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ABSTRACT
TheMw 4.6 earthquake that occurred on 17 August 2015 northwest of Fort St. John, British
Columbia, is considered the largest hydraulic-fracturing-induced event in Canada, based on
its spatiotemporal relationship with respect to nearby injection operations. There is a
∼5 day delay of this Mw 4.6 mainshock from the onset of fluid injection at the closest
well pad (W1). In contrast, other two nearby injection wells (W2 and W3) have almost
instantaneous seismic responses. In this study, we first take a forward numerical approach
to investigate the causative mechanisms for the Mw 4.6 event. Specifically, three finite-
element 3D poroelastic models of various permeability structures and presence or absence
of hydraulic conduits are constructed, to calculate the coupled evolution of elastic stress
and pore pressure caused by multistage fluid injections. Our simulation results suggest
that pore pressure increase associated with the migration of injected fluid is required
to accumulate sufficient stress perturbations to trigger thisMw 4.6 earthquake. In contrast,
the elastic stress perturbation caused by rock matrix deformation alone is not the main
cause. Furthermore, injection and seismicity at W1 may have altered the local stress field
and brought local faults closer to failure at sites W2 and W3. This process could probably
shorten the seismic response time and, thus, explain the observed simultaneous appear-
ance of injection and induced seismicity at W2 and W3.

KEY POINTS
• Pore pressure change caused by fluid migration most

likely triggered the largest induced earthquake in Canada.
• Injection and other factors may alter local stress field that,

in turn, affect the seismic response time.
• Avoiding preexisting faults and high-permeable structures

help mitigate seismic hazard from induced events.

Supplemental Material

INTRODUCTION
For the past decade, the sharp increase in seismicity in the cen-
tral United States has been attributed to the wastewater injec-
tion through disposal wells, and the majority of events occur
deeper than the target injection layers within the basement
rocks (e.g., Ellsworth, 2013; Kim, 2013; Keranen et al., 2014;
Weingarten et al., 2015). In contrast, studies suggest that
hydraulic fracturing (HF) could be responsible for the majority
of induced earthquakes in the Western Canada Sedimentary
Basin (WCSB) (Fig. 1) (e.g., B.C. Oil and Gas Commission,
2012; Atkinson et al., 2016; Mahani et al., 2017; Schultz et al.,
2018; Yu et al., 2019; Roth et al., 2020). On 17 August 2015, an

Mw 4.6 earthquake occurred within the southern Montney
Play northwest of Fort St. John, British Columbia. The epicen-
ter of this earthquake was located within 500 m of an actively
stimulated well and less than 7 km of two nearby wells (Fig. 1).
This event has been recognized as the largest HF-induced event
in Canada.

A previous study (Wang et al., 2020) investigated the source
characteristics of this Mw 4.6 sequence and found: (1) a clear
spatiotemporal relationship between the local HF operations
and the observed earthquake sequence (Fig. 1, W1, W2, and
W3 are the only active wells in the study area during the time
of this event), (2) static stress drop values of the induced earth-
quakes falling within the typical range of tectonic events, and
(3) significant variation in the seismic response times at nearby
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wells, even though the injection sites are located less than 10 km
apart. For example, the first recorded event occurred five days
after the onset of injection, at the closest well padW1, whereas at
two nearby wells—W2 and W3—earthquakes occurred nearly
simultaneously (within 1 day) after the operation started. The
locations of the three wells are shown in Figure 1c. Based on
the observations, Wang et al. (2020) infer that thisMw 4.6 earth-
quake occurred on a preexisting fault, with a significant amount
of preloaded tectonic strain.

However, there are still remaining questions about the seis-
mogenic behaviors of the Mw 4.6 earthquake sequence. For
example, what is the most plausible triggering mechanism
for the mainshock? Why is the seismic response at the two
nearby HF wells (W2 and W3) much faster compared to
the ∼5 day delay at W1? Although, multiple studies have pro-
posed several potential triggering mechanisms, to explain
induced seismicity, for example, the poroelastic effects trans-
mitted by the rock matrix (e.g., Deng et al., 2016; Yu et al.,
2019), the pore pressure diffusion on a larger scale (e.g.,
Healy et al., 1968; Hsieh and Bredehoeft, 1981; Garagash
and Germanovich, 2012; Bao and Eaton, 2016; Azad et al.,
2017; Galis et al., 2017; Schultz et al., 2018; Yu et al., 2019;
Maurer et al., 2020; Yu et al., 2020), and stress transfer to dis-
tant faults through aseismic slip (e.g., Guglielmi et al., 2015;
Eyre et al., 2019; Bhattacharya and Viesca, 2019), a compre-
hensive study is necessary to investigate the most plausible trig-
gering mechanism for this specific case. The objective of this

study is to investigate the various aspects of seismogenesis of
the Mw 4.6 earthquake and the different response times of the
three HF sites in close proximity. To do so, we use 3D poroe-
lastic models with detailed numerical simulations of the geo-
mechanical evolution caused by fluid injection.

METHOD
In this study, we use the Coulomb failure criterion to study the
relationship between HF fluid injection and activation of the
fault plane that hosted the Mw 4.6 event (e.g., Harris, 1998;
Steacy et al., 2005). The change of Coulomb stress (ΔCFS)
on a fault plane can be defined as follows:

EQ-TARGET;temp:intralink-;df1;320;119ΔCFS � Δτ � μ�Δσ � Δp�; �1�

in which Δτ is the shear stress change, and Δσ is the normal
stress change resolved onto a fault plane and is considered

Figure 1. (a) Seismicity in northeastern British Columbia during 2011–2020,
reported by Natural Resources Canada. The black rectangle marks the study
area. The inset shows the location of northeastern British Columbia in North
America. (b) Hydraulic fracturing (HF) pads and disposal wells in the study
area. (c) The spatiotemporal distribution of the induced earthquakes from
Wang et al. (2020), the colors of the wells and earthquakes correspond to
occurrence time since 12 August 2015, and the green star denotes the
Mw 4.6 mainshock. The color version of this figure is available only in the
electronic edition.

2 • Bulletin of the Seismological Society of America www.bssaonline.org Volume XX Number XX – 2021

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120200251/5237268/bssa-2020251.1.pdf
by Natural Resources Canada Library-Ottawa user
on 26 February 2021



positive in tension, μ is the friction coefficient, and Δp is the
pore pressure change. Positive ΔCFS will favor slip and vice
versa (e.g., Harris, 1998; Stein, 1999).

We first calculate the focal depth and focal mechanisms for
the target Mw 4.6 earthquake, with the generalized cut-and-
paste (gCAP) method (Zhu and Helmberger, 1996), as the
amplitude of the normal and shear stress is directly related
to the location and orientation of the fault (e.g., Lin and
Stein, 2004). We then use the COMSOLMultiphysics software,
to simulate the coupled evolution of elastic stress and pore
pressure caused by HF fluid injection, and then calculate the
ΔCFS resolved on theMw 4.6 receiver fault. Finally, we use the
same approach to calculate the ΔCFS resolved on optimally
oriented faults and investigate the different seismic response
times at the two nearby HF injection sites (W2 and W3).

Focal mechanism determination
We use the gCAP method, to determine the moment-tensor
solution for the Mw 4.6 earthquake by inverting the body

and surface waveforms recorded at local distances (Fig. 2),
together with the P-wave first-motion method as a consistency
check.

The gCAP method estimates the full moment tensor
through a grid search over the complete model space of the
strike, dip, and rake angles of a fault, then decomposes the
moment tensor into three source terms: isotropic, double-
couple, and compensated linear vector dipole. We first com-
pute the Green’s functions for a wide range of distances

Figure 2. Focal mechanism solutions for theMw 4.6 earthquake. (a) Synthetic
and observed seismograms are plotted as red and black lines, respectively.
Lines with black numbers below are the matches used in the inversion,
whereas, lines with red numbers below are discarded pairs. (b) Misfit error
of moment tensor inversion versus depth by generalized cut-and-paste
(gCAP) method. (c) The confidence check by P-wave polarities. Black circles
indicate stations with positive polarity (upward), and white circles indicate
negative polarity (downward). The color version of this figure is available
only in the electronic edition.
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(50–350 km), with the frequency–wavenumber integration
approach (Aki and Richards, 2002; Zhu and Rivera, 2002).
We adopt the same regional 1D velocity model used in the rou-
tine moment tensor inversion, for significant earthquakes in
western Canada (Kao et al., 2012; Fig. S1, available in the sup-
plemental material to this article). We then filter the original
seismograms, using a band-pass filter in the frequency bands
0.05–0.3 Hz and 0.02–0.1 Hz for the P and S waves, respec-
tively, and cut the three component records into five phase
windows, including the radial and vertical components of
the P phase and the transverse, radial, and vertical of
the S phase (e.g., Yu, Liu, et al., 2016; Yu, Zhao, et al.,
2016). We apply the same band-pass filter to synthetic seismo-
grams as well. Finally, we calculate the misfit between the
synthetic and observed waveforms to find the final solution.
We allow a time shift (up to 7 s) between the synthetic
and observed waveforms for each phase, to account for any
mislocation of the epicenter. Figure 2a shows the example
of the synthetic and observed seismograms match at 4 km
depth, in which the numbers in the first row below the
seismogram matches indicate the time shift, whereas the num-
bers in the second row indicate the variance reduction of
each match.

We repeat the moment tensor inversion for each depth in
the range of 1–10 km, and the solution with the lowest overall
misfit is found at a depth of 4 km (Fig. 2b), which is also com-
parable to the depth solution of 3.5 km from Wang et al.
(2020). Our solution shows a slightly oblique thrust mecha-
nism with northwest–southeast nodal planes (nodal plane 1:
strike 131°, dip 37°, and rake 42°; nodal plane 2: strike 5°,
dip 66°, and rake 119°). The consistency check, using the avail-
able P-wave first motions, has been shown in Figure 2c, exhib-
iting consistent polarities with the gCAP focal mechanism
solution, with the exception of station NBC4, which is located
close to one of the nodal planes.

Poroelastic model
Analytic and numerical models have been widely used to
study stress changes caused by injection and their relation
to seismicity (e.g., Segall and Lu, 2015; Bao and Eaton,
2016; Deng et al., 2016; Goebel et al., 2017; Yu et al., 2019).
Both pore fluid pressure increase and poroelastic stress pertur-
bations have been proposed as potential mechanisms. Here, we
use the COMSOL Multiphysics software (version 5.3a) to
model the distribution and evolution of pore pressure
and poroelastic stress surrounding the injection wells
W1–W3 (Fig. 1).

We use the solid mechanism module and Darcy’s fluid flow
module, to simulate the poroelastic coupling process. By
assuming an isotropic and homogeneous medium, the pore
pressure can be obtained by solving the coupled diffusion
equation (similar equivalent forms of the equations can be

found, e.g., Wang and Kümpel, 2003; Shapiro and Dinske,
2009),

EQ-TARGET;temp:intralink-;df2;320;718ρS
∂p
∂t

− ∇ ·

�
ρ
κ

μd
∇p

�
� Qm�x; t� − ρα

∂εvol
∂t

; �2�

EQ-TARGET;temp:intralink-;df3;320;660S � χf ϵ � χp�1 − ϵ �; �3�

EQ-TARGET;temp:intralink-;df4;320;630q � −
κ

μd
∇p; �4�

in which ∇· is a divergence operator, S is the linearized storage
parameter, p is the fluid’s pressure in the pore space, εvol is the
volumetric strain of the porous matrix, κ is the permeability of
the block, Qm is the volumetric flow rate for a fluid source, α is
the Biot-Willis coefficient, ρ is the pore fluid density, μd is its
dynamic viscosity, χf is the compressibility of the fluid, χp is the
compressibility of the rock, ϵ is porosity, and q is the velocity
variable, which gives a volume flow rate per unit area of the
porous material. COMSOL uses S as the default parameter
in equation (2), whereas some studies use the Biot modulus
M−1 instead of S, which can be calculated from the Young’s
modulus (G) and Poisson’s ratio (ν) (e.g., Rice and Cleary,
1976; Detournay and Cheng, 1993; Leake and Hsieh, 1995).
The governing equations for the poroelastic model are listed
subsequently:

EQ-TARGET;temp:intralink-;df5;320;387 − ∇ · σ � Fv; �5�

EQ-TARGET;temp:intralink-;df6;320;336σ ij �
2Gν

�1 − 2ν� εkkδij � 2Gεij − αpδij; �6�

EQ-TARGET;temp:intralink-;df7;320;303εij �
1
2
��∇u�T � ∇u�; �7�

in which σ is the stress tensor, Fv is the volume force vector, δij
is the Kronecker delta (equal to 1 when i � j, and to 0
when i ≠ j), and u is the deformation vector. When gravity
is the only driving force, Fv is �ρθ� ρb�g, in which g is the
acceleration of gravity, θ is the porosity, and ρb is the bulk
density.

ΔCFS calculation
The ΔCFS has been widely used to interpret the causality
of earthquake triggering, as it provides a quantitative
estimation for the evolution of the stress field and the likeli-
hood of future failure (e.g., Harris, 1998; Stein, 1999). With
the stress tensor and pore pressure change calculated by
COMSOL, we can get Δτ and Δσ by projecting the stress
tensor (σ ij) along the slip and normal directions of a fault,
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respectively. After substituting them into equation (1), we get
the following equation to calculate the ΔCFS resolved on the
fault plane (e.g., Xu et al., 2010):

EQ-TARGET;temp:intralink-;df8;41;705

ΔCFS� sinλ

�
−
1
2
sin2ϕsin�2δ̃�σ11�

1
2
sin�2ϕ�sin�2δ̃�σ12

� sinϕcos�2δ̃�σ13−
1
2
cos2ϕsin�2δ̃�σ22

−cosϕsin�2δ̃�σ23�
1
2
sin�2δ̃�σ33�

�cosλ

�
−
1
2
sin�2ϕ�sin δ̃σ11�cos�2ϕ�sin δ̃σ12

�cosϕcos δ̃σ13�
1
2
sin�2ϕ�sin δ̃σ22� sinϕcos δ̃σ23

�

�μ�sin2ϕsin2 δ̃σ11− sin�2ϕ�sin2 δ̃σ12
− sinϕsin�2δ̃�σ13�cos2ϕsin2 δ̃σ22

�cosϕsin�2δ̃�σ23�cos2ϕσ33�ΔP�; �8�

in which μ is the friction coefficient (set here as 0.6), ϕ, δ̃, and λ
are the strike, dip, and rake of the receiver fault, respectively, σ ij
is the stress tensor, in which i, j � 1; 2; 3 are the 3D components
in the Cartesian coordinate system, and ΔP is the pore pressure
change. It is worth noting that, because the stress tensor and
pore pressure are both time dependent, the ΔCFS is a property
that also evolves with time.

NUMERICAL SIMULATION AND RESULTS
Poroelastic models for the Mw 4.6 mainshock
To investigate the most plausible triggering mechanism for the
Mw 4.6 earthquake, we build 3D models of 5 km dimensions in
all coordinate directions. We divide each model into four
layers, as shown in Figure 3a, representing the upper sedimen-
tary layer, the shale layer where the HF occurs, the lower sedi-
mentary layer, and the crystalline basement, with depth ranges
representative of the stratigraphy of our study area (e.g., Davies
et al., 1997). We use published data to set the solid and hydro-
geological properties of each layer (Clauser, 1992; Neuzil, 1994;
Rokosh et al., 2008, 2010; Laske et al., 2013; Dong et al., 2017;
Vishkai et al., 2017; Cui and Nassichuk, 2018), and major
properties used in the model are listed in Table S1. We also
assume that the fluid properties do not change with depth
or time (see Table S1). Based on the corner frequency (f c)
of ∼3:2 Hz, derived by Wang et al. (2020), for the Mw 4.6
mainshock and the assumption of a circular rupture, we esti-
mate the radius of its rupture to be 400 m (Madariaga, 1977).
Consequently, we set a 3 km × 3 km fault patch, to adequately
encompass the entire circular rupture. Previous studies suggest
that the hydrological characteristics along the fault surface
could be very different from the surrounding rocks due to
the fault’s damage zone (e.g., Yehya et al., 2018), so we assume
that the permeability along the fault is one order of magnitude
larger than the confining layers (Table S1).

With the basic model setup, we design three scenarios to
investigate the influence of different hydrogeological structures
on the stress field change, due to multistage injection. In model
1 (Fig. 3b), we only simulate the fluid injection for each stage,
without considering the effect from any potential fractures or
conduits outside of the fault surface. In model 2 (Fig. 3c),
besides the fluid injection points, we assume that the HF oper-
ations have created a fracture zone surrounding the horizontal
wells, leading to an increased permeability compared to the
unfractured shale formation. In model 3 (Fig. 3d), we add a
conduit to connect the fracture zone and the preexisting fault,
in which the conduit has a permeability two orders of magni-
tude larger than the surrounding formations (5 × 10−12 m2),
similar to the studies of Deng et al. (2016) and Peña Castro
et al. (2020). The permeability of the conduit falls at the high
end of observed values for fault’s damage zones (e.g., Cappa,
2009; Farrell et al., 2014).

Within each model, the fluid-solid boundary and initial con-
ditions are configured as follows. We set the so-called roller con-
dition for the side solid boundaries, that is, no perpendicular
movement for the solid material on the boundary. The bottom
and top solid boundaries are set as fixed and free surfaces,
respectively. There is no fluid flow across all boundaries. At the
top, we add the standard atmospheric pressure, and set the pore
pressure as 0.We include gravity as the driving force and assume
that the original fluid condition is in hydrostatic equilibrium.
For setting the initial condition, we add a stationary model
in which we set the initial displacement u and initial pore pres-
sure p to be 0 within the medium, and, solve the changes in
stress field and pressure, as a result of the sole gravity loading
without time-dependent variables (the hydrostatic condition is
shown in Fig. 3a). We then add the time-dependent model with
the poroelasticity multiphysics module in COMSOL, which uses
the elastic stress and pore pressure solutions from the stationary
model as the initial condition.

Next, we simulate the multistage fluid injection process by
assuming that fluid is injected at a single point of each stage,
and the consecutive stages migrate along the horizontal well
bore. However, due to the lack of precise timing of each HF
stage, we arbitrarily assume that the HF operations start at
eight o’clock local time each morning, and individual stages
are finished without overlapping in time. The injection rate
for each stage of the three wells is shown in Figures 4, 5
and Figure S2.

Figure 4a,b shows the evolutions of ΔCFS and pore pres-
sure, respectively, on the mainshock fault surface for the three
models (Fig. 4c,d is the enlarged version). The results indicate
that the ΔCFS calculated on the receiver fault in both models 1
and 2 is small and negative, and would discourage slip on the
fault. The small ΔCFS (albeit being negative) can be attributed
to two factors: (1) a relatively small amount of fluids injected
into the shale formation causing very limited solid deforma-
tion, and (2) the low permeability of the shale prevents the
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fluid from reaching the preexisting fault in a short-time period,
leading to a small change in pore pressure. In contrast, the
ΔCFS for model 3 has a much higher and positive value,
∼0:56 MPa, which works to encourage fault slip.

Poroelastic models for nearby HF sites (W2 and W3)
Next, we focus on the different seismogenic behavior at the two
nearby HF sites (W2 andW3, Fig. 1). Here, we refer to the one-
day seismic response as immediate triggering at W2 and W3,
compared to the five-day response time at W1 (i.e., delayed
triggering). The seismicity and detailed operational period for
W1, W2, and W3 can be found in Figure S2. We follow the
method used in the Poroelastic models for the Mw 4.6 main-
shock section, to calculate the ΔCFS imposed on the receiver
faults, by coupling progression of the elastic stress and pore
pressure changes from the injected fluids, and the details
are as follows.

We simulate W2 and W3 separately, but the model setup is
the same (20 km × 20 km × 5 km, as shown in Fig. S3). The
number of layers, solid and hydrogeological properties, and

boundary and initial conditions are identical to the models
described in the Poroelastic models for the Mw 4.6 mainshock
section. In both the cases, we choose the first earthquake in
each sequence as the representative location of the receiver
fault (named as E2 and E3 for injections at W2 and W3,
respectively, Fig. S3), and simulate the cumulative effects from
previous injections (i.e., effects from W1 on E2, and effects
from both W1 and W2 on E3, given the injection timing as

Figure 3. The four-layer model built with COMSOL to simulate the triggering
mechanisms of the Mw 4.6 earthquake. (a) The hydrostatic pore pressure
from the transient model before HF starts, which is used as the initial value
input for the following time-dependent study. (b) Model 1, the square in the
fourth layer denotes the fault patch, and the dashed points represent the
injection points for each stage. (c) Model 2, similar to model 1, but with a
high-permeable fracture zone caused by HF operation, as indicated by the
cube in the second shale layer. (d) Model 3, similar to model 2, but with a
high-permeable conduit represented by the vertical cylinder. The properties
for each layer and structure can be found in Table S1. The color version of
this figure is available only in the electronic edition.
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indicated in Fig. 5 and Fig. S2). Because no reliable fault-plane
solutions exist for the two selected events, the two receiver
faults are assumed to be optimally oriented with respect to
the local tectonic stress field (e.g., Bell and Grasby, 2012), when
calculating the corresponding ΔCFS (equation 8). Unlike the
three scenarios used for W1 (Fig. 3b–d), we only simulate the
simplest configuration without the existence of the fracture
zone around the horizontal wells or hydrological conduits
(i.e., similar to model 1), as the scale of the fracture zone or
fault is much smaller than the distances between the injection
sites. The results of the ΔCFS, pore pressure change, and
poroelastic stress change are shown in Figure 5.

We point out several notable features of the temporal evo-
lution of the ΔCFS and pore pressure calculated for E2 and E3
(Fig. 5). First, the ΔCFS shows a similar monotonic increase,
when there is fluid injection operation, but, the amplitude is
smaller at E3 (Fig. 5b), due to the negative poroelastic stress
change. Second, it is clear that the ΔCFS results calculated with
the poroelastic model on E2 and E3 both have positive values,
suggesting that the nearby HF injections could facilitate the
faulting process. However, previous studies report that the spa-
tial distribution of aftershocks appears to correlate with regions

with ΔCFS ≥ 0:01–0:02 MPa (e.g., Harris and Simpson, 1992;
Gross and Kisslinger, 1997; Stein, 1999). If we take the most
conservative approach, by setting the static stress triggering
threshold to be 0.02 MPa, we acknowledge that the simulated
ΔCFS at the timing of E2 and E3 is, at least, one order of mag-
nitude smaller. Third, there are simultaneous step-like jumps
of the ΔCFS and pore pressure change in response to
the HF operations. Finally, we note that the ΔCFS at E3 is
smaller than that at E2, even though E3 is subject to effects
from injections at both W1 and W2, whereas, E2 is affected
only by injection W1. The difference can be explained by the
relative positions of the three injection sites. As the orientation
of the fault is an important factor controlling the amplitude of

Figure 4. ΔCFS and pore pressure change (Δp) results for the poroelastic
models 1, 2, and 3. (a,b) The results for the three models and (c,d) the
enlarged version for models 1 and 2. (a,c) The ΔCFS calculated using
equation (8). (b,d) Pore pressure changes only. The solid vertical lines
represent the onset time of HF operations, and the dashed vertical lines
represent the occurrence time of the Mw 4.6 earthquake. The bottom bars
represent the fluid injection rate and duration for individual HF stages. The
color version of this figure is available only in the electronic edition.
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ΔCFS (Eq. 8), the stress changes caused by injection at W1 and
W2, to a large degree, cancel at E3. On the other hand, the pore
pressure change exhibits similar behavior at E2 and E3, because
it is less sensitive to the directional factor. Such cumulative
effect (in either positive or negative sense) due to injection
at multiple wells and well-to-fault relative location are also sug-
gested to be controlling factors for the occurrences of earth-
quakes related to wastewater disposal in Oklahoma (Deng
et al., 2020).

DISCUSSION AND IMPLICATION
As shown in Figure 4, considering the ΔCFS from the three
models, theMw 4.6 earthquake is more likely to have been trig-
gered by the elevated pore pressure associated with the migra-
tion of injected fluid through pathways of relatively high
permeability, as suggested by model 3. Because Figure 4 only
shows a fixed permeability of the conduit, we conduct addi-
tional tests to investigate how the ΔCFS on the receiver fault
varies with the magnitude of permeability of the conduit in
model 3. Modeling results in Figure S4 suggest that a minimum
permeability of ∼1:5 × 10−13 m2 is required to accumulate
enough pore pressure on the fault surface to reach the trigger-
ing threshold, as indicated with the black horizontal dashed
line (i.e., 0.02 MPa, Stein, 1999). At last, we test a range of
Biot coefficient (α) values, to investigate their influence on
ΔCFS. The results suggest that the effect of different Biot coef-
ficient values on ΔCFS is small (Fig. S5), and, therefore, is
unlikely to alter our conclusions.

Although, the conduit in model 3 is an assumption, several
factors may hint its potential existence. First, because theΔCFS
calculated on the receiver fault in both models 1 and 2 are neg-
ative, the existence of a conduit is probably a necessary con-
dition to flip the sign ofΔCFS (Fig. 4). Second, previous studies
suggested that the Dawson Creek Graben Complex hosts a

number of faults in the Precambrian crystalline basement
developed during the subsidence process (e.g., Berger, 1994).
The extended fault system and the associated fracture zones
can act as pathways of elevated permeability, connecting the
reservoir and Precambrian crystalline basement (e.g.,
Kozlowska et al., 2018). Third, the Leduc Reef structures and
fault-related karst features may form the conduit for the fluid
to migrate vertically in Alberta (Schultz et al., 2016; Galloway
et al., 2018). We speculate that similar structures may also exist
in British Columbia. The presence of a highly permeable fluid
conduit is also proposed as the most likely triggering mecha-
nism for the ML 4.5 earthquake in the Kiskatinaw area,
∼140 km from the Mw 4.5 in this study (Peña Castro et al.,
2020). It is worth noting that the geometry of the conduit in
model 3 is simplified to be a cylinder, directly connecting the
horizontal wells and the preexisting fault. To test the effect of
the assumed conduit geometry, we conduct additional experi-
ments by substituting the cylinder conduit with a planar con-
duit. The two shapes give similar results (Fig. S6), except that
the planar conduit requires a slightly larger permeability
(∼1:8 × 10−13 m2) to reach the triggering threshold (Fig. S6).
Finally, we point out that a more realistic combination of
horizontal and dipping faults could also act as conduit-like
structures to achieve the required ΔCFS.

Figure 5. Stress change as a function of time for the receiver faults at injec-
tion sites near (a) W2 and (b) W3. The location of the receiver faults is
shown in Figure S3. The bottom bars represent the fluid injection rate and
duration for individual HF stages. The solid vertical lines represent the onset
time of HF operations, and the dashed vertical lines represent the occurrence
time of E2 and E3. The poroelastic stress change is calculated with
ΔCFS � Δτ � μΔσ, without considering the pore pressure change Δp.
The color version of this figure is available only in the electronic edition.
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Fault orientation represents an important factor in the
determination of the ΔCFS required, to activate a fault (e.g.,
Lei et al., 2017). We investigate how different fault types
and strike and dip angles could influence the amplitude of
the ΔCFS on the receiver fault of the Mw 4.6 earthquake,
by assuming that the required stress perturbation to reactivate
this preexisting fault will be the same for all types and orien-
tations of faults (i.e., 0.02 MPa) (details are available in the sup-
plemental material). We find that if the fluid has migrated to
the fault, then the pore pressure will be the dominant factor
affecting the ΔCFS, regardless of the orientation of the fault
(Fig. 6 for reverse fault, Figs. S7 and S8 for normal and
strike-slip fault, respectively). Accordingly, Cochran et al.
(2020) also suggest that the 2011 Prague, Oklahoma, waste-
water-disposal-induced sequence occurred on both optimally
and unfavorably oriented faults. Thus, the estimate depicted
in Figure 6, Figures S7, and S8 supports the inference that
direct pore pressure migration through permeable pathways
is the most likely mechanism to achieve the >0:02 MPa stress
perturbation on the Mw 4.6 fault.

Nonetheless, we do not rule out the possibility that very
small ΔCFS (<0:002 MPa) from poroelastic stress transfer
could trigger tectonic earthquakes. For example, if the preex-
isting fault system is already at a critically stressed state and
optimally oriented, as suggested by other studies, stress pertur-
bation from teleseismic events with only several kilopascals
could be enough to trigger local earthquakes, when using
dynamic triggering as a probe (e.g., van der Elst et al., 2013;
Wang et al., 2015, 2018). Given the lack of knowledge on
the stress state of the fault, there is no easy way to unambig-
uously infer the elastic stress transfer as the dominant trigger-
ing mechanism for the Mw 4.6 earthquake. Instead, elevated
pore pressure due to rapid fluid migration via conduit-like
pathways (Fig. 3d) may provide the most straightforward
scenario of what has occurred. The results here suggest that
the sole implication of the traditional traffic light protocol
(TLP) may not be enough to assess the potential seismic hazard
induced by HF operations (Kao et al., 2018), because the TLP
does not consider any potential preexisting faults or conduit-
like pathways.

Deng et al. (2016) suggest that the elastic response of the
solid matrix could be the dominant triggering factor for earth-
quakes induced by HF, instead of fluid pore pressure change.
However, in our case, the sole elastic stress perturbations for
models 1 and 2 are likely too small (and, at times, exhibit neg-
ative ΔCFS) to have triggered the Mw 4.6 mainshock. The rel-
atively small elastic response can be explained in several ways.
First of all, one of the most important factors controlling the
amplitude of poroelastic stress is distance (e.g., Segall and Lu,
2015). Deng et al. (2016) calculate the ΔCFS on a reference
point shallower and closer to the HF horizontal well (as shown
in their fig. 2), whereas, in our case, the fault plane is farther
and deeper from the HF injection point (∼4 km depth).

Figure 6. The maximum ΔCFS for a range of strike and dip combinations on
the receiver fault (Mw 4.6 reverse faulting event). (a) The maximum ΔCFS
calculated for model 1, for which only positive ΔCFS is shown here, and
negative ΔCFS is shown as 0 values. (b,c) The maximum ΔCFS calculated
for models 2 and 3, respectively. The color version of this figure is available
only in the electronic edition.
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Second, the injection volume per HF stage in our study is about
one-half of the case presented in Deng et al. (2016) (∼1300 m3

vs. 2700 m3), and the simulated shale layer in our study is
∼5–6 times thicker than that in their case, in which both fac-
tors lead to less solid deformation. Third, we assume a higher
permeability along the receiver fault surface, which is not used
in the case of Deng et al. (2016). This assumption could poten-
tially influence the pore pressure change on the fault surface.
Another noticeable difference between our results and that of
Deng et al. (2016) is the simultaneous step-like response of pore
pressure change to the HF operations (Figs. 4 and 5). This dis-
crepancy could be due to the scale of y axis used in their figures.
Nevertheless, the transient response of solid deformation
within the rock matrix to the pore pressure change at the injec-
tion points is not, particularly, surprising, as the two phenom-
ena are fully coupled in poroelastic models. We note, however,
that the elastic stress perturbation could act as the dominant
triggering factor for injection-induced earthquakes only, when
two conditions are met at the same time: (1) the delay times
between the HF operation and induced seismicity are too short,
and/or the distance between the injection well and the receiver
fault is too long for the pore pressure increase to reach the
fault, and (2) the receiver faults are in the positive quadrants
of ΔCFS, with values exceeding the triggering threshold.

Studies suggest that fracture openings, as a response to HF
operations, could also play a role on the distribution and trig-
gering of induced earthquakes (e.g., Bao and Eaton, 2016;
Kettlety et al., 2020). To test whether the Mw 4.6 earthquake
could be related to the elastic responses related to hydraulic
(mode I) fracture openings, we also calculate the ΔCFS
imposed by fractures opening during the stimulation of succes-
sive stages on the preexisting fault (see supplemental material).
The results show that the maximum ΔCFS is ∼0:003 MPa at
the 3 km depth but quickly drops to ∼0:001 MPa at 5 km
(Fig. S9). As even the larger values at 3 km are significantly
smaller than the static stress triggering threshold (0.02 MPa,
e.g., Reasenberg and Simpson, 1992; Stein, 1999), we do not
regard the fracture opening due to fluid injection as the dom-
inant triggering mechanism.

Given that theΔCFS at E2 and E3 are too small to reactivate
a shear dislocation (Fig. 5), the almost instantaneous seismic
response to nearby HF injection suggests that additional fac-
tors not included in our poroelastic models should also be con-
sidered. For example, although, our models do not include any
conduit-like structures, we cannot rule out the possibility that a
complex conduit system could exist on a broader scale and may
facilitate the fluid pressure migration process. For example, a
number of regional faults, such as the Bonanza fault and the
Gordondale fault, have been documented across northeastern
British Columbia and northwestern Alberta (e.g., Mossop and
Shetsen, 1994). In addition, the Mw 4.6 mainshock may exert
nonnegligible effects, in combination with fracture openings
from nearby HF operations. To verify this hypothesis, we first

calculate theΔCFS that is caused by the combined effects of the
HF fractures opening at W1 and the Mw 4.6 mainshock at E2
(Fig. S10a–c). We then calculate the ΔCFS at E3 resulting from
the combined effects of HF fracture openings at W1 andW2, as
well as theMw 4.6 mainshock (Fig. S10d–f). The small positive
Coulomb stress increase suggests a very minor effect to help
facilitate the quick seismic responses at E2 and E3. Finally,
some other factors, such as the difference between the
current level of stress on the faults and the required stress level
of failure (i.e., how large a stress perturbation is required to
activate faulting), the specific geological settings at W2 and
W3, the spatial heterogeneity of the tectonic stress within such
a small region (∼10 km), could all influence the seismic
response time. Without further details on local structures, their
effects are difficult to assess and, therefore, will not be dis-
cussed here.

Despite using multiple numerical models, to simulate the
effects of various hydrogeological scenarios, we acknowledge
that the results of numerical simulations may suffer from
the lack of detailed a priori information on many physical
parameters, including the precise size of the fracture zones,
the dimension and orientation of the local fault systems, the
initial confining pressure in the shale layer, the 3D distribution
of different geological layers, and the geometry and physical
properties of the potential conduit systems. Taking the confin-
ing pressure into consideration, for example, the conventional
wisdom is that overpressure in the sedimentary section could
lead to a reduction of fault strength and an increase in the
porosity and permeability (e.g., Suppe, 2014). Thus, the hydro-
static condition assumed in our models may underestimate the
porosity and permeability of the formations, leading to a rela-
tively smaller ΔCFS on the fault surface. Moreover, the stress
transfer through aseismic slip to the fault surface could also con-
tribute to the fault reactivation process (e.g., Eyre et al., 2019;
Bhattacharya and Viesca, 2019). Unfortunately, the nature of
aseismic slip, if exists, can only be assessed through high-reso-
lution geodetic observations that are unavailable in our study
area. Without any information on the detailed spatiotemporal
distribution of possible aseismic slip caused by HF, we cannot
quantify the corresponding stress perturbation. With improved
observations (e.g., high-resolution seismic images, in situ bore-
hole logs, formation pressure measurements, and geodetic mon-
itoring) and more comprehensive understanding of all of the
variables and mechanisms, we expect to further increase the
model accuracy and make the numerical simulations as close
to realistic scenarios as possible.

CONCLUSIONS
We employ the Coulomb failure criteria to investigate the trig-
gering mechanism of the largest (Mw 4.6) HF-induced earth-
quake sequence in Canada. We use poroelastic simulation to
calculate the coupled evolution of elastic stress and pore pres-
sure changes caused by HF fluid injections on the
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corresponding receiver faults. For the Mw 4.6 mainshock, we
compare three different scenarios: the first scenario simulates
the spatiotemporal effect due to HF injection stages only, the
second scenario adds a fracture zone around the HF horizontal
wells, and the third scenario further adds a conduit to connect
the HF well and the receiver fault.

Our results suggest that a conduit-like structure can effi-
ciently facilitate the migration of fluid from the injection
well (W1) to the receiver fault and destabilize the fault,
thus, best explains the observed five-day delay since the start
of HF injection. The sole elastic stress perturbation
(ΔCFS ∼ −0:005 MPa) caused by interactions between the
injected fluids and rock matrix is too small (and negative)
to trigger the fault slip, even with full consideration of the fault
orientation effect. It is worth noting that due to lack of geodetic
data, we cannot estimate the stress transfer from aseismic slip,
thus we make no further inferences here.

We investigate the immediate seismic response at the two
nearby HF sites (W2 and W3), by conducting the same analy-
sis, to examine the cumulative effects from all HF stimulations.
The results suggest that the poroelastic stress perturbation, the
Mw 4.6 mainshock, and the fracture openings could work col-
lectively to alter the local stress field and, thus, contribute to the
immediate seismic response.

Our results have important implications for the energy
industry and regulators, to establish effective strategies focus-
ing on the mitigation of seismic hazard from induced earth-
quakes. A detailed mapping of the location and geometry of
preexisting faults in the HF operation area is necessary and
should be required to provide the first-order evaluation of
induced seismic risk. Finally, structures with high permeability
can be effective conduits for fluid migration and should be
avoided at all stages of HF operations.

DATA AND RESOURCES
Earthquake catalog is adopted fromWang et al. (2020). Seismic wave-
forms for Natural Resources Canada (NRCan) stations are publicly
available at the Incorporated Research Institutions for Seismology
(IRIS) (network code CN). Waveform data from MG stations used
in this study will be available following a temporary embargo, and
users who require immediate access may send requests to R. M.
Harrington. Hydraulic fracturing (HF) injection data are available
at the B.C. Oil and Gas Commission’s online database at https://
www.bcogc.ca/data-reports/data-centre/ (last accessed May 2020).
The supplemental material to this article includes a supplemental text
document (detailing ΔCFS calculation caused by fracture opening),
eight figures (velocity model, fluid injection rate, and the location
of earthquakes used for immediate seismic response, ΔCFS results
with different permeability of the conduit, the maximum ΔCFS for
a range of strike and dip combinations on the normal and strike slip
faulting, and ΔCFS calculated with fracture openings). In addition,
one table listing the solid and fluid properties used in the three
numerical models is provided.
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