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a b s t r a c t

On 2019-03-04, the largest induced earthquake (ML4.18) occurred in the East Shale Basin, Alberta, and
the underlying physical mechanisms have not been fully understood. This paper proposes a synthetical
geoengineering methodology to comprehensively characterize this earthquake caused by hydraulic
fracturing. Based on 3D structural, petrophysical, and geomechanical models, an unconventional fracture
model is constructed by considering the stress shadow between adjacent hydraulic fractures and the
interactions between hydraulic and natural fractures. Coupled poroelastic simulations are conducted to
reveal the triggering mechanisms of induced seismicity. It is found that four vertical basement-rooted
faults were identified via focal mechanisms analysis. The brittleness index (BI) along two horizontal
wells has a high magnitude (BI > 0.5), indicating the potential susceptibility of rock brittleness. Due to
the presence of overpressure, pre-existing faults in the Duvernay Formation are highly susceptible to
fault reactivation. The occurrence of the earthquake clusters has been attributed to the fracturing fluid
injection during the west 38th-39th stage and east 38th stage completions. Rock brittleness, formation
overpressure, and large fracturing job size account for the nucleation of earthquake clusters, and un-
conventional natural-hydraulic fracture networks provide fluid flow pathways to cause fault reactivation.
This workflow can be used to mitigate potential seismic risks in unconventional reservoirs in other fields.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The fact that hydraulic fracturing operations during the devel-
opment of unconventional resources triggered induced earth-
quakes has received worldwide concerns from both the public and
scientific communities in the last decade (Schultz et al., 2020; Lei
et al., 2017; Tan et al., 2020; Ghofrani and Atkinson, 2020). In
contrast to a seismically active region (e.g., the Fox Creek region) in
the West Shale Basin (WSB) (Hui and Gu, 2022; Schultz et al., 2018;
Shen et al., 2019; Zhang et al., 2019), the East Shale Basin (ESB) was
etroleum Resources and Pro-
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.
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seismically quiet as of 2018 (Schultz and Wang, 2020). However,
recent hydraulic fracturing operations of multistage horizontal
wells near Red Deer, Alberta, have triggered a number of induced
earthquakes with large seismicity magnitudes (Wang et al., 2020).
On 2019-03-04, the largest induced earthquake in the ESB thus far,
the local magnitude (ML) 4.18 event, was detected near two NeS-
oriented horizontal wells (Fig. 1a). Such an event exceeds the traffic
light protocol (i.e., ML4.0) and hence received widespread scientific
and public concerns (Alberta Energy Regulator, 2015). Intriguingly,
the horizontal wells in the ESB were fractured with comparable
fluid injection volumes (e.g., mainly 1039e1460 m3 per stage), but
only the stimulation of the two horizontal wells near Red Deer city
triggered the red-light event (Fig. 1a). Despite some attempts to
reveal the underlying physical mechanisms of these earthquakes, a
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. The geological and seismicity information near Red Deer in Duvernay Eastern Shale Basin. (a) Map view of ESB. The dashed box denotes the examined region. (b) Associated
formations developed in ESB. (c) Map view of recorded seismicity and drilled wells. The base map shows the elevation of the Duvernay Formation. The grey magnitude-scaled
circles denote the recorded earthquakes. The beachball shows the focal mechanism of the ML4.18 earthquake (2019-03-04). The grey dashed line shows the profile in Fig. 1d,
and the white dashed line denotes the profile in Fig. 6a. (d) Stratigraphic correlation of straight wells showing the distinctive logging response of different formations. GR-gamma
ray; RT-formation resistivity.
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deterministic approach to characterizing hydraulic fracturing-
induced earthquakes through the integration of geology and frac-
turing engineering is quite rare (Wang et al., 2020; Hui et al., 2021b,
2023; Konstantinovskaya et al., 2021).

Increased pore pressure, poroelastic stress perturbation, and
aseismic fault slip are the classical triggering mechanisms for hy-
draulic fracturing-induced earthquakes (Ellsworth, 2013; Eyre
et al., 2019). To determine the distinctive underlying mechanisms,
a geoengineering approach is required to comprehensively
461
characterize a reservoir structure (i.e., a formation, natural frac-
tures, and pre-existing faults), petrophysical and geomechanical
features, as well as the hydraulic fracture propagation (Weng et al.,
2011; Hui et al., 2022a). Such an approach is extremely difficult
because it involves an experimental characterization of reservoir
properties and an analysis of natural-hydraulic fracture networks
(Weng et al., 2014). Previous research either assigned empirical
values to reservoir parameters or simply assumed a single hydraulic
fracture per stage during fracturing stimulations (Pawley et al.,
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2018; Hui et al., 2021a). Under this assumption, the empirical
values of reservoir parameters cannot precisely depict the spatial
heterogeneity of reservoir properties. Moreover, a single hydraulic
fracture per stage also fails to represent the complex fracture net-
works beneath the ground, especially considering the interactions
between hydraulic fractures and natural fractures, as well as the
stress shadow effects between adjacent hydraulic fractures.
Therefore, the goal of this work is to achieve a reliable experimental
characterization of reservoir properties and a precise analysis of
natural-hydraulic fracture networks and to reveal the underlying
mechanism of the largest hydraulic fracturing-induced earthquake
in the East Shale Basin.

This paper proposes a novel synthetical geoengineering meth-
odology to comprehensively characterize the ML4.18 earthquake
caused by hydraulic fracturing. We started with building a 3D
structural model using stratigraphic correlations, seismic in-
terpretations, and analysis of focal solutions. Petrophysical mea-
surements are then used to develop a 3D petrophysical model,
while velocity and density logs are used to develop a 1D rock me-
chanical model. This poroelastic strain model is used to build a 3D
geomechanical model. Consideration is given to the stress shadow
between adjacent hydraulic fractures as well as the interactions
between hydraulic and natural fractures when constructing an
unconventional fracture model. Coupled poroelastic simulations
are conducted under the guidance of the linear poroelasticity the-
ory to quantify the spatial and temporal pressure and stress
changes and to reveal the triggering mechanisms of induced
seismicity.

2. Field background

The Devonian Duvernay Formation in Alberta, Canada, extended
from the Peace River Arch in the north all the way to the Eastern
Shelf carbonate platform and the Killam Barrier Reef in the south
(Lyster et al., 2017). This formation is an organic-rich formation
deposited in a marine basin environment. Biogenic reefs developed
in their north and northwest, while carbonate terraces were
generated in the southeast and west (Rokosh et al., 2012). The reef
belts divide the Duvernay Formation into the East Shale Basin and
West Shale Basin, and the latter is the main exploration area. The
examined region is located in the south of the ESB (Fig. 1a). The
Duvernay Formation in the studied region was deposited under-
lying a shale-hosted DIreton formation and above a shale-
carbonates-interlayered Dcook_lk formation, with its formation
thickness being almost constant (i.e., 42 m on average) based on its
characteristic logging features (Fig. 1b‒d).

The fracturing operations of two horizontal wells (6-20-37-1
and 10-20-37-1) were performed with a zipper fracturing pattern
from their toe northward to their heel (Fig. 2a and b). At the time of
theML4.18 event nucleation (i.e., 2019-03-0412:55:17), 39 stages of
the west well and 38 stages of the east well had been completed,
with the total fluid injection volumes of 54,239 m3 and 54,504 m3,
respectively (Fig. 2c). In addition, high-resolution data from
broadband seismometers and nodal geophones detected 417
induced events (Wang et al., 2020). The spatial distributions of
these events are depicted in Fig. 2a and b. Some significant events
occurred within the Duvernay Formation, whereas others were
dispersed several hundred meters below or above the stimulating
play. In the map view, these events appear as four clusters (C1
through C4) with a northeast-southwest trend. The b values, the
slopes of seismicity frequency andmagnitude, of C1, are 0.59 ± 0.04
with an estimated magnitude of completeness (Mc) of 1.0 (Fig. 2d),
indicating reactivations of pre-existing faults (e.g., b < 1.5) rather
than hydraulic fracture activation (e.g., b > 1.5). Furthermore, the b
values of C2 and C4 are not available due to their small number of
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events, and the magnitude of C3 is all below the Mc. The solutions
to these focal mechanisms are available to the public (Wang et al.,
2020), providing additional information on fault reactivation and
natural fracture development.
3. Methods

The goal of this work, as mentioned in the Introduction Section,
is to achieve a reliable experimental characterization of reservoir
properties and a precise analysis of natural-hydraulic fracture
networks, and to reveal the underlying mechanism of the largest
hydraulic fracturing-induced earthquake in the East Shale Basin.
Because building the structural model provides the understanding
of pre-existing natural fractures and faults, and constructing the
petrophysical and geomechanical model provides the basis for fluid
diffusion and stress perturbation during fracturing operations,
hence building such three high-resolution models is essential to
reveal the underlying mechanisms of induced seismicity.

In this study, an integrated geoengineering approach is pro-
posed to characterize the 4.18-magnitude earthquake triggered by
hydraulic fracturing. We begin with building a 3D structural model
by the stratigraphic correlations fromwell logging, the pre-existing
fault identification from 3D seismic data, and the pre-existing
natural fractures recognition from focal solutions of mainshocks.
The petrophysical measurements are further used to set up a 3D
petrophysical model based on the logging interpretations. More-
over, the velocity and density logs are used to derive a 1D rock
mechanical model. This poroelastic strain model is employed to
obtain the minimum and maximum principal stress and hence
construct a 3D geomechanical model. The natural fracture net-
works are determined by the focal mechanisms of induced earth-
quakes. Considering the stress shadow between adjacent hydraulic
fractures as well as the interactions between hydraulic and natural
fractures, an unconventional fracture model is built to characterize
the non-uniform fracture networks in unconventional reservoirs.
Guided by the linear poroelasticity theory, the coupled poroelastic
modeling and simulation are conducted to quantify the 4D spatial
and temporal stress and pressure changes surrounding the seis-
mogenic fault. The underlying physical mechanisms are finally
determined based on the Mohr-Coulomb Failure criterion. The
details of such a workflow are shown in Fig. 3.
3.1. Structural modeling

According to the characteristic logging responses in the Duver-
nay Formation, the top and bottom of the formation are determined
by the fine stratigraphic correlations of straight wells. The ant-
tracking method is used to identify the pre-existing faults associ-
ated with the induced earthquakes using high-resolution, three-
dimensional seismic data (Pedersen et al., 2002). The focal solu-
tions of induced events determine the pre-existing natural frac-
tures within the regional tectonic setting. Combining the
distributions of natural fractures and faults with stratigraphy data,
we construct a fine structural model of the studied region, which
serves as the structural foundation for the subsequent petrophys-
ical model (Anyim and Gan, 2020; Chen et al., 2021).
3.2. Petrophysical modeling

A tight rock analysis (TRA) of coring wells measures their
effective porosity, gas permeability, and gas saturation (Zoback,
2007). Eq. (1) below is used to calculate the effective porosity of
other wells based on their well logging and core measurements.



Fig. 2. Spatiotemporal view of the induced events and daily observation of HF operations in the ML4.18 case. (a, b) Spatial view of magnitude-scaled event epicenters. The green
circle represented the original focal hypocenter of the ML4.18 event. (c) Daily observation of injection volume per stage and induced earthquakes. The grey and pink vertical lines
denote the injection volume per stage for two horizontal wells. (deg) The plots of seismicity frequency and magnitude in four clusters.
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f ¼
�
fD sh*fden

���
fN sh*fcnl

�
fD sh � fN sh

; (1)

where f is the formation porosity, %; fD_sh and fN_sh are the density
porosity and neutron porosity of a pure shale point, respectively, %;
fden and fcnl are the measured density porosity and neutron
porosity, respectively, %.

Using the relationships between porosity and permeability as
well as gas saturation, the petrophysical properties of other wells
are determined. The sequential gaussian stochastic (SGS) method
determines the petrophysical characteristics of the entire region, in
which the spatial correlation between properties was considered
via the searching neighborhood approach (Hui et al., 2021b).
3.3. 3D geomechanical modeling

A triaxial compression test (TCT) is used to determine the static
rock mechanical properties of coring wells. Eqs. (2)e(4) are used to
calculate the dynamic rock mechanical parameters from P-wave
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and S-wave logs (Pan et al., 2020; Pedersen et al., 2002; Yasin et al.,
2021). The brittleness index (BI) is calculated based on the rock's
mechanical parameters to evaluate the rock brittleness in shale
reservoirs, and the SGS method is then applied to the entire region.

n ¼ 0:5ðVP=VSÞ2 � 1

ðVP=VSÞ2 � 1
; (2)

E ¼ rVS
23VP

2 � 4VS
2

VP
2 � VS

2 ; (3)

BI ¼ u� nmax � n

nmax � nmin
þ ð1� uÞ � E � Emin

Emax � Emin
; (4)

where VS and VP are S-wave velocity and P-wave velocity, respec-
tively, m/s; n, nmax, and nmin are measured, maximum, and mini-
mum values of Poisson's ratio, respectively, dimensionless; E, Emax,
and Emin are measured, maximum, and minimum values of Young's
modulus, respectively, GPa; r is density, g/cm3; u is the weighting



Fig. 3. The workflow of an integrated geoengineering evaluation of HF-induced earthquakes.
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coefficient, assigned to 0.5 in this case.
For the full stress tensors and formation pressures, we employ

Shen's stress and pressure model in this study region (Shen et al.,
2021; Hui et al., 2022b). The data of formation pressure (Pp), ver-
tical principal stress (Vp), minimum principal stress (Shmin) and
maximum principal stress (SHmax) covering the examined region is
available through the online database (https://data.mendeley.com/
datasets/tgmxx5vkjx/1).
3.4. Unconventional fracture modeling (UFM)

3.4.1. Hydraulic fracture propagation
The UFM is utilized to construct complex non-uniform fracture

networks based on a geomechanical model and NF networks. UFM
is also used in unconventional reservoirs to simulate the three-
dimensional propagation of non-uniform hydraulic fractures.
UFM is more applicable than a conventional pseudo-3D fracture
model in resolving the problem of fluid flow and elastic de-
formations in hydraulic fracture networks. Eq. (5) below demon-
strates the governing expressions of mass conservation (Weng
et al., 2011), which is given by

vq
vS

þ
v
�
Hflwavg

�
vt

þ QL ¼ 0 ðQL ¼ 2hlouloÞ ; (5)

where q is the flow rate in a hydraulic fracture along the length of
any fracture branch; wavg is the average fracture width; Hfl is the
fluid-filled fracture height; and QL is the product of leak-off height
hlo multiplying the leak-off velocity ulo by Carter's leak-off model.

Darcy's flow and laminar flow characterize the rheological
behavior of fluid during hydraulic fracturing beneath the ground.
The laws that regulate these flows are defined by Eqs. (6) and (7)
(Weng et al., 2014)
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vp
vS

¼ �a0
1

w2n0þ1
q
Hf l

����� qHfl

�����
n0�1

ðLaminarÞ; (6)

a0 ¼ 2K0

Fðn0Þn0

�
4n0 þ 2

n0

	n0

; Fðn0Þ ¼
1
Hf l

ð
Hfl

�
wðzÞ
w

	
2n0þ1
n0 dz;

(7)

where n0 and K0 are a power-law index and a consistency index,
respectively; w(z) is the fracture width at a given depth, calculated
by Eq. (10). The elastic law governs the width of a hydraulic fracture
linked to fluid pressure.

Assume a vertical hydraulic crack in layered shale is subjected to
normal stress I in the ith layer. The stress intensity factors at the
upper tip (Kl_up) and lower tip (Kl_low) can be calculated using the
governing equation by Eq. (8) through Eq. (10) (Mack et al., 1992).

Kl low ¼
ffiffiffiffiffiffi
ph
2

r �
Pcp � sn þ rfg

�
hcp � h

4

	�
þ

ffiffiffiffiffiffi
2
ph

r Xn�1

i¼1

ðsiþ1 � siÞ

�
�
h
2
arccos

�
h� 2hi

h

	
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hiðh� hiÞ

q �
;

(8)

Kl up ¼
ffiffiffiffiffiffi
ph
2

r �
Pcp � sn þ rfg

�
hcp � 3

4
h
	�

þ
ffiffiffiffiffiffi
2
ph

r Xn�1

i¼1

ðsiþ1 � siÞ

�
�
h
2
arccos

�
h� 2hi

h

	
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hiðh� hiÞ

q �
;

(9)

https://data.mendeley.com/datasets/tgmxx5vkjx/1
https://data.mendeley.com/datasets/tgmxx5vkjx/1
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wðzÞ ¼ 4
E

�
Pcp � sn þ rfg

�
hcp � h

4
� z
2

	�r
zðh� zÞ

þ 4
pE

Xn�1

i¼1

ðsiþ1 � siÞ

2
664ðhi � zÞcosh�1

z
�
h�2hi

h

�
þ hi

jz� hij

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zðh� zÞ

q
arccos

�
h� 2hi

h

	3775; (10)

where hi is the distance from a fracture bottom tip to the top ith

layer; Pcp is the fluid pressure at a given depth of hcp; rf is the
density of a fluid.

Furthermore, the total volume of fracturing fluids equals the
fluid volume within hydraulic fracture networks, some of which
leaks into the formation. Boundary conditions at fracture points are
set to net pressure and zero flow rate. The following is the gov-
erning equation (Eq. (11)) (Weng et al., 2014):

ðt
0

qðtÞdt¼
ðLðtÞ
0

hðs; tÞwðs; tÞdsþ
ð
HL

ðt
0

ðLðtÞ
0

2mLdsdtdhlo; (11)
3.4.2. Stress shadow effects
The effects of “stress shadow” are related to the interactions of

neighboring hydraulic fissures. Stress shadow effects must be
quantified since they account for the non-uniform propagation of
hydraulic cracks. The opening and shearing displacements of
nearby hydraulic fractures, in particular, alter the stress tensors of a
hydraulic fracture. We calculated the additional normal stresses
(sni ) and shear stress (tsi ) imparted to one hydraulic fracture as a
result of the opening and shearing displacement discontinuities (Dn
and Ds) of its nearby hydraulic fractures using Crouch and Star-
field's model via Eqs. (12) and (13) (Weng et al., 2014).

sin ¼
XN

j¼1
AijCij

nsD
j
s þ

XN

j¼1
AijCij

nnD
j
n; (12)

tis ¼
XN

j¼1
AijCijssD

j
s þ

XN

j¼1
AijCijsnD

j
n; (13)

where Aij is 3D correction factor, dimensionless; Cij is 2D elastic
influence coefficients, dimensionless. It is noted that the original
stress field encircling each hydraulic crack is calculated at each time
step, and the additional shear and normal stress are applied to it.
3.4.3. HFeNF interaction
The focal mechanisms of induced events contribute to a greater

comprehension of pre-existing natural fracture networks with a
maximum implicit fracture length of 50 m (Konstantinovskaya
et al., 2021). A hydraulic fracture can be crossed, arrested by, or
dilate pre-existing natural fractures. The average apertures (W) of
hydraulic fractures with half-length (L) and height (H) at an NFeHF
junction site are computed by Eq. (14) (Valko and Economides,
1995)

W ¼ 2:53

"�
1� n2

�
qmfL

2

EH

#1=4
; (14)

where q is the injection rate; mf is the fluid viscosity; n is Poisson's
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ratio; and E is Young's modulus; H is the fracture height; L is the
fracture half-length. Once fluids penetrate the NF, the average fluid
pressure pNF(t) at a given time t can be calculated by Eq. (15) (Weng
et al., 2011)

pNFðtÞ ¼ pf tanh

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2knfpf
mb2s

s
t

!
(15)

where pf is the fluid pressure at the tip of an HF; knf is the natural
fracture permeability.

According to Eq. (15), it is shown that the fluid diffusion be-
comes very pervasive once fluids penetrate the natural fractures.
On the basis of Eq. (5) through Eq. (15), a non-uniform unconven-
tional fracture model can be constructed, taking into account the
propagation of hydraulic fractures, the stress shadow effect be-
tween adjacent hydraulic fractures, and the interactions between
hydraulic and natural fractures. The Petrel Kinetix software is used
in this work to develop such a UFM.
3.5. Poroelastic modeling and Mohr-Coulomb criterion

This study employed the linear poroelasticity theory to guide
coupled poroelastic modeling and quantify the physical process
within the unconventional fracture networks during hydraulic
fracturing (Wang and Kumpel, 2003). First, a propagating fluid
pressure front from a source can be evaluated based on the afore-
mentioned UFM modeling. Then, to characterize spatiotemporal
Coulomb failure stress changes (DCFS), a coupled poroelastic model
incorporating wells, a formation, fractures, and faults is constructed
with the infinite element approach by Eq. (16) through Eq. (17) via
the Comsol software (Hui et al., 2021d). After simulating the
changes in pore pressure and in situ stress during HF operations, the
Mohr-Coulomb failure criterion is typically used to determine the
spatiotemporal activation of the associated faults (Catalli et al.,
2013; King and Dev�es, 2015). The DCFS can be obtained further by
means of Eq. (18) through Eq. (21). The underlying triggering
mechanisms can be determined accordingly by comparing the
spatiotemporal evolution of induced seismicity and quantified
changes in stress and pressure (Hui et al., 2021b).

GV2 u!þ G
1� 2n

Vє�aVPp ¼ f
!ð x!; tÞ; (16)

1
M

vPp
vt

þa
vє
vt

�V �
�
k
h
VPp

	
¼ q
�
x!; t
�
; (17)

DCFS¼ðDt�mDsnÞ þ mDpp; (18)

sn
0 ¼1

2
ðs1 þs3Þ�

1
2
ðs1 � s3Þcos ð2bÞ � pp; (19)

tl ¼1
2
ðs1 �s3Þsin ð2bÞ ; (20)

tr¼ � 1
2
ðs1 � s3Þsin ð2bÞ ; (21)

where G is the shear modulus; u is the displacement vector; n is
Poisson's ratio; є is the volumetric strain; a is Biot's coefficient;

f
!ð x!; tÞ is the body force per unit volume on the solid matrix; pp is
the pore pressure; M is the Biot modulus; k is the matrix perme-
ability; h is the dynamic fluid viscosity; r is the fluid density; z is the
measured depth; qð x!; tÞ is the volume injection source rate; D
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denotes the changes in each parameter; CFS is the Coulomb failure
stress; t is the shear stress (positive in the slipping direction); sn0 is
the effective normal stress (positive in the extensional direction); m
is the friction coefficient; s1 and s3 are the magnitudes of SHmax and
Shmin, respectively; tr and tl are the shear stresses in the right-
lateral and left-lateral motions of the fault, respectively; and b is
the angle between the SHmax orientation and the fault strike (Hui
et al., 2021e).
4. Results and discussion

4.1. Reservoir structure characterization

To conduct stratigraphic correlations, the available well logging
data from six consecutive wells are gathered (Fig. 1c). Log charac-
teristics (e.g., high gamma-ray and high formation resistivity) are
utilized to locate the top and bottom of the Duvernay Formation.
Accordingly, the elevation of the Duvernay Formation can be
mapped using the SGS method (Fig. 1a). It is also noted that the
carbonate component developed within the Duvernay Formation
with relatively low gamma-ray and high formation resistivity.

In previous works, the available 3D seismic data is collected,
attempting to determine the pre-existing faults associated with
earthquake clusters (Fig. 4a‒d) (Galloway et al., 2018; Galloway and
Hauck, 2021). Seismic variations indicate that a basement-rooted
fault (i.e., Fault 3) developed upwards to the Duvernay Formation
(Fig. 4b and d). However, this inferred basement-rooted fault is not
consistent with the distribution of induced events. This mismatch
may be attributed to the relatively low resolution of 3D seismic
data, which has been corroborated by previous works that not all
inferred faults can be identified by the 3D seismic data (Atkinson
et al., 2016).

Therefore, the focal mechanisms of induced events are used
instead in our research to determine the associated seismogenic
fault (Fig. 4e). The publicly available focal mechanisms of forty
induced events are compiled, and the corresponding statistics are
depicted in Fig. 4e. It is observed that, under the influence of two-
period tectonics, the primary orientations of the natural fractures
or faults were NE15� and SW285�. Image logs estimated the natural
fracture intensity in terms of the ratio of a fracture area to volume
to be 0.05 m2/m3 (Kleiner and Aniekwe, 2019). In addition, the
spatial attributes of induced events can be used to improve the data
quality of a pre-existing fault distribution because the other three
faults are not readily apparent in the seismic attributes (Fig. 4a‒d).
Based on the inferred faults distribution and focal strike informa-
tion (Wang et al., 2020), the fine structural model of the studied
region is built by incorporating four inferred faults (i.e., Fault 1
through Fault 4) and two-period natural fracture networks (Fig. 4e),
laying the foundation for the subsequent petrophysical modeling. It
is worth noting that we chose from one of the two conjugate fault
orientations (i.e., NE-SW orientation) from the focal solution as it
follows with the distribution of the events.
4.2. Reservoir petrophysics characterization

The tight rock analysis (TRA) experiments are conducted on 84
core samples from three coring wells, and the results are collected
from the publicly available database. According to a cross-plot be-
tween the density and neutron logs, we find that the rock density
and neutron value at a shale point (i.e., 100 percent shale content)
are 2.65 g/m3 and 0.3, respectively (Fig. 5a). Then, Eq. (1) is used
here to calculate the porosity of the shale, which corresponds to the
measured effective porosity. In addition, it is observed that the
permeability (k) of shale rocks has a positive logarithmic
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relationship with their effective porosity (f), as shown by
k ¼ 2� 10�6e0:3104f (Fig. 5b). Furthermore, the gas saturation (Sg)
has a positive linear relationship with the petrophysical index (i.e.,

ðkfÞ0:5), given by Sg ¼ 1422:6ðkfÞ0:5 þ 2:9254. This phenomenon
can be attributed to the fact that the petrophysical index can be
used as a proxy for pore size, which has been linked to the bound
water within shale pores (Fig. 5c).

The SGS method allows for the construction of a petrophysical
model using interpretation models of reservoir petrophysics and
available well logs from straight wells. A cross-sectional view of
shale porosity along the fracturing wells is depicted in Fig. 5d. The
east well (10-20-37-1) targeted the upper Duvernay Formation,
whereas the west well (6-20-37-1) targeted the Duvernay Forma-
tion 35 m below the east well. The gap between the target zones of
these two wells will eliminate interference from other wells. It is
also worth noting that, along the fracturing horizontal wells, the
shale porosity has a sharp heterogeneity in the planar and vertical
distribution, covering the range of 0.02e0.06 in magnitude. This
type of spatial diversity may play a significant role in fluid diffusion
during hydraulic fracturing.

4.3. 3D geomechanical characterization

Based on Eqs. (2)e(4), the rock mechanical properties of eight
straight wells with P- and S-wave velocity logs are determined. The
rock mechanical properties of straight wells are depicted in Fig. 6a.
Poisson's ratio varies between 0.2 and 0.4, whereas Young's
modulus varies between 20 and 80 GPa. Therefore, the brittleness
index has a magnitude range of 0.1e0.9. The SGS method is utilized
to obtain these properties for an entire region. The cross-sectional
view of the brittleness index along the fracturedwells is depicted in
Fig. 6b. It is observed that the brittleness index (BI) along the two
horizontal wells has a high magnitude (BI > 0.5), indicating the
potential susceptibility of rock brittleness and providing the foun-
dation for the formation of unconventional fracture networks.

The formation pressure (Pp) model is constructed, and the pro-
file feature is depicted in Fig. 6c. Along the fractured wells, it is
demonstrated that the Duvernay Formation has a higher formation
pressure (46 MPa) than the DIreton Formation (43 MPa). Due to the
presence of overpressure, pre-existing faults in the Duvernay For-
mation are highly susceptible to fault reactivation, as a small in-
crease in pressure will cause a fault to enter the state of failure. In
addition, the horizontal stress models are developed to determine
the spatial distributions of the principal vertical stress (sv), mini-
mum principal stress (sh), and maximum principal stress (sH).
Similar to Pp, Fig. 6d demonstrates that the average sh within the
Duvernay Formation (50.5 MPa) is greater than that of the DIreton
Formation (47.5 MPa). It is also shown that sh has a sharp hetero-
geneity along the fractured wells, with the magnitude in the heel
part (left) lower than the toe part (right). The formation pressure, as
well as the stress model, can be used to evaluate the fault stability
before and after hydraulic fracturing (Yew andWei, 2015; Hui et al.,
2021b).

4.4. UFM characterization

Based on the aforementioned structural, petrophysical, and
geomechanical modeling, the complex fracture network modeling
was carried out by Petrel KINETIX (https://www.software.slb.com/
products/kinetix). Such software can be used to simulate hydraulic
fracture propagation based on Eqs. (5)e(15), which has considered
stress shadow effects between adjacent hydraulic fractures and
natural-hydraulic fracture interactions. Table 1 shows the input
geological, geomechanical and operational parameters associated

https://www.software.slb.com/products/kinetix
https://www.software.slb.com/products/kinetix


Fig. 4. Seismic interpretation and structural model. (a) Cross-section without interpretation. (b) Cross-section with seismic variance overlaid. An inferred basement-rooted fault
developed upwards to Duvernay Formation. (c) The horizontal section shows the discontinuity attribute anomalies along the Duvernay Formation and Precambrian Basement. (d)
3D structural model. Four pre-existing faults are interpreted with high dip angles. Four clusters of induced earthquakes are spatially distributed surrounding four associated faults.
Induced events are colored by time and scaled by magnitude. The left inset map shows the focal strike statistics of induced events, and the right inset map represents the view of
four inferred faults.
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with the UFM. The simulation results are illustrated in Fig. 7a‒
d (Hui et al., 2021d; Konstantinovskaya et al., 2021; Fothergill et al.,
2014)). It is shown that as the 1st‒37th stages of the west well 6-20-
37-1 and east well 10-20-37-1 were completed, no pre-existing
faults were reactivated, indicating no fault reactivation by that
time.

However, when the 38th stage of the west well was completed
with a total fracturing fluid injection of 1299m3 and an average rate
of 15.2 m3/min, the stimulated hydraulic fractures connected with
Fault 1. Such a hydraulic connection caused Fault 1 to slip and
triggered twelve induced earthquakes with a magnitude range of
467
M1.2-M1.79 (Fig. 7a). Four hours later, the 38th stage completion of
the east well was finished, pumped with a total fracturing fluid
injection of 1284 m3 and an average rate of 15.0 m3/min. The
associated hydraulic fractures also had a hydraulic communication
with Fault 1, and five induced events (M1.3-M1.84) weremonitored
(Fig. 7b). As no large magnitude earthquakes occurred, the zip
fracturing of bothwells continued. Two hours later, the 39th stage of
the west well was fractured with a total injection volume of
1202 m3 and an average rate of 15.7 m3/min. Besides leading to
Fault 1 reactivation with a maximum M4.18-magnitude earth-
quake, the stimulated fractures also reactivated Fault 4 with a



Fig. 5. (a) Cross-plot between rock density and neutron logs. (b, c) Relationship between geophysical properties. (d) A cross-sectional view along horizontal wells of formation
properties. The induced earthquakes are overlaid in the profile.
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maximum M1.75-magnitude earthquake (Fig. 7c). By 2019-04-07,
36 days after all completions, a fluid diffusion effect reactivated
Fault 2 and Fault 3 and triggered other induced events with a
magnitude range of M-1.41-M1.92 (Fig. 7d). The lineament trending
of induced events also corroborated the reactivation of the associ-
ated pre-existing faults. The quantification of such HF-fault hy-
draulic connections will be discussed in the following sections.
4.5. Triggering mechanisms via coupled simulation

The coupled poroelastic model of the studied case is constructed
based on Eqs. (16) and (17) via the COMSOL software (Hui et al.,
2021b). Such a finite-element simulation is conducted by
coupling solid mechanics with Darcy's law to characterize the
spatiotemporal changes of poroelastic stress and pore pressure
during HF operations. This block model is set with the dimensions
of 4500 m � 4000 m � 550 m (Fig. 8a). The associated elements
(e.g., faults, fractures, and wells) from the geological model are
incorporated into the model (Fig. 8b). The boundary and initial
conditions are also set based on the geological and geomechanical
models and the actual treatment data. Finally, the Mohr-Coulomb
failure criterion is utilized to determine the spatial-temporal
468
faults activation based on Eq. (18) through Eq. (21). The details of
the coupled poroelastic model have been well documented by our
previous research (Hui et al., 2021d).

Consequently, the hydraulic connection between the hydraulic
fractures of the east well and Fault 1 is quantified. The spatial dis-
tribution of DCFS at the cross point between fault and hydraulic
fractures over time is shown in Fig. 9a and b. The induced events
related to the east 38th stage completion are also displayed, scaled
by seismicity magnitude (Fig. 9b). It is noted that the 32nd stage-
related hydraulic fractures first connected Fault 1 (Fig. 9a). How-
ever, due to the slow diffusivity among a fault damage zone
(Haddad and Eichhubl, 2020), the associated increase in pore
pressure in this stage cannot reactivate Fault 1. However, when the
hydraulic fractures at the 38th stage were connected Fault 1, the
increase in pore pressure (DPp) and Coulomb failure stress changes
(DCFS) reached 6.06 and 3.94 MPa, respectively (Fig. 9b and c). The
threshold value of Fault 1 (DPp0) is obtained by moving the failure
line to approach the fault state point (blue circle in Fig. 9d) and
reading the value of the x-intersection point. Here, this value is
found to be 1.8 MPa. Therefore, the increases in pore pressure (DPp)
exceeded the threshold value (DPp0) required to reactivate Fault 1
(Fig. 9d). It is worth noting that, compared with poroelastic stress



Fig. 6. (a) Rock mechanical properties of straight wells with velocity logs. These wells are shown in Fig. 1a. (bed) A cross-sectional view along the fracturing wells of brittleness
index, formation pressure, and minimum principal stress, respectively.

Table 1
Input data for unconventional fracture modeling.

Parameter Value Parameter Value

Fluid Viscosity 0.04 Pa s Rock Leak-off coefficient 3.9 � 10�2 m/s1/2

Density 1200 kg/m3 Shale compressibility 4.6 � 10�10 Pa�1

Specific gravity 1.0
Natural fracture Toughness 1 MPa m0.5 Fault Fault normal/shear stress 6/3 GPa/m

Orientation NE15�/SW285� Cohesion 0.1 MPa
Length A maximum of 50 m with a standard deviation of 10 m Friction angle 22.5
Spacing A maximum of 100 m with a standard deviation of 10 m Tensile strength 0.01
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changes, the elevating pore pressure is the most significant factor
that contributes most to the fault reactivation in the ML4.18 case
(Fig. 9c). Therefore, reducing the job size to decrease the potential
469
elevating pore pressure along a fault plane is a possible mitigation
strategy to reduce the potential seismic hazards.

Utilizing experimental-based UFM and coupled poroelastic



Fig. 7. (aec) 3D and 2D view of the east well 38th stage completions, west well 38th stage completions and west well 39th stage completions and related induced events. (d) 3D and
2D view of hydraulic fractures and related induced events by 2019e04-07. The hydraulic fractures are colored by the magnitude of fluid pressure.

Fig. 8. (a) The coupled modeling. The block model is set with the dimension of 4500 m � 4000 m � 550 m with the associated elements (e.g., faults, fractures, and wells) from the
geological model. (b) Mesh of the coupled model.
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simulation, this study sheds light on the characterization of HF-
induced earthquakes in the ESB. This workflow can be used to
mitigate potential seismic risks in unconventional reservoirs in
other fields. To construct reliable reservoir models and conduct
numerical simulations, the primary objective of this work is to
collect as much petrophysical and geomechanical experiment data
from various coring wells, aiming to comprehensively characterize
reservoir petrophysical and geomechanical characteristics (Baek
and Jung, 2020; Sui et al., 2016). Additionally, this work also built
UFM models considering the interactions between natural and
hydraulic fractures, as well as stress shadows among the hydraulic
470
fractures, which have not been fully investigated in prior induced
seismicity studies (Weng et al., 2014). Furthermore, once new
coring well data becomes available, a reservoir model should be
updated to include these new data, which will provide a more
robust database for subsequent UFM modeling. It is also noted that
there are few studies of integrating and considering all structural,
petrophysical, and geomechanical models when analyzing HF-
induced earthquakes, though it is well acknowledged that both
geological and engineering parameters have impacts on the
mechanism of induced earthquakes, mainly because we do not
have access to all these data. This work illustrates a good example



Fig. 9. The simulated results of coupled modeling in the reference case. (a) Horizontal cross-section view of DPp at the top of Duvernay Formation using Petrel. (b) Spatial dis-
tribution of DCFS at the cross point between fault and hydraulic fractures over time. The induced events related to the east 38th stage completion are also displayed, scaled by
seismicity magnitude. (c) Temporal distribution of DCFS, mDPp, mDsn þ Dt at the cross point in the top Duvernay Formation. (d) Mohr circle showing the changes of shear stress and
effective normal stress before (blue circles) and after (green circles) 38th stage completions.
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to show what and how we can do when we have enough data in
hand (Li et al., 2020). However, it is actually very difficult to directly
replicate the proposed workflow to other fields if we do not have
enough data.

This study also sheds light on the potential mitigation strategies
for HF-induced seismicity in the development of unconventional
resources. Specific to the ML4.18 case, based on the simulation re-
sults, the east 32nd‒38th stages and the west 38th‒39th stages
should not have been fractured to avoid the hydraulic connection
between the hydraulic fractures and the nearby faults. Another
mitigation method is to reduce the fracturing job size, that is, to
reduce the fluid injection volume or treatment pressure so that the
corresponding increase in pressure would have been less than the
threshold of 1.80 MPa (Fig. 9d) (Mignan et al., 2019). Based on the
coupled simulation, the limit injection volume to ensure that the
increase in pore pressurewill not exceed the threshold is 772m3 for
the last stage of the well. Obviously, the first mitigation strategy
would be more effective based on the prior field case studies (Hui
et al., 2021c). This method can also be applied to other fields to
lessen the potential seismic risks.
5. Conclusions

This paper proposes a novel synthetical geoengineering meth-
odology to comprehensively characterize ML4.18 earthquake clus-
ters caused by hydraulic fracturing. Based on the 3D structural,
petrophysical, and geomechanical models, the unconventional
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fracture model is constructed by considering the stress shadow
between adjacent hydraulic fractures as well as the interactions
between hydraulic and natural fractures. Coupled poroelastic
simulations are conducted to reveal the triggering mechanisms of
induced seismicity. The conclusions are drawn as follows.

(1) Four vertical basement-rooted faults were identified via focal
mechanisms analysis. The primary orientations of the natu-
ral fractures or faults were determined to be NE15� and
SW285�.

(2) The brittleness index (BI) along two horizontal wells had a
high magnitude (BI > 0.5), indicating the potential suscep-
tibility of rock brittleness. Due to the presence of over-
pressure, pre-existing faults in the Duvernay Formationwere
highly susceptible to fault reactivation, as a small increase in
pressure caused a fault to enter the state of failure.

(3) The occurrence of earthquake clusters was attributed to the
fracturing fluid injection during thewest 38th‒39th stage and
east 38th stage completions. The increase in pore pressure
(DPp) and Coulomb failure stress changes (DCFS) reached
6.06 MPa and 3.94 MPa, respectively, exceeding the
threshold value (DPp0 ¼ 1.8 MPa) to reactivate the pre-
existing fault.

(4) Rock brittleness, formation overpressure, and large frac-
turing job size account for the nucleation of the earthquake
clusters. Unconventional natural-hydraulic fracture
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networks provide fluid flow pathways to cause the reac-
tivation of the seismogenic fault.
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