 Derived ISP maps plotted in an area of Alberta where multiple large magnitude
earthquakes attributed to hydraulic fracturing were recorded in Fox Creek and Fort St. John
in 2015.
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6

The Benefits of a Large Scale Predictive Model and Future Research

This study demonstrates the potential of MPM and its use in a 3G workflow
to develop tools which may be valuable to regulators, insurance companies, as
well as oil and gas companies in addressing induced seismicity risks. A workflow which incorporates geological and geophysical datasets, with powerful
mechanical modeling techniques, was applied to develop a tool for understanding induced seismicity potential in a region. The benefits of the approach outlined in this study are the use of a physically accurate modeling technique, which
leverages large G&G datasets and produces results which may be combined into
an induced seismicity potential proxy. This proxy can be plotted to create a tool
which is interpretable by the general public, geoscientists, and regulators alike.
Various ISP proxies are explored, which can be simulated on complex regional
fault systems constrained by geologic and geophysical datasets. These ISP maps
could be quickly recomputed as the interpreted fault system is updated by using
both available or future seismic surveys and wellbores, as well as other sources
of information.
This model will be improved by incorporating more realistic fault geometries
and imposing variable material properties and pore pressure which reflect stratigraphic and depth ranges. Additionally, imposing injection wells as input to the
model will help understand the magnitude of induced events. Finally, allowing
faults in the model to propagate and intersect with other discontinuities, a feature available in the MPM geomechanical simulator, may help understand the
time dependency of these events. In addition to enhancing the model, different
approaches to validating the model may be explored, especially examination of
principle stress axes rotation throughout the study area and comparison to robust,
publicly available data.
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