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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) and the rate of seismicity (R) through
coupling solid deformation and fluid flow. Our results show that the pore pressure increases rapidly in a fault
that is close (hydraulically connected) to HF operations, which might lead to its activation when the injection
rate is high. When the fault is adjacent to HF but distant from it, its shallow region is subjected to a stabilizing
deformation-induced normal compressive stress and its deeper region is destabilized under extension. In this
case, the fault orientation and damage zone size have a significant effect on the fault's stability and response.
On the other hand, decreasing the rate of injection can either increase or decrease the CFS values depending on
the fault location and the dominant stresses. Therefore, serious attention should be given to the fault position,
its architecture, and the injection rate to help reduce the potential for induced seismicity from HF. Our findings
are verified and confirmed using the case of the Duvernay formation in Alberta, Canada, where the reported
seismic data correlate with high CFS and R values.

Plain Language Summary The main cause for the induced seismic events occurring during or after
hydraulic fracturing (HF) operations can be attributed to fluid diffusion and/or stress changes along critically
stressed dormant faults located near the operations. Different factors can affect the response of pre-existing
faults to HF operations including the distance between the fault and HF operations, fault orientation, size of

its damage zone, and the injection rate of HF. Based on our simulations, we conclude that when the fault is far
from the operations, its shallow region (i.e., closer to HF) is subjected to a stabilizing deformation-induced
compressive normal stress and its deeper region is destabilized under extension. However, for a close fault

that is hydraulically connected to HF, the pore pressure increases rapidly which might lead to fault activation.
Moreover, we found that decreasing the rate of injection can either increase or decrease the risk of induced
seismicity depending on the fault location with respect to HF. Hence, besides avoiding fracturing rocks near
faults, operators need to give serious attention to the location of faults relative to the operations, its architecture
and the injection parameters to limit induce seismic events.

1. Introduction

Besides natural tectonic movements, earthquakes can occur due to different anthropogenic activities. These activ-
ities 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 (Benson et al., 2020; Davies et al., 2013; Deng et al., 2020; van
Thienen-Visser et al., 2018; Zbinden et al., 2017). 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 &
Segall, 2016; Suckale, 2009; Villa & Singh, 2020), and hydraulic fracturing (HF) (Bao & Eaton, 2016; Brudzinski
& Koztowska, 2019; Deng et al., 2016) 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 HF operations, does not always induce felt seismic events of major public concern;
however, under specific geological factors, major seismicity can occur even after the cessation of operations
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(Rashedi & 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. HF aims at enhancing the permeability of reservoirs and, therefore, stimulating the flow
of hydrocarbons into the well (Peduzzi & 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 HF fluid (Davis & 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 & Singh, 2020). Studies have concluded that most of the earthquakes induced by shale-gas stimu-
lation are unfelt (Davies et al., 2013). However, there exists some felt seismicity, such as in Lancashire Country,
UK (De Pater & Baisch, 2011), Garvin County, Oklahoma (Holland, 2013) and Horn River, Canada (Davies
et al., 2013), that are proven to have a spatio-temporal correlation with HF operations.

The observed surge in the rate of seismicity in North America has been mainly attributed to the massive salt-
water injection into porous formation (Frohlich, 2012). On the other hand, major earthquakes, whose magni-
tudes range between 2 and 6 in Alberta, CA, have been linked to the HF operations occurring in localized areas
(Holland, 2013). Particularly, the seismicity in the Duvernay formation near Fox Creek, Alberta, CA started
in 2014, during HF operations, and lasted 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 & 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 zones of existing faults or cores,
particularly if the fault has been recently active. 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; Galloway
et al., 2018; Schultz et al., 2014). 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): (a) the presence of a nearly critical slip-oriented fault and (b) a mean
to induce 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 diffu-
sion 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 & Zoback, 2015). Another mechanism is the deflection of the propagating hydraulic fracture into
fault planes, which are common in the field (Gudmundsson, 2011). When the hydraulic fracture enters the fault
plane, the flow is controlled by the Cubic law. Whether or not the hydraulic fracture deflects into the fault and
follows the fault plane depends on various mechanical factors (Gudmundsson, 2022). During HF, the change
in pore pressure alone is unlikely to induce felt seismic events of major public concern (Bao & Eaton, 2016;
Deng et al., 2016) because the pore pressure would require 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 & Cleary, 1976)), affect the steady state of the fault
(Deng et al., 2016).

Fisher and Warpinski (2012) presented a review of field data of different wells located at depths spanning from
900 to 4,300 m. The review shows that the aforementioned mechanisms can trigger the earthquake either 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 hydro-
geological 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
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affecting faults' response during and/or after HF operations. We mainly focus on the location of the fault, its
orientation, the presence of a hydraulic connection between the HF zone and the faults, and the width of the
damage zones. We also investigate the effect of the injection rate. To assess the fault response, we estimate the
change in the Coulomb Failure Stress (CFS) along a critically stressed fault that is located near the HF operations
using a two-dimensional finite element poroelastic model on COMSOL Multiphysics. This approach has been
implemented previously to study the stability of the faults associated with CO, injection (Rutqvist et al., 2007;
Vilarrasa et al., 2016), water-injection (Rutqvist, 2011; Yehya et al., 2018), reservoir impoundment (Basbous
et al., 2022) and HF (Rutqvist et al., 2013, 2015). In the second part of the study, we consider the case study of the
Duvernay formation in Alberta, Western Canada where seismic events were reported during and after operations,
to relate the fault response to real seismic data. The variations of the CFS along the two critically stressed faults
are analyzed and compared to the seismic events obtained from the observational data from December 2014 to
March 2015 (Bao & Eaton, 2016).

The paper is divided as follows. Section 2 describes the method used, the geology of the formations, and the
model construction. Section 3 explains the linear poroelastic model and the governing equations. In Section 4,
we present synthetic cases to independently discuss the effect of different geometrical and hydrological factors
on fault activation. In Section 5, we verify our findings using the study case of Alberta, CA. Finally, Section 6
concludes on the main outcomes and recommendations drawn from the work.

2. Materials and Methods

We couple fluid flow and solid deformation to account for the poroelastic behavior and estimate the change in the
CFS. The accuracy of coupled models for fluid flow and deformation depends on how the coupling is realized
(Beck et al., 2020; Blanco-Martin et al., 2017; Both et al., 2018; Kim, 2010; Kim et al., 2012).

The equations of fluid flow and solid mechanics are fully coupled using COMSOL Multiphysics. There are two
approaches to solve the multi-physics problem on COMSOL Multiphysics: the fully coupled and the sequential
or segregated approaches. The fully coupled approach forms a single large system of equations that solve for
all of the fields and includes all of the couplings at once, within a single iteration. On the other hand, in the
segregated approach, the problem is subdivided into several segregated steps. These individual segregated steps
are smaller than the full system of equations that are formed with the fully coupled approach. The segregated
steps are then solved sequentially. Regardless of the approach, the solution is approached by each iteration until
gradually converging to the solution. The fully coupled approach often converges more robustly and in fewer iter-
ations as compared to the segregated approach. However, each iteration will require relatively more memory and
time to solve. The sequential approach can be faster but introduces different kinds of errors especially when the
sequential scheme is not iterative (Beck et al., 2020). Hence, it is useful in 3D, however, the 2D assumption in our
model allows us to use the fully coupled approach, which gives high accuracy despite the higher computational
time. Consequently, 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 operations.

The entire domain is 10km X 10km and is divided into three layers. The shale reservoir is 400 m thick, the
overburden layer is 3.2 km thick and the crystalline basement is 6 km thick as depicted in Figure 1. A critically
stressed fault is added near the HF operations. Table 1 summarizes the different cases studied where we varied the
injection rate (of the HF operations), the orientation and location of the fault, and the width of the damage zone.
The simulation is simplified to a 2D model because HF operations occur around a horizontal well and affect the
formation properties of a vertical planar region of relatively small width with respect to the domain. Moreover, the
main fractures generated by the HF operations propagate in the vertical plane (Khadijeh et al., 2022). Therefore,
we consider a cross section that passes through the horizontal well for the 2D model shown in Figure 1. In order to
simulate the stages of the HF operations, 15 injection points that are separated by a distance of 70 m are added at a
depth of 3.4 km within the HF zone (Figure 1). The permeability of the HF zone is higher than the host rock due to
HF and is considered to increase instantly during the operation. The fault has a fault core of low permeability (order
of 107" m?), and boarding damage zones of higher permeability (order of 10™"* m?) (Mitchell & Faulkner, 2009).
The fault is considered as a dormant fault (inactive), however, when active, there will be an increase in the fault
core permeability. This is not considered in our model. The injection points are activated one after the other by
injecting 9 m® /min water per mass source for 5 hr followed by 4 hr of zero-injection phase.
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Figure 1. A 2D schema showing the geological formation and the geometry of the hydraulic fracturing zone and the fault.
3. Theory and Calculations
3.1. Poroelastic Model and Governing Equations
3.1.1. Coulomb Stress Changes
Generally, the change in CFS expresses the failure criterion to initiate rupture:
ACFS = At + f (Ao, + Ap) (€Y
Table 1
Geometrical and Injection Parameters Used in the Synthetic Cases where f is coefficient of friction, taken equal to 0.6, Az is the change in the
shear stress, Ao, is the change applied normal stress (positive for extension)
Damage . ] ; .
Injection AOHE and Ap is the change in pore pressure or the change in fluid pressure along
Studied rate Dip Distance from HFZ; Intersection  width the fault plane (Gudmundsson, 2011). Any natural or anthropogenic activ-
cases (m?/min)  (°) d (m) withHFZ ~ Wd(m) ity that alters the shear stress, normal stress or pore pressure can bring the
Case 1 9 90 600 (middle of HFZ) Yes 160 fault to failure and, therefore, induce an earthquake. Hence, for a critically
Case 2 9 90 1,600 (distant) No 160 s.tressed fault., as the case of most dormant faults in the subsurface, a1.1y posi-
tive change in the CFS affects the fault's response to the perturbation and
Case 3 9 90 2,200 (far) No 160 .
could lead to fault slip.
Case 4 9 90 600 No 160
Case 5 9 80 600 Yes 160
3.1.2. Coupled Poroelastic Model
Case 6 9 70 600 Yes 160
Case 7 9 ) 1,800 No 160 The coupled poroelastic model states that the change in pore pressure affects
Case 8 9 90 1.800 No 160 the stresses a1.1d strains (fluid-to-solid coupl.mg.) and, similarly, any char%ge in
the poroelastic stresses can lead to the variation of pore pressure (solid-to-
Case 9 9 70 1,800 No 160 . . .
fluid) (Biot, 1941; Rice & Cleary, 1976; Wang, 2000).
Case 10 9 90 600 Yes 40
Case 11 9 9 1,600 No 40 The equlhbru.lm equation, under quasi-static condition, and no additional
body forces gives:
Case 12 9 90 600 Yes 80
Case 13 9 90 1,600 No 80 Vo=0 @
Case 14 3 e 600 Yes 160 The constitutive equation of the solid matrix when pore fluid is under pres-
Case 15 5 90 600 Yes 160 sure, with the approximation of elastic isotropy, is given by:
Case 16 3 90 1,600 No 160 G
Case 17 5 90 1,600 No 160 GV’r+ o, ve—avp=0 3)
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Table 2
Porosity and Permeability of the Geological Components Used in the Numerical Models
Component Permeability (m?) Porosity (-) Reference
Duvernay shale 1.5E-19 0.065 (Kleiner & Aniekwe, 2019)
Crystalline basement 107 0.01 (Stober & Bucher, 2014)
Hydraulic fracturing zone 107" 0.1 (Rodriguez-pradilla, 2018)
Damage zones 107" 0.1 (Yehya et al., 2018)
Fault core ok 0.015
where r is the displacement vector, G is the shear modulus, v is Poisson's ratio, ¢ is the volumetric strain, « is
Biot-Willis coefficient and Vp is the applied pressure gradient.
The fluid equation, derived from the conservation of mass, requires that:
d
5 @P) + V(o) = Onm @
where p is the density of the fluid, @ is the porosity of the medium, and O, 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= —;(Vp+ngz) 5)
Furthermore, the poroelastic storage coefficient, .S, is given by:
7] dp
—(@p) = pS— 6
5 @P) =pS— 6
Then, the mass conservation equation can be re-written as:
dp de
S— + V.(pu) = O = —pa— 7
PS= (pu) = Om = —p o @)
The negative sign in the mass source term refers to the effect of the increase of the rate of change of the volumet-
ric strain, de /0t. As this term increases, 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(-n)=0 ®)
where u is the displacement of the solid matrix, and o is the stress tensor.
Table 3
Linear Elastic Properties of the Geological Components Used in the Numerical Models
Component Young's modulus (GPa) Poisson's ratio (-) Density (kg/m?) Reference
Duvernay shale 75 0.25 2,700 (Zhao, 2018)
Crystalline basement 60 0.2 2,750
Damage zones 25 0.25 2,700 (Gudmundsson, 2004)
Fault core 5 0.25 2,700
YEHYA ET AL. 50f 17
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Table 4 The top side is free to move in any direction (traction-free) (Fan et al., 2016;
Poroelastic Property of the Geological Components Used in the Numerical Segall & Lu, 2015). For the fluid flow, we assume a zero normal component
Models of the fluid mass flux as,
Component Biot-Willis coefficient (— Reference

P ) —n - (pvs) =0 ©)

Duvernay shale 0.79 (Fan et al., 2019)
Crystalline basement 0.44 where n is the normal vector pointing outward, p is the fluid density, and oy

is the fluid velocity. The boundaries are chosen far enough from the fluid
perturbation (i.e., injection site) by enlarging the size of the studied domain.
A sensitivity analysis on the location of the boundary was performed to
ensure that the boundary conditions on it does not affect the results.

Tables 2—4 describe the hydraulic, linear elastic and poroelastic properties of the different geological compo-
nents, respectively, while Table 5 describes the fluid properties used in the numerical models.

3.3. Rate of Seismicity

To evaluate the potential for induced seismicity, we calculate the rate of seismicity (Chang & Yoon, 2018; Segall
& Lu, 2015). Dieterich (1994) developed a seismicity rate model, governed by rate and state friction, to relate the
rate of earthquake nucleation to changes in coulomb stress. In the absence of any stress perturbation, the rate of
seismicity will remain constant with time. When stress perturbation occurs, an increase in this rate is expected.
The rate of seismicity R can be calculated relative to a background stressing rate by:

dR R T
—=—|—-R
dr ta (1"0 ) 10

7, being the background stressing rate, 7 Coulomb stressing rate estimated from the model as the rate of change
in the overall change in Coulomb stress, and ¢, = ac /7) is the characteristic relaxation time, where a is the consti-
tutive parameter in the rate state friction law quantifying the direct effect on slip. In this study, & is the average
vertical effective normal stress and is equal to 71.7 MPa, 7, = 0.001 MPa/year corresponds to a cumulative
stress drop of 1 MPa every 1,000 years, and a = 0.003 (Chang & Yoon, 2018; Segall & Lu, 2015). Therefore,
the resulting characteristic relaxation time is 7, = 215 years. However, when there is an overpressure beyond the
hydrostatic pressure, as it is the case in Alberta (Eaton & Schultz, 2018), the time #, will decrease and its effect
on R is highlighted in Section 5. The initial value of R is 1 and R returns to its initial value when time 7 > 1, (see
Equation 10).

4. Effect of Hydrogeological Factors on Fault Response

In this section, we discuss the possible hydrogeological factors that affect a fault response to HF, which can
lead to triggering seismicity. We evaluate and analyze the effect of fault location, fault orientation, intersection
between the HF zone and the fault damage zones, the width of the bordering damage zones, and the injection rate
on the change of CFS along the critically stressed fault. Then, we estimate the rate of seismicity on two chosen
points of the fault (shallow and deep). The change in CFS, pore pressure and the overall Coulomb stresses are
evaluated during and after the HF operations. The stress calculated is the total stress (cora1) that is estimated from
the effective stress (oerr) calculated by COMSOL Multiphysics as Giora = Gefr + ap.

4.1. Effect of Fault Location

Table 5

Fluid Properties Used in the Numerical Models We vary the distance (d in Figure 1) between the fault and the HF operations,
Fluid properties Value to assess its effect on the CFS and R values. The different location of the fault
Density (kg/m?) 1,000 are given in cases 1 through 4 in Table 1. The following subsections illustrate

Dynamic viscosity (Pa - s)

Compressibility (1 /Pa)

the results obtained for each case. We conclude from the observations that the
fault response falls within three categories depending on the value of d. The
first is when the fault is below the HF region and is hydraulically connected

0.0004
4E - 10
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Figure 2. Normal and shear stresses, pore pressure, and Coulomb Failure Stress values measured on the vertical fault (a)
during injection (at r = 90 hr), and (b) after injection ends (at r = 2,000 hr) for case 1 (d = 600 m).

to it (i.e., for 0 < d < 1 km). The second is when the fault is to the right of HF zone and slightly distant (i.e.,
1 km < d < 2.2 km). And the third is when d > 2.2 km.

4.1.1. Case1,d = 600 m

Figure 2 shows that when d = 600 m, the dominant mechanism affecting the CFS is pore pressure diffusion.
The pore pressure is high in the shallower fault region and it diffuses deeper as time passes (Figure 2b). Hence,
the CFS values increase after the end of HF operations as seen in Figure 3a. The CFS values in the shallow part
increase slightly during HF, then increase sharply after the end of injection and continue to increase until the
CFS stabilizes. In deeper regions, the CFS values continue to increase as pore pressure diffuses along the fault.
Accordingly, the rate of seismicity increases for the shallower region near the end of HF operations (end of
injection), then it starts to decrease as the rate of change of CFS decreases (Figure 3b). In the deep regions, the
rate of seismicity keeps increasing after the HF operation stops and continues to increase until the pore pressure
perturbation diminishes (Figure 3b).

4.1.2. Case2,d = 1,600 m

Figure 4 shows that when d = 1,600 m, the response of the fault is caused by an indirect fluid pore pressure effect.
The injected fluid at high pressure causes an increase in the compressive normal stress on the shallower region of
the fault (Figure 4). This will help stabilize the shallow part of fault and decrease the overall change in CFS. The
shear stress increases in the middle region of the fault causing an increase in the CES to values beyond 0.01 MPa,
which might lead to fault destabilization. Figure 5a shows that the CFS values do not increase significantly in the
deeper region after the cessation of the HF operations, signifying a decrease in the rate of seismicity (Figure 5b).
We conclude that induced seismicity is expected to occur only during the HF operations if the fault is located in
the region where 1 km < d < 2.2 km.
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Figure 3. The variation with time of the (a) Coulomb Failure Stress and (b) log R, for a shallow point (2 = 0.15 km) and
a deep point on the fault (2 = 0.9 km) for Case 1 (d = 600 m). The vertical dotted line represents time at end of injection
(120 hr).
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Figure 4. Normal and shear stresses, pore pressure, and Coulomb Failure Stress values on the vertical fault (a) during
injection (at # = 90 hr) and (b) after injection ends (at # = 2,000 hr) for Case 2 (d = 1,600 m).
4.1.3. Case 3,d = 2,200 m
When the fault is at a distance d > 2,200 m, the HF operations have a minimal effect on the fault's response, which
is evident from the comparison between the CFS values between d = 1,400 m, d = 2,100 m, and d = 2,200 m
(Case 3) illustrated in Figure 6. Between d = 2,100 m and d = 2,200 m, a transition occurred from a positive to a
near zero or negative CFS values, which indicates no risk for induced seismicity.
4.1.4. Case 4, No Intersection Between the Fault and the HF Region
We investigate the response of the fault located below the HF zone when no hydraulic connection exists between
them. Figure 7a shows that the CFS values decrease in the absence of intersection, which is caused by the signif-
icant decrease in the pore pressure values. Furthermore, Figure 7b shows that the mechanism of fault activation
will shift from pore pressure diffusion when a hydraulic connection exists (e.g., Cases 1 through 3) to being
affected by an increase in tensile and shear stresses on the fault in the absence of hydraulic connection.
We conclude that the fault location with respect to HF affects the fault response and plays an important role in the
mechanism of fault activation by induced seismicity. This observation, has important implications on the strategy
of injection that can be tailored according to the faults location and the mechanism that affects the faults, hence,
reducing the risk for induced seismic events.
The effect of injection rate is further examined in Section 4.4. Opposing effects can be obtained based on the
location, or more precisely based on the fault's response and activation mechanism.
- . 4 -
B P
___________ 3.5 |
1.
q4
- 3 %ﬂ
© Bl
o o L]
£ 22548
2 — shallow = 11
o 3
-~ deep 24}
: 3 :i — shallow
| i~ [t mein | +s3% =
-0.02 e 1 S e
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000
(a) time (h) (b) time (h)
Figure 5. The variation with time of the (a) Coulomb Failure Stress and (b) log R, for a shallow point (4 = 0.15 km) and
a deep point on the fault (2 = 0.9 km) for Case 2 (d = 1,600 m). The vertical dotted line represents time at end of injection
(120 hr).
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Figure 6. Coulomb Failure Stress values along the vertical fault for different values of d, (a) during injection (at # = 90 hr)
and (b) after injection ends (at # = 2,000 hr).

4.2. Effect of Fault Orientation

We investigate the effect of fault orientation on the response of the fault during and after HF operations. Note that
the attitude (strike and dip) of the fault has strong effects on the likelihood of a propagating hydraulic fracture
to deflect when meeting a fault (Gudmundsson, 2022). The fault strike is considered to be 90° and the fault dip,
6, is variable as per cases 4-9 in Table 1. The normal vector on the fault is n (n; = sin 8, n, = 0). The normal

. 172
stress is calculated as 6, = oyyn? and the shear stress as 7 = (o7, n? + o7,n> — 6, n}) ', where oy;and oy, are the

components of the stress tensor.

We notice from Figure 8a that for the close fault (i.e., 0 < d < 1 km; cases 1, 5, and 6), where pore pressure
diffusion is the dominant mechanism for fault activation, the effect of fault orientation is minimal as long as the
intersection with HF zone is maintained. However, Figure 8b shows that when 1 km < d < 2.2 km (cases 7, 8, and
9), the CFS values are highly affected by the fault orientation and this is due the increase in compressive normal
stress and shear stress on the fault.

4.3. Effect of the Fault Damage Zone

The fault damage zone is a region surrounding the fault core that includes micro-cracks which induce a higher
permeability and reduced mechanical properties. Damage zones are reported to act as conduits for fluids which
enhance pore pressure diffusion, as opposed to the fault core that is cemented and have low permeability. The
size of damage zone and its permeability is affected by coseismic damage (Yang et al., 2021) and interseismic
healing processes (Yehya & Rice, 2020). Narrow damage zones exist in mature faults that have undergone healing
or strain localization. Wide damage zones exist mostly in active faults. The effect of the width of the damage zone
(W,) on the fault response depends on the nature of stress perturbation affecting the fault. Following the results

0 0
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Figure 7. (a) Comparison of the Coulomb Failure Stress (CFS) values along the vertical fault for cases 1 and 4 at 90 and
200 hr. (b) Normal and shear stresses, pore pressure, and CFS values along the vertical fault for case 4 (no intersection with
the hydraulic fracturing zone) when ¢ = 90 hr.
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Figure 8. Coulomb Failure Stress values measured at = 2,000 hr for different fault orientations 0, for (a) cases 1, 5, and 6
(where 0 < d < 1 km) and (b) cases 7, 8, and 9 (where 1 km < d < 2.2 km).

of Section 4.1, it was found that the location of the fault affects its stability and stress perturbation. Hence, the
size of the damage zone affects the faults response differently for different fault locations (d). For the case of the
close fault (i.e., 0 < d < 1 km), the width of the damage zone does not significantly affect the CFS values as seen
in Figure 9a. It is sufficient to have a conduit (i.e., a high permeability region) of a small size to allow pressure
diffusion along the fault.

Figure 9b shows that when the fault is distant that is, when the dominant mechanism of fault activation is the
increase in tensile and shear stresses (see Section 4.1), the effect of the damage zone size on the CFS is more
evident. As the size of the damage zone decreases, the shear stress build up is higher in the deeper region of the
fault with a higher tensile normal stress. The compressive normal stress acting on the shallower region of the fault
is due to the normal deformation caused by the HF loading. In the case of a thinner damage zone, the average
modulus of elasticity is higher resulting in a higher compressive normal stress, and thus, in lower CFS values
and more stabilization in the shallow region as shown in Figure 9b. When the damage zone width increases, the
average modulus of elasticity decreases leading to lower deformation-induced compressive normal stress in the
shallower region and higher destabilizing tensile and shear stress in the deeper regions of the fault. This is an
interesting observation on the role of the damage zones and how it is different depending on the loading state of
the fault caused by HF. One scenario where a higher damage zone width increases the CFS values in the shal-
low part of the wel is when d is slightly greater than 1 km and the larger damage zone allows a lateral hydraulic
connectivity between the fault and the HF zone.

4.4. Effect of Injection Rate (¢)

The effect of the injection rate on the fault is determined by the location of the fault (d), or more precisely, by the
response of the fault and the dominant mechanism that leads to failure.

o
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Figure 9. Coulomb Failure Stress values for different fault damage zone thicknesses (W,) obtained at # = 2,000 hr (a) for
cases 1, 10, and 12 (where 0 < d < 1 km) and (b) for cases 2, 11, and 13 (where 1 km < d < 2.2 km).
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Figure 10. Coulomb Failure Stress values for various injection rates for cases 1, 14, and 15 (where 0 < d < 1 km) (a) at
t =90 hr, and (b) at # = 2,000 h, and for cases 1, 16, and 17 (1 km < d < 2.2 km) (c) at t = 90 hr, and (d) at t = 2,000 hr.
When 0 < d < 1 km (Figures 10a and 10b), the CFS increases when the injection rate increases because of the
increase in pore pressure. The pore pressure is the dominant mechanism for fault activation for these values
of d, therefore, decreasing the injection rate would lead to a reduction in CFS. So, adopting a lower injection
rate can prevent induced seismicity for a fault that is located below the HF operations and that is hydraulically
connected to it.
When 1 < d < 2.2 km (Figures 10c and 10d), the high injection rate creates a high deformation-induced normal
compressive stress on the shallow region of the fault, and thus, stabilizes it. However, as the injection rate is reduced,
the normal compressive stress is no longer significant and does not dominate the overall Coulomb stress change.
Hence, the shallow part of the fault will be destabilized during HF for low injection rates. It was noticed that for the
studied settings there is an injection rate threshold beyond which the effect of HF on the fault goes from creating
anormal tensile stress with high shear stress (for ¢ = 3 and 5 m*min) to creating a compressive normal stress (for
¢ =9 m*/min) (Figure 11). These findings have important implications on the choice of the injection strategy as it
0-
] a . _-">
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_ 400 -
E g
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o 7 o
Q q Q
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Figure 11. Normal and shear stresses for various injection rates for cases 1, 16, 17 (a) for # = 90 hr (during injection) and (b)
for t = 2,000 hr (after injection).
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n % e Crystalline Basomont  * , 5. Study Case: Induced Seismicity in Alberta, CA
4.2 . ‘ We verify the results obtained in Section 4 by modeling the HF operation
-0.2 0 0.2 04 0.6 0.8 1 1.2 conducted on the Duvernay formation in Alberta, CA, where a sequence of

Distance East (km)

seismic events occurred between end of 2014 and early 2015.

Figure 12. Cross section of a cluster showing the two strands of the fault .
system in the Duvernay formation (reproduced from Bao & Eaton, 2016). 5.1. The Duvernay Formation

(a)

HF operations
through cluster one
in the Duverney |
formation

0.8km

6km

The Duvernay is an Upper Devonian mud rock containing significant quartz

and limestone which makes it an attractive Shale gas target. Lithologically,
the 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, CA since December 2013 (Bao &
Eaton, 2016). These events have been spatially and temporally correlated with the HF activities occurring in the
Upper Devonian Duvernay formation (Schultz et al., 2015). The link between these events and fracking opera-
tions 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 HF operations in the Duvernay
formation. Even after the cessation of the operations, three sequences were also detected: S1 (January 10 till 31
January 2015), S2 (February 1 till 18 February 2015) and S3 (March 9 till 31 March 2015). Each sequence is
characterized by a set of events of increasing magnitude followed by a break. In this work, we analyze the three
sequences as one post treatment sequence that we refer to as after HF. 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
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Figure 13. (a) 3D schematic showing the geological settings of the Alberta case, and (b) the simulated 2D cross-section showing the faults, the hydraulic fracturing
injection sources, and the solid mechanics boundary conditions.
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Figure 14. Normal and shear stresses, pore pressure, and Coulomb Failure Stress values on Fault 1 (distant) for the Alberta
case: (a) during injection (at # = 90hr), and (b) after injection ends (at = 2,000 hr).

& Eaton, 2016) as shown in Figure 12. The faults extend from the injection zone within the Duvernay formation
into the crystalline basement as shown in the schematic of Figure 13. The injection points, at a depth of 3.4 km
(Zhao, 2018), are activated one after the other by injecting 9 m* /min water per mass source for 5 hr followed by
4 hr of zero-injection phase.

In the simulations, we explain the correlation between the numerically estimated positive CFS and rate of seis-
micity R values describing the fault response and the observed seismic data.

Fault 2 (see Figure 13) is located at d < 1 km, therefore it is expected to be mainly affected by pore pressure
diffusion caused by the HF operations (based on the results of Section 4). This leads to more destabilization of
its shallower section. However, Fault 1 is located at d > 1 km, hence its shallow region is expected to be under
compression and is stabilized while smaller part of its deeper section is destabilized due to a lower compressive
normal stress and higher shear stress (Figure 14).

This expected behavior is confirmed by the simulation results illustrated in Figures 14—17. The shallow region
of Fault 1 (the distant fault) shows a stabilized behavior during HF and the deeper part is destabilized. When
compared with the seismic events of Figure 12, we observe that there is a match between the high CFS values and
the events. This is further confirmed by the values of log R shown in Figure 15a where log R is low during the
HF operations (time < 131 hr) for the shallow part of the fault, which correlates with the absence of seismicity
for this time interval. The log R values slightly increase after HF, and interestingly there is one reported event
after HF in this region (Figure 12). In the deep part of the fault, the values of log R increase during HF and then
decay rapidly after HF stops (Figure 15b). This also coincides with the seismic events recorded only during HF
in Duvernay formation in the deeper region of Fault 1.

For the near or close fault (Fault 2), the seismic events are observed along the fault during and after HF. This
corroborates with the CFS values obtained in Figure 16, which shows that CFS values gradually increase
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Figure 16. Normal and shear stresses, pore pressure, and Coulomb Failure Stress values on Fault 2 (near fault) for the
Alberta case (a) during injection (at # = 90 hr), and (b) after injection ends (at # = 2,000 hr).

along the fault in consistency with the expected pore diffusion behavior. The log R values for the shallow part
(Figure 17a) increase sharply during HF and then decay gradually as pore pressure starts decreasing. For the deep
region, the log R values (Figure 17b) increase first due to high normal tensile stresses (Figure 16b), and then, as
time passes, the pore pressure starts to play a major role as pressure diffuses to the deeper regions resulting in a
gradual increase of log R.

We note that in the case of Alberta, studies reported that the shale reservoir has an overpressure of 15 kPa/m
(Eaton & Schultz, 2018). This overpressure affects the calculation of ¢, as it affects the background effective
normal stress. Therefore, we also tested a value of ¢, reduced to 165 years. We compared the log R values for
t, = 165 years and ¢, = 215 years, and we found no significant changes except in the onset of the increase in
the rate of seismicity for the shallow region of Fault 1 (Figure 15a). This means that overpressure can slightly
increase the potential for induced seismicity.

6. Conclusion

The fault response to stress perturbation from HF is affected by the location of the fault with respect to the HF
operations. Based on the assumptions taken in our models, we identify three different responses. For the faults
that are close and hydraulically connected to the HF operations, the pore pressure increases rapidly causing an
increase in the rate of seismicity or the potential for induced seismicity. For a distant fault, a deformation-induced
compressive normal stress stabilizes the upper region of the fault and puts the lower region under extension,
which leads to its instability during HF. When the HF operations stop, the rate of seismicity decays. For a fault
that is far from the HF operations (>2.2 km), there is no effect of HF on the stability of the fault.

The effect of the other hydrogeological factors like the fault orientation, the width of HF zone, and the injection
rate are found to depend on the fault position and the activation mechanism. The fault orientation and damage
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Figure 17. The variation with time of log R for Fault 2 (near fault) in the Alberta case (a) for a shallow point, and (b) for a
deep point on the fault.
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zone size only affect the response of the distant fault because the mechanism is dominated by normal and shear
stresses. The injection rate has different effects on the fault response and on the potential for induced seismicity
depending on how the fault is stressed. If pore pressure is dominant, then reducing the injection rate leads to
decreasing the CFS values. However, if normal and shear stresses dominate, then, increasing the injection rate
can help stabilize specific regions of the fault. More work should be done on finding optimal injection strategies
to avoid induced seismicity by HF.

For the case of HF in the Duvernay formation in Alberta, our results show that the mechanism affecting the
distant fault response, during HF, is the shear stress rather than pore pressure diffusion whereas both factors play
arole in destabilizing the close fault. The obtained CFS and log R values correlate with the obtained seismic data
in the region, which further reinforces the above findings.

A major assumption taken in our model is the 2D plane strain. The results would differ in a 3D configuration,
especially when pressure diffusion is the dominant mechanism. However, even if the magnitude of the change in
CFS values differs, we expect to observe the same trends and, thus, make similar conclusions regarding the effect
of the studied parameters on induced seismicity from HF.
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The data related to this work can be accessed through the following link: https://dataverse.harvard.edu/dataset.
xhtml?persistentld=doi: 10.7910/DVN/2SVLHS.
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