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Key Points:

e Fault response is not affected by the extent of the hydraulically fractured zone unless it is
hydraulically connected to it.

e In distant faults, damage zones diffuse laterally indirect pore pressure perturbation and
prevent pressure buildup.

e In near faults, damage zones act as conduits to diffuse direct pore pressure perturbation
into the fault.
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Abstract
The response of critically stressed dormant faults to fluid perturbation, by oil and gas production,

has been a major public concern because of its link to induced seismicity. In this paper, we study
the hydrogeological factors that affect a nearby fault response, during and after hydraulic
fracturing (HF) operations, evaluated by the change in Coulomb Failure Stress (CFS) through
coupling solid deformation and fluid flow. We take the Duvernay formation in Alberta, Canada as
a base study case for our analysis. Our results show that the injection rate and the fault’s distance
to HF operations play an important role in increasing the CFS and hence the probability of fault
reactivation. When the fault is far from the operations, its damage zones allow lateral diffusion
and prevent pore pressure build up in its upper part, which stabilizes it. The lower part, however,
will be under a lower normal stress and its failure may be triggered by an increase in shear stress.
This is not the case for close faults where the damage zones act as conduits for pressure diffusion
and the possible triggering failure mechanism will be the increase in pore pressure. Moreover, we
show that the width of the HF zone does not affect the activation mechanisms or the stability of
the fault unless it is hydraulically connected to its damage zone. Therefore, serious attention should
be given to the fault position, its architecture, and the volume of fluid injected to help reduce the

potential for induced seismicity from HF.
Plain Language Summary

The main cause for the induced seismic events occurring during or after hydraulic fracturing
operations can be attributed to fluid diffusion and/or stress changes along the critically stressed
dormant faults. This occurs when the high-pressure fluid diffuses into the pre-existing faults, leads
to pressure build up or alters the overall stresses and, therefore, induces earthquakes. Different

hydrogeological factors can affect the response of the pre-existing faults to hydraulic fracturing
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operations. Based on our simulations of the Duvernay formation in Alberta, Western Canada, we
conclude that the fault, which is far from the operations, is affected by the overall Coulomb stresses
and, therefore, it is stabilized in the upper part while it is destabilized in its lower part. However,
the close fault is completely destabilized due to the presence of the bordering damage zones that
permits pore pressure diffusion. Additionally, the width of the hydraulically fractured zone does
not affect the response of the fault unless it is hydraulically connected to its damage zones. Hence,
besides avoiding known faults, operators need to give serious attention to the location of faults

relative to the operations, its architecture and injection parameters to limit induce seismic events.

Keywords: Coulomb failure stress, induced seismicity, poroelasticity, hydraulic fracturing,

pressure diffusion, fault.

1 Introduction
Besides natural tectonic movements, earthquakes can occur due to different anthropogenic

activities. These activities that cause perturbation to the underground system can alter the pressure
and stresses in the nearby dormant faults. Various case studies have attempted to understand the
connection of mining (Mendecki et al., 2020) and fluid production with induced seismicity (Davies
etal., 2013; Zbinden et al., 2017; van Thienen-Visser et al., 2018; Deng et al., 2020; Benson et al.,
2020). Meanwhile, researchers have agreed on the effect of waste fluid disposal (Healy et al.,
1968), geothermal systems (Bommer et al., 2006), oil and gas production (Chang and Segall, 2016;
Suckale, 2009; Villa and Singh, 2020), and hydraulic fracturing (Bao and Eaton, 2016; Deng et
al., 2016; Brudzinski and Koztowska, 2019) on the activation of dormant faults, especially that the
time of some of these operations was linked to the seismic events occurring in the respective

region. Unconventional oil and gas production, including hydraulic fracturing operations, does not
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always induce seismic events; however, under specific geological factors, seismicity can occur
even after the cessation of operations (Rashedi and Mahani, 2016). Key parameters, such as the
mechanical properties of the fault and the reservoir and the in-situ conditions, can play a significant
role in increasing the probability of earthquake occurrence (Van Eijs et al., 2006; Wu et al., 2017).

In low permeability formations, conventional extraction techniques cannot economically
produce oil and gas from the reservoirs. Hydraulic fracturing (HF) aims at enhancing the
permeability of reservoirs and, therefore, stimulating the flow of hydrocarbons into the well
(Peduzzi and Harding, 2013). In shale formations, the process is done by drilling a horizontal well
followed by pressurizing a limited section of the cased well by a mixture of fluids and proppants,
called fracking fluid (Davis and Fisk, 2017). Seismicity can be induced during or after the high-
pressure injection of fluids for formations with existing faults due to the influence of this process
on the stress and strain along the fault system (Villa and Singh, 2020).

The observed surge in the rate of seismicity in North America has been mainly attributed
to the massive saltwater injection into porous formation (Frohlich, 2012). Similarly, major
earthquakes, whose magnitudes ranging between 2 and 6, in Alberta Canada have been linked to
the hydraulic fracturing operations occurring in localized areas (Holland, 2013). Particularly, the
seismicity in the Duvernay formation near Fox Creek, Alberta, CA started in 2014, during
hydraulic fracturing operations, till 2015, after the cessation of the operations (Schultz et al., 2017).
The events are spatially and temporally correlated to the operations occurring in that area (Bao and
Eaton, 2016). Knowing that the Duvernay formation is a prominent Shale target in Alberta, it is
vital to answer questions that justify the occurrence of the seismic events there.

There are two major physical mechanisms to trigger an earthquake during fluid injection.

The first mechanism is the pore pressure diffusion along permeable fractures or along the damage
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zones of existing faults. This is mostly the case for the induced seismicity in the United States that
occurred due to the injection of massive saltwater volumes into porous formations; the pore fluid
pressure can diffuse for long distances until it reaches a critically stressed fault (Ellsworth, 2013;
Schultz et al., 2014; Galloway et al., 2018). The second mechanism is caused by the stress changes
due to the solid matrix response to injection or production (Ellsworth, 2013). Generally, there are
two major factors that help nucleate an earthquake (Galloway et al., 2018): the presence of a nearly
critical slip-oriented fault and a mean for stress perturbation on the fault past the critical condition.
The first factor must have existed for an induced seismic event to occur (McClure & Horne, 2014).
The ambiguity lies in the second factor which can be triggered by different, possibly man-induced,
means. The perturbation can occur either by pore pressure diffusion that is transmitted along the
damage zone (Yehya et al., 2018) or poroelastically through an impermeable rock matrix
(Galloway et al., 2018) reactivating the existing faults and, therefore, releasing their stored strain
energy (Walsh and Zoback, 2015). During hydraulic fracturing, the change in pore pressure alone
is unlikely to induce seismic events (Bao and Eaton, 2016; Deng et al., 2016) because the pore
pressure would require more time to diffuse along the fault and would experience changes after
hours of injection, especially if the hydraulic fractures are not directly connected to the damage
zone of the fault. However, the shear and normal stresses in hydraulically fractured poroelastic
medium vary instantly and significantly. Consequently, both the deformation of porous solid
material and the change in pore fluid pressure (also known as poroelastic effects (Rice and Cleary,
1976)), affect the steady state of the fault (Deng et al., 2016).

The up mentioned mechanisms can trigger the earthquake at the source of the stress or
pressure perturbation or deep below and away from the source. Besides, events can occur shortly

after the anthropogenic activity begins or after it has been ceased. However, there exist certain
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hydrogeological conditions that facilitate fault reactivation (Witherspoon & Gale, 1977); these
conditions need to be studied and analyzed while taking into consideration the importance of the
two-way coupling between solid deformation and fluid flow. In this work, we explore the
hydrogeological factors and perturbation mechanisms affecting faults’ response during and/or after
hydraulic fracturing operations. We mainly focus on the location of the faults, their orientation,
the presence of a hydraulic connection between the HF zone and the faults, and the width of the
damage zones. To assess the fault response, we estimate the change in the Coulomb Failure Stress
(CFS) along two critically stressed faults, existing near the hydraulic fracturing operations using a
two-dimensional finite element poroelastic model on COMSOL Multiphysics. To relate the fault
response to real seismic data, we consider the case study of the Duvernay formation in Alberta,
Western Canada where seismic events were reported during and after operations. The variations
of the CFS along the two faults are analyzed and compared to the seismic events obtained from
the observational data from December 2014 to March 2015 (Bao and Eaton, 2016). Finally, we
compare the hydrogeological factors in the Duvernay formation to that of Fayetteville formation
in Arkansas, US, where hydraulic fracturing operations did not induce seismic events to further
link the fault response to specific favored conditions.

The paper is divided as follows. Section 2 describes the geology of the Duvernay
formation, the model construction, and the parameters used. The third section explains the linear
poroelastic model and the governing equations. Section 4 shows the results for the different
parameters investigated in this study and a comparison between the Duvernay formation and the
Fayetteville formation. Finally, section 5 sums up and concludes on the main outcomes drawn

from the work.
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2 Materials and Methods

We couple fluid flow and solid deformation to account for the poroelastic behavior and
estimate the change in the Coulomb Failure Stress (CFS). We use a 2D plane strain model with a
geometry inspired by the Duvernay formation case in Alberta, Canada, where induced seismicity
is associated with HF. The choice of a 2D model is taken after assuming that the hydraulic
fracturing operations occur around a horizontal well and affect a vertical planar region of relatively
small width with respect to the domain. The main fractures propagate in this plane. Several

horizontal wells are used to cover the reservoir region.

2.1 The Duvernay formation

The Duvernay is an Upper Devonian mud rock containing significant quartz and carbonate
which makes it an attractive Shale gas target. Lithologically, Duvernay formation is composed of
laminated bituminous shale, calcareous shale, and dense argillaceous limestone. It contains 443
trillion cubic feet of Natural Gas, 11.3 billion barrels of Natural Gas Liquids and 61.7 billion
barrels of oil (Preston et al., 2016).

Irregular seismicity has been observed in the Duvernay formation in Alberta, Canada since
December 2013 (Bao and Eaton, 2016). These events have been spatially and temporally
correlated with the hydraulic fracturing activities occurring in the Upper Devonian Duvernay
formation (Schultz et al., 2015). The link between these events and fracking operations was
controversial at that time, where some authors (Atkinson et al., 2016) correlated the events with
the saltwater disposal in Mississippian Debolt formation; however, the amount of water injected
was not enough to have induced the observed seismic events (McGarr, 2014).

Seismic events were observed at the end of 2014 and early January 2015 during hydraulic

fracturing operations in the Duvernay formation. Even after the cessation of the operations, three
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sequences were also detected: S1 (January 10 till January 31), S2 (February 1 till February 18)
and S3 (March 9 till March 31). The distribution of the seismic events in that cluster outlines a
strike-slip system of two faults near the HF operations and with similar orientation (Bao and
Eaton, 2016) as shown in Fig. 1. The faults extend from the injection zone within the Duvernay
formation into the crystalline basement. In the simulations, we will try to detect if a correlation
exists between the numerically estimated positive CFS values describing the fault response and

the observed seismic data.

3.3 w T
® During HF
3.4 ® Sequence 1
Sequence 2
3.5 Sequence 3
E 3.6 | ®
£37 e ¢
[ ]
£ PO
E 38 | . ° °
> A TS -3
4 L S [ >
[ (]
4.1 :
Crystalline Basement
4.2 . : " ‘ w "
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Distance East in km

Figure 1. Cross section of a cluster showing the two strands of the fault system in the Duvernay

formation (reproduced from Bao and Eaton (2016))

2.2 Model construction

The entire domain is 10 km x 10 km divided into two layers inspired by the Alberta study case:
The Duvernay shale (host rock) is 4 km thick, and the crystalline basement is 6 km thick as
depicted in Fig. 2. In order to simulate the stages of the fracking operations, 15 mass sources that

are separated by a distance of 70 m are added at a depth of 3.4 km (Zhao, 2018) inside the
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hydraulic fracturing zone (Fig. 2a). The hydraulic fracturing zone has a higher permeability than
the host rock due to hydraulic fracturing and the permeability is considered to increase instantly
during the operation. The fault system includes fault 1 (Fig. 2b) that is away from the hydraulic
fractures, and fault 2 (Fig. 2c) that is directly below the hydraulic fracturing zone. Each fault has
a fault core of low permeability (order of 10~17 m?), and boarding damage zones of higher
permeability (order of 10~* m?). The mass sources are activated one after the other by injecting

9.4 m3/min water per mass source for 5 hours followed by 4 hours of zero-injection phase.

(b) Fault One Damage Zone (left)
and fault core (right)

(<) Fault Two Damage Zone (left)

and fault core (right)
Figure 2. Model geometry with emphasis on (a) the hydraulic fracturing zone, and the geometry

of (b) Fault 1 and (c) Fault 2

3 Theory and Calculations
3.1 Poroelastic model and governing equations

3.1.1 Coulomb stress changes

Generally, the change in Coulomb Failure Stress (CFS) expresses the failure criterion to
initiate rupture:

ACFS = At + f(Ay, + Ap) ...(1)
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where f is coefficient of friction, taken between 0.6 and 1, At is the change in the shear stress,
Aa,, is the change applied normal stress (positive for extension) and Ap is the change in pore
pressure. Any natural or anthropogenic activity that alters the shear stress, normal stress or pore
pressure can bring the fault to failure and, therefore, induce an earthquake. Hence, for a critically
stressed fault, as the case of most dormant faults in the subsurface, any positive change in the

CFS affect the fault response to the perturbation and could lead to fault slip.

3.1.2 Coupled poroelastic model

The coupled poroelastic model states that the change in pore pressure affects the stresses
and strains (fluid-to-solid coupling) and, similarly, any change in the poroelastic stresses can lead
to the variation of pore pressure (solid-to-fluid) (Biot, 1941; Rice and Cleary, 1976; Wang, 2000).

The equilibrium equation, under quasi-static condition, and no additional body forces
gives:

V.o=0..(2)
The constitutive equation of the solid matrix when pore fluid is under pressure, with the

approximation of elastic isotropy, is given by:

GV*r + Ve—aVp= 0 ..(3)

1-—2v
where r is the displacement vector, G is the shear modulus, v is Poisson’s ratio, € is the volumetric
strain, a is Biot-Willis coefficient and Vp is the applied pressure gradient.

The fluid equation, derived from the conservation of mass, requires that:

9]
5; @0 +V.(pw) = Q. ...(4)

10
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where p is the density of the fluid, @ is the porosity of the medium, and Q,, is the fluid mass
source.

Fluid flow in a poroelastic medium can be described by Darcy’s Law where Darcy’s
velocity, u, is expressed in terms of the permeability of the medium, «, fluid viscosity, u, and the

difference in elevation, Vz:
K
u= I (Vp + pgVz) ..(5)

Furthermore, the poroelastic storage coefficient, S, is given by:

dp

0
5 (@p) = pSo- ...(6)

Then, the mass conservation equation can be re-written as:

ap
pSE+ V.(puw) = Q,, = —pag (7

The negative sign in the mass source term refers to the effect of the increase of the rate of
change of the volumetric strain, %. As this term increases, the fluid will sink as there is more

space for the fluid to diffuse.

3.2 Initial and boundary conditions

For the initial conditions, the displacement vector is null, and the pore pressure is at
hydrostatic conditions. Thus, the calculated pore pressure is the excess pressure above the
hydrostatic value. As for the boundary conditions for the solid matrix, we use shear-free but
impenetrable boundaries for the side and bottom boundaries described as,

n.u=0, nx(o.n) =0..(8)

where u is the displacement of the solid matrix, and & is the stress tensor.

11
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232 The top side is free to move in any direction (traction-free) (Segall and Lu, 2015; Fan et
233 al., 2016). For the fluid flow, we assume a zero normal component of the fluid mass flux as,

234 —n.(pvs) =0..(9)

235  where n is the normal vector pointing outward, p is the fluid density, and vy is the fluid velocity.
236

237 Table 1, Table 2, and Table 3 describe the hydraulic, linear elastic and poroelastic
238 properties of the different geological components, respectively, while Table 4 describes the fluid
239 properties used in the numerical models.

240

241  Table 1. Hydraulic properties of the geological components used in the numerical models
242

Component Permeability (m?) Porosity (-) Reference

Duvernay shale 1.5E—-19 0.65 (Kleiner and

Aniekwe, 2019)

Crystalline 10721 0.01 (Stober and
basement Bucher, 2014)
Hydraulic 10-16 0.1 (Rodriguez-
fracturing zone pradilla, 2018)
Damage zones 10714 0.1 (Yehyaetal.,
Fault core 10~17 0.015 2018)

243

244

245

246

12
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247 Table 2. Linear elastic properties of the geological components used in the numerical models

Component Young’s Poisson’s  Density Reference
Modulus (GPa) Ratio (-) (kg/m?)

Duvernay shale 75 0.25 2700

Crystalline 60 0.2 2750 (Zhao, 2018)

basement

Damage zones 25 0.25 2700 (Gudmundsson,

Fault core 5 0.25 2700 2004)

248

249  Table 3. Poroelastic property of the geological components used in the numerical models

Component Biot-Willis coefficient Reference
¢
Duvernay shale 0.79

(Fan et al., 2019)
Crystalline basement 0.44

250

251  Table 4. Fluid properties used in the numerical models

Fluid properties Value
Density (kg/m3) 1000
Dynamic viscosity (Pa.s) 0.0004
Compressibility (1/Pa) 4E—-10

252 4 Results and Discussion
253 In this section, we discuss the possible hydrogeological factors that affect the faults’

254 response, which can lead to triggering the seismic events observed in the Duvernay formation.

13
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We evaluate and analyze the effect of the several parameters on the change of Coulomb Failure
Stress along the two critically stressed faults: Fault 1 and 2 and, then, correlate the change in CFS
with the observed seismic events during hydraulic fracturing (HF), S1, S2 and S3. The change in
CFS, pore pressure and the stresses are evaluated at the end of each sequence. The parameters
that are varied are fault orientation, presence of hydraulic fracturing zone and its intersection with
the damage zones, the distance to the HF operations and the width of the bordering damage zones

of Fault 1.

4.1 Fault orientation

The orientations of the faults play a significant role in their stabilization state. To evaluate
the effect of fault orientation on the change in CFS, Fault 1 and Fault 2 are oriented based on the
observed seismic strands depicted in Fig. 1 where 6; = 74° and 6, = 84° (Bao and Eaton, 2016).
The model parameters shown in Table 1, Table 2 and Table 3 are adopted and the distance
between the faults is 1.5 km. Therefore, Fault 1 is 1.01 km away from the hydraulic fracturing
operations while Fault 2 is 0.425 km below the hydraulic fractures.

Fig. 3a shows the variation of the change in CFS along oriented Fault 1 during HF, S1, S2
and S3. As depicted, Fault 1 is stabilized at the shallower parts (negative CFS) and destabilized
at the deeper parts (positive CFS). Fig. 4a shows that the shallower part of Fault 1 is subjected to
a higher normal compressive stress relative to the deeper section; this leads to the destabilization
of its deeper section. Fig. 4a shows the insignificant effect of pore pressure on the variation of
CFS at the later stages of the operations along Fault 1. The distance between Fault 1 and the
hydraulic fractures, which is 1.01 km, is large enough to limit a sufficient pore pressure diffusion
into the fault. Therefore, the main mechanism affecting fault response, which leads to induced

seismicity in the deep layers of Fault 1, is the increase in shear stress rather than pore pressure

14
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diffusion. The observed seismic events (Fig. 1) occurred solely during HF at a depth of 3.6 km,
which agrees with the positive CFS values in the simulation results occurring at around a depth
of 3.7 km. On the other hand, Fig. 3b confirms that Fault 2 shows a completely destabilizing
behavior in all 4 stages. During HF, pore pressure directly diffuses along Fault 2 due to its
proximity to the hydraulic fracturing operations. However, the overall coulomb stresses play a
significant role in destabilizing Fault 2 during the time of S1, S2 and S3 (Fig. 4b) where the effect
of the shear and normal stresses dominated that of the pore pressure. By the time the hydraulic
fracturing operations are ceased, pore pressure has already diffused along Fault 2 and, therefore,
the overall stresses are the reason behind the destabilization of the fault.

In case the faults were vertical, the shear stress along both faults decreases and, therefore,
the faults are more stabilized in comparison to when they are oriented (Fig. 5). In such case, Fault
1 becomes destabilized at a depth higher than 3.7 km. Similarly, Fault 2 is still completely
destabilized; however, it exhibits higher values of CFS. Hence, the orientation of the faults did

not affect the mechanisms of faults response but the location of the expected instability.

Depth along Fault 2 in km

T
5,000 10,000 0 50,000 100,000 150,000

T
-10,000 -5,000 0
Change in CFS in Pa Change in CFS in Pa

(i) Oriented Fault 1 (if) Oriented Fault 2

Figure 3. The variation of the CFS during the 4 stages (HF, S1, S2, S3) along the oriented faults:

() Fault 1 and (b) Fault 2

15
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Figure 5. The variation of CFS, shear stress, normal stress, and pore pressure during HF along

the vertical faults: (a) Fault 1 and (b) Fault 2

4.2 Distance to HF operations

We consider that the location of Fault 2 is fixed and that of Fault 1 is variable and that the
distance between the last fluid mass source and Fault 1 is “d”. If Fault 1 is less than 1.01 km away
from the HF operations, the fault will be affected by pore pressure diffusion caused by the
hydraulic fracturing operations. This leads to more destabilization of its shallower section.
However, if Fault 1 is more than 1.01 km away from the operations, the effect of the operations
will diminish. Four values for the distance between Fault 1 and the operations are adopted: d =
0,0.51,1.01 and 1.51 km. When the distance is 0 km, the fault intersects with the last hydraulic

fracturing mass source (Fig. 7a).
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During the 4 stages, as Fault 1 becomes closer to the hydraulic fracturing operations, the
diffusion of pore pressure is facilitated (Fig. 7) and its CFS values become positive pointing to a
destabilized response (Fig. 6a) due to the combined effect of pore pressure and stresses.
Furthermore, as this distance decreases, the normal compressive stresses at the deeper part of the
fault decreases leading to its destabilizing, leaving a smaller part of the shallow section stable.
This explains positive CFS values of Fault 1 presented in Fig. 6a. When the fault intersects with
the hydraulic fracturing zone, Fault 1 is completely destabilized as it is entirely under very low
normal compressive stresses and relatively high pore pressure. On the contrary, if Fault 1 is
1.51 km away, most of Fault 1 is under compression and is stabilized while smaller part of its
deeper section is destabilized due to a lower compressive normal stress. To observe a response
that shows a stabilized upper part and destabilized lower part, which agrees with the seismic
observations, the distance between Fault 1 and the operations should be around 1.01 km. As for
Fault 2, the variation of CFS is barely affected by altering the distance of Fault 1 to the operations.
(Fig. 6a).

Having said that, when Fault 1 is 1.01 km away from the operations, its shallower sections
are under compression and show a stabilizing behavior (i.e., negative CFS) that agrees with the
lack of seismic events from observational data, and the deeper sections of Fault 1 are under lower
normal compressive stresses and show a destabilizing behavior (i.e., positive CFS), which
correlates with the observed seismic events. Otherwise, the response will not correlate with the
observed seismic events as Fault 1 will either be almost completely stabilized (at a distance
greater than 1.51 km) or destabilized (when the fault intersects with the HF operations).

Therefore, the position of the faults with respect to the location of the hydraulic fracturing

17
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333 operations play an important role in the mechanisms affecting the fault response leading to

334 induced earthquakes and in their spatiotemporal distribution.
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337 Figure 6. The variation of CFS during HF at different distances between Fault 1 and the
338 hydraulic fractures along the oriented faults: (a) Fault 1 and (b) Fault 2
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Figure 7. Coloured map showing the pore pressure diffusion at the end of HF at different

distances (a) d= 0 km, (b) d=0.51 km, (c) d= 1.01 km, and (d) d=1.51 km

4.3 The width of the hydraulically fractured (HF) zone

To accurately simulate the effect of hydraulic fracturing operations, a zone is created
around the hydraulic fractures (mass sources) which has a higher permeability and porosity than
Duvernay shale. According to SM Energy company (2015), existing fractures can propagate up
to 90 m because of the fluid injected at high pressures into the formation. The aim of this section
is to evaluate the effect of the width of the HF zone on the variation of CFS along the critically
stressed faults. We consider 3 scenarios: ignoring the permeability increase in the HF (Fig. 8a),
the HF zone, with higher permeability than the host rock, does not intersect with Fault 2 (Fig.
8b), and the HF intersects with Fault 2 (Fig. 8c). The distance between Fault 1 and the operations
is considered to be 1.01 km.

Fig. 9a shows the variations of CFS along Fault 2 for the 3 scenarios on the third day of
HF. The highest CFS values are attained when the HF zone intersects with the damage zone of
Fault 2. Since the HF zone and damage zone of Fault 2 have relatively high permeabilities
(10716 and 10~*m?, respectively), the propagation of the pore pressure is higher in comparison
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to when no intersection exists (Fig. 9b). Consequently, the existence of a low permeability shale
region between the hydraulically fractured zone and Fault 2 (Fig. 8a and 7b) acts as a barrier and
delays the pore pressure diffusion along the fault. The slow perturbation leads to a decrease in the
CFS values for cases (a) and (b) (Fig. 9a) especially that, during HF, the main mechanism
affecting the fault response of Fault 2 is the pore pressure diffusion. The presence of HF zone
does not affect the CFS values of Fault 1 since Fault 1 is not destabilized during HF by a direct
increase in pore pressure.

It is important to note that it is highly unlikely that there was an intersection between Fault
2 and HF zone in the real case of Duvernay formation in Alberta. According to Fig. 1, the
seismicity along Fault 2 during HF started in the deeper regions. If there was an intersection

between Fault 2 and the HF zone, we expect to have seismicity start in the shallow sections.

1km 1 km
mm\l\llii;iiig Om T T4
1 1 1 e =
Peaspepenananiis|s  erswanasesnanies)
el
! 1 1 ! !
EEEEEEEEEEEEEEE : :
(a) Without HF zone
L1 INENEEREENERN|
(b) With HF zone that does not intersect (c) With HF zone that intersects with
with Fault 2 Fault 2

Figure 8. A close map showing the area around the hydraulic fractures and the shallow part of
Fault 2 (a) without HF zone, (b) with HF zone that does not intersect with Fault 2 and (c) with

HF zone that intersects with Fault 2
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373 Figure 9. The variation of (a) CFS and (b) pore pressure on the third day of HF operations under
374 different conditions: absence of HF zone (dark red), presence of HF zone that does not intersect

375  with the damage zone (DZ) of Fault 2 (orange), and presence of HF zone that intersects with the

376 DZ of Fault 2 (yellow)
377 4.4 Effect of fault architecture (width of the damage zone of Fault 1)
378 Depending on the location of the fluid perturbation with respect to the fault, the damage

379 zones can play a significant role in the stabilization story. For the near fault, the damage zone
380 plays the role of a hydraulic conduit to drive the increase in pore pressure to deeper regions of the
381 fault. However, the width of the damage zone of the distant fault (Fault 1) might lead to decreasing
382 the pore pressure along the fault by preventing pressure buildup and stress concentration.
383 Therefore, four scenarios are considered where the width of the damage zone of Fault 1 (w_DZ)

384 is varied between 0,90, 150 and 190 m. According to Fig. 10a, the deeper Fault 1 is more stable
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when the damage zone is wider. Fig. 10b shows that the deeper section of Fault 1 is destabilized
due to high shear stress relative to the shallower section of the fault. However, as the width of the
damage zone increases, the pore pressure and shear stress decrease and the deeper section of the
fault becomes more stabilized. The pore pressure in Fault 1 (Fig. 10c) is increased by the
poroelastic effect and increase in the overall stresses with an indirect hydraulic connection. The
more the pore fluids are trapped, the higher the pore pressure. A wider damage zone will allow a
lateral diffusion resulting in the relaxation and the decrease of the pore fluid pressure around the
fault. Therefore, the width of Fault 1 damage zone is expected to range between 100 and 160 m
to yield a stress perturbation that is compatible with a response that correlates to the observed
seismic events (stabilization during S1, S2 and S3 and destabilization of the shallow section

during HF).
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Figure 10. The variation of (a) CFS, (b) shear stress and (c) pore pressure during HF under

different width of the damage zone (w_D2Z) for Fault 1

4.5 Comparison to Fayetteville formation

A set of geological factors could have triggered the observed seismic events in the
Duvernay formation, namely the proximity to the HF operations, the fault architecture and
orientation, and the injection volumes and stages. In Fayetteville formation in north-central
Arkansas, U.S., no seismic events have been reported during or after the hydraulic fracturing

operations. Fayetteville formation is a Mississippian black clay shale along with interbedded fine-
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grained limestones (McFarland, 2004). It contains around 41.6 Tcf of petroleum reserves (Arthur
and Coughlin, 2008) and its age is almost equivalent to the Barnet Shale in Texas (Shelby, 2008).
To compare, the total volume of fluid injected in the Fayetteville formation was around 400
m3 /cluster while it was around 2,000 m3/cluster in the Duvernay formation. This plays a
significant role in the rate and intensity of the increase in pore pressure and the stress perturbation
and, therefore, the variation of CFS along the existing faults. In addition to that, the difference
between the two case studies highlights the importance of the location of the existing faults relative
to the hydraulic fractures. In the Fayetteville formation, two wells are operated next to a fault: one
that is far (around 5 km away) and barely affects the stability of the fault and another close well
whose total injected volume is very small in comparison to the Duvernay formation. Even if the
hydraulic fracturing operations were close to the existing faults, the injection schedule (duration,
rate, and volume of injection) plays a vital role in avoiding induced seismicity. According to
Alghannam and Juanes (2020), the probability of the occurrence of seismic events increases in a

shorter injection duration and a fixed injected volume as the case in the Duvernay formation.

5 Conclusions

The rate of injection and the volume of injected fluid play a major role in induced seismicity
(Alghannam & Juanes, 2020). However, for a specific injection strategy, the hydrogeological
factors that have a direct effect on the pore pressure and stress perturbation along the faults are
the fault orientation, distance to the operations, the width of HF zone, and the fault’s architecture.
These factors made the geological setting critical for induced seismicity in the Duvernay
formation in Alberta. Our results show that the mechanism affecting a distant fault response,
during HF, is the shear stress rather than pore pressure diffusion while both factors play a

significant role in destabilizing a close Fault. When pore pressure is not the main destabilizing
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mechanism, the distance between the fault and the HF operations decides what part of the fault
will be under a lower compressive stress and sometimes under extension, which affects its
stability. Furthermore, the effect of the width of HF zone is insignificant unless it hydraulically
intersects with the damage zone of a nearby fault; in that case, the pore pressure diffusion will be
accelerated, and the fault will be destabilization will start in the shallower section. Finally, in a
distant fault i.e., where indirect fluid perturbation is happening, the width of the damage zone
plays an important role in stabilizing the fault by avoiding the pressure build up and entrapment
and allowing the fluid to diffuse laterally, which leads to the decrease in shear stress and pore
pressure perturbations. However, for a near fault, where direct fluid communication occurs, the
damage zone plays the role of a conduit to diffuse pore pressure faster into the deeper regions of

the fault.
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Captions

Figure 1. Cross section of a cluster showing the two strands of the fault system in the Duvernay

formation (reproduced from Bao and Eaton (2016))

Figure 2. Model geometry with emphasis on (a) the hydraulic fracturing zone, and the geometry

of (b) Fault 1 and (c) Fault 2

Figure 3. The variation of the CFS during the 4 stages (HF, S1, S2, S3) along the oriented faults:

(a) Fault 1 and (b) Fault 2

Figure 4. The variation of CFS, shear stress, normal stress, and pore pressure along (a) oriented

Fault 1 during HF and (b) oriented Fault 2 during S1

Figure 5. The variation of CFS, shear stress, normal stress, and pore pressure during HF along

the vertical faults: (a) Fault 1 and (b) Fault 2

Figure 6. The variation of CFS during HF at different distances between Fault 1 and the

hydraulic fractures along the oriented faults: (a) Fault 1 and (b) Fault 2

Figure 7. Coloured map showing the pore pressure diffusion at the end of HF at different

distances (a) d=0 km, (b) d=0.51 km, (c) d=1.01 km, and (d) d=1.51 km
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Figure 8. A close map showing the area around the hydraulic fractures and the shallow part of
Fault 2 (a) without HF zone, (b) with HF zone that does not intersect with Fault 2 and (c) with

HF zone that intersects with Fault 2

Figure 9. The variation of (a) CFS and (b) pore pressure on the third day of HF operations under
different conditions: absence of HF zone (dark red), presence of HF zone that does not intersect
with the damage zone (DZ) of Fault 2 (orange), and presence of HF zone that intersects with the

DZ of Fault 2 (yellow)

Figure 10. The variation of (a) CFS, (b) shear stress and (c) pore pressure during HF under
different width of the damage zone (w_DZ) for Fault 1

Table 1. Hydraulic properties of the geological components used in the numerical models
Table 2. Linear elastic properties of the geological components used in the numerical models

Table 3. Poroelastic property of the geological components used in the numerical models

Table 4. Fluid properties used in the numerical models
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