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Combining Deep Learning and Source Scanning

windowed seismograms after resampling and bandpass filtering
(see the Methods: Phase Identification section). The SSA is fol-
lowed by a density-based clustering process, and requires a set of
user-defined criteria, to identify an initial solution for the earth-
quake location problem (see the Methods: SSA and Phase
Association and Methods: Nonlinear Inversion and Location
Refinement sections). However, once the detection and model
parameters were tuned, and the station coverage remained
nearly unchanged, the entire process could be automated with-
out user interaction.

Methods: phase identification
The first step in locating an earthquake is to reliably identify
the arrival times of P and S waves on continuous seismic
records. In this research, the onsets of major arrivals are picked
through a supervised convolutional neural network with an
architecture modeled after the classical fully convolutional
U-Net (Long et al., 2015; Ronneberger et al., 2015). The
U-Net architecture, commonly used for semantic segmenta-
tion in medical images, consists of a contracting path to extract
abstract features followed by a symmetric expanding path that
enables precise localization and recovering a high-resolution

segmentation map (Ronneberger et al., 2015; Çiçek et al.,
2016). The U-Net benefits from skip connections that allow
information flow and enhance learning by concatenating the
feature maps from the opposing contracting and expanding
blocks at equivalent resolution scales (Drozdzal et al., 2016;
Zhou et al., 2018).

In this study, the task of the U-Net is to produce samplewise
predictions and directly provide a label map to identify the
onsets of major seismic arrivals (i.e., P and S waves; Fig. 2).
Our previous study shows that deep convolutional networks
trained in the time–frequency domain can achieve superior

21
80

0

Conv, batch norm, ReLU

Max pool

Deconv

Conv, batch norm, Sigm

CWT

21
80

0

21
80

0

3 8 8

10
40

0

10
40

0

10
40

0

8 16 16

5
20

0

5
20

0

5
20

0

16 32 32

2
10

0

2
10

0

2
10

0

32 64 64

1
50

1
50

1
50

64 128 128

1
10

0

1
10

0

1
10

0

128 64 64

1
20

0

1
20

0

1
20

0

64 32 32

1
40

0

1
40

0

1
40

0

32 16 16

1
80

0

1
80

0

1
80

0

16 8 8

1
80

0

1

Figure 2. Network architecture used in this study for identifying seismic phase
arrival times. The gray arrows represent the skip connections. The input layer
consists of the spectral representations of three-component seismograms
calculated using the continuous wavelet transform (CWT). The Wavelet
Transforms of windowed seismograms are calculated using the Morlet
wavelet as the mother wavelet, and eight wavelets per octave. Considering
the 40-s-long three-component seismograms, resampled at 20 Hz, the
dimension of the input layer would be 21 × 800 × 3. The color version of
this figure is available only in the electronic edition.
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well for solving low-dimensional problems with a single global
optimum and a few local optima (Jones et al., 1993; Liuzzi et al.,
2016). DIRECT is a derivative-free optimization algorithm that
searches for a global optimizer by systematically dividing the
search domain into a set of hyperrectangles. In this study, we
consider a bound-constrained multi-objective optimization
problem to simultaneously maximize the number of associated
P !Np" and S !Ns" phases and minimize the residuals between
observed and calculated arrival times, tr , at all stations:

EQ-TARGET;temp:intralink-;df4;41;224max
x∈Ω

J!x" #
NpNs

Np $ Ns
$ λ

1
exp!∥tr∥2"

s:t:Ω # fx ∈ RN : li ≤ xi ≤ ui; i # 1; 2; 3; 4g
!4"

in which Ω is a hyperrectangle and x # !x1; x2; x3; x4" repre-
sents the spatial coordinates (i.e., x1, x2, and x3) and origin time
(i.e., x4) of a seismic event. li and ui mark the lower and upper
bounds of the search space for the ith variable, respectively. The
optimization algorithm starts with a single hyperrectangle and,
at each sweep, refines the search domain and further divides it to
smaller hyperrectangles based on the evaluated cost function
and size of the sampled hyperrectangles (Gablonsky and

Kelley, 2001). The refinement procedure continues until the
evaluation budget is exhausted.

RESULTS
We train a nine-layer U-Net (see Fig. 2), which maps the CWTs
of three-component seismograms to probability functions cor-
responding to the phase arrival times. The training data set is
constituted by 85% of the total time–frequency image pool,
and the model performance is evaluated using the remaining
data set. To improve the noise recognition capability and reduce
the false detection rate, the training set is enriched with pure
noise segments collected from recently deployed seismic stations
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Figure 3. Illustration of the application of SSA in source detection.
(a) Distribution of a source location and seven randomly selected receiv-
ers. (b) Sparse characteristic functions represent the theoretical travel times
recorded at each station. Random time shifts are applied to the theoretical
times to incorporate the expected error in picked onset times. The red and
blue areas indicate the scanning windows centered at the theoretical travel
times. (c–e) The total number of P and S phases and the average number of
phases associated with each grid point (i.e., potential source locations). The
color version of this figure is available only in the electronic edition.
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Fast, Automatic, and Accurate

10-min-long segment of the
entire network consisting of
23 three-component receivers.

Once the travel times are
determined (Fig. 10), the binary
time series representing the
onset times are used to calculate
the number of associated phases
(see equation 3) for each grid
node within the search domain.
To discretize the search space,
we define grid spacing of 0.01
degrees and 1 km along the lat-
eral and vertical directions,
respectively. The maps of asso-
ciated phases are calculated for
potential origin times at incre-
ments of 0.5 s. The theoretical
travel times are computed for
all potential source–receiver
pairs using the AK135 reference
velocity model (Kennett et al.,
1995). In this implementation

of SSA, we define a maximum error of 2 s between the observed
and theoretical travel times to account for uncertainties in the
detected onset times and velocity model. The grid point with the
maximum number of linked picks (i.e., the local maxima in a 4D
search space) returns the initial solution for the earthquake loca-
tion and origin time (Fig. 11).

As discussed in the Methods: Nonlinear Inversion and
Location Refinement section, the initial solution obtained
from the grid-search method is fed to the DIRECT algorithm
to refine the earthquake location and origin-time estimates.
(Table 1 provides a summary of parameters used in the
DIRECT algorithm). Despite differences in local velocity
models used in location inversion, a comparison between
the final solution obtained from the DIRECT algorithm
and that reported in the Canadian NEDB shows a good agree-
ment and a horizontal distance of approximately 1 km
between the two solutions (Fig. 12). This remains within
the average horizontal error of up to 5 km reported in the
most recent earthquake catalog in this area (Visser et al.,
2021).

Application for near-real-time monitoring of induced
seismicity
The effectiveness of the present model in reliable identification
of seismic phase arrivals and rapid location process using
the sparse characteristic functions provides a means for real-
time monitoring of seismic activity, especially in areas where
anthropogenic seismicity poses high risk to public safety
(Fereidoni and Atkinson, 2017; Ghofrani et al., 2019; Hui et al.,
2021; Wang et al., 2021).
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Figure 7. Heat maps showing the sensitivity of the predicted arrival times of (a) P and (b) S phases to signal-to-noise
ratio for the validation set. The color version of this figure is available only in the electronic edition.
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Figure 8. Performance of the trained model in identifying the seismic phase
onset times for an ML 4.6 earthquake recorded in western Canada. The
CWTs (a) of the three-component seismograms (b) recorded at a distance of
84.3 km. (c) The normalized detection scores of phase arrival times pre-
dicted by the convolutional model. The color version of this figure is
available only in the electronic edition.
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Because of the sharp increase in seismicity associated with
hydraulic fracturing and wastewater disposal in NE BC since
2007, active monitoring areas and regulatory responses have
been implemented to mitigate the risk of induced seismicity
(Babaie Mahani et al., 2020; Peña Castro et al., 2020; Riazi
and Eaton, 2020). Seismic activity at the Kiskatinaw Seismic
Monitoring and Mitigation Area (KSMMA), within the
southern Montney unconventional play of NE BC (Babaie
Mahani et al., 2020; Salvage et al., 2021), is routinely monitored
by the GSC using two different approaches. First, in accor-
dance with a traffic light protocol established to assess the risk
of induced seismicity at given magnitude thresholds (Kao et al.,
2018), a real-time earthquake detection system was designed
using a SeisComP server (SeisComP, 2008). This approach
relies on the short-term average/long-term average (STA/
LTA) detector and continuously scans the multicomponent
seismograms from multiple stations to identify candidate
events (Allen, 1978). The resulting earthquake magnitudes
are used for regulatory decisions that aim at avoiding larger
magnitude events caused by injection operations.

Furthermore, due to challenges in the detection of weak
events using the STA/LTA, the GSC compiles a detailed
earthquake catalog by means of a deep-learning-based phased
picker, EQTransformer (Mousavi et al., 2020). EQTransformer
is a phase picker model that combines the feature-extracting
characteristics of convolutional neural networks with the
sequential capabilities of recurrent neural networks to pick
the arrival times and separate between P and S waves. In
the GSC’s earthquake catalog, the probability thresholds of
EQTransformer were set at 0.2 and 0.3 for P and S phases,
respectively, to ensure that as many phases as possibly were
obtained (Visser et al., 2021). Once phases are identified,
the picks are reviewed by seismic analysts to remove false
detections and manually adjust the arrival times before phase
association and locating seismic events (Visser et al., 2021).

In this section, we apply our earthquake detection algorithm
to three-channel continuous data recorded by 26 receivers over
a 28-day period (from 1 February 2021 to 28 February 2021) in
the KSMMA area. To overcome the challenges of detecting
events occurring closely in time and space, we employ the den-
sity-based spatial clustering of application with noise (Ester
et al., 1996) algorithm to identify multiple bright spots (i.e.,
the potential source locations) within a short time window.
Setting the threshold to 5 P and 5 S phases and the minimum
number of stations recording both P and S phases to 3, our
algorithm detects 374 events with magnitude ML ≥ 0:5. For
the same time period, SeisComp3 detects 75 events and the
GSC comprehensive catalog reports 351 events (Fig. 13).

Compared to the STA/LTA-based technique, the GSC com-
prehensive catalog and the present study can detect a signifi-
cantly larger number of events, especially for magnitudes
ML ≤ 1:25 (see Fig. 13a). Although our technique obtains 23
more events than listed in the GSC catalog, 18 of the GSC
events are missed in our final data set; 15 of which have mag-
nitudes less than 0.75 and 5 events have less than 10 phases
associated to them. To investigate the effect of user-defined
parameters (i.e., the phase identification threshold and the
minimum number of associated phases) on detecting the miss-
ing events, we focus on a weak event reported in the GSC’s
catalog with an ML value of 0.56 and an origin time of
11:45:31 UTC, 25 February 2021. Using a lower phase identi-
fication threshold of 0.2 and requiring at least 4 P and 4 S
phases to be associated with an event, we found that small-
magnitude earthquakes, especially those with magnitudes sig-
nificantly less than the magnitude of completeness, can be also
detected if the station coverage is sufficiently dense (Figs. S1
and S2, available in the supplemental material to this article).
Both the GSC and our catalogs yield a magnitude of complete-
ness of approximately 0.75 (see Fig. 13a). To further improve
the relative location accuracy, we relocate the earthquakes
using GrowClust, an algorithm that considers both differential
travel times and waveform cross-correlation coefficients
(Trugman and Shearer, 2017), and a local velocity model,
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enables us to detect weak seismic events. Although a low
threshold may increase the possibility of false detections, espe-
cially in areas where network coverage is suboptimal, the phase
association step can potentially remedy the problems from
falsely identified phases. To indicate that phases associated
with events of significant magnitudes, above the magnitude
of completeness, are identified at high detection scores, we
consider an ML 1.0 event from the GSC’s earthquake catalog
(Visser et al., 2021; Fig. S3) and follow the proposed method
using phase identification thresholds of 0.3 and 0.5. We
observe that (1) the deep-learning model identifies the phase
onset times at high detection probability scores, and (2) the
difference between the two earthquake solutions using differ-
ent thresholds is insignificant and both are in good agreement
with the earthquake solution reported in the GSC’s catalog (see
Figs. S3–S5). To overcome challenges associated with identify-
ing earthquakes occurring closely in space and time (Prozorov
and Schreider, 1990; Chen et al., 2013; Zhang et al., 2019; Tan,
Kao, et al., 2020), we rely on the spatiotemporal distribution of
local maxima of the brightness maps to identify distinctive
potential source locations in the time–space domain.

Although, in this study, our focus is mainly on the appli-
cation of deep learning and its combination with conventional
seismological techniques for detecting and locating seismic
events, artificial neural networks can be employed to automati-
cally discriminate natural from anthropogenic events, particu-
larly quarry blasts (Musil and Plešinger, 1996; Linville et al.,
2019; Miao et al., 2020; Renouard et al., 2021). We trained
a secondary convolutional neural network as a discriminatory
tool to distinguish between quarry blasts and non-blast events.
Previous studies show that discrimination between natural
earthquakes and explosions can significantly benefit from the
spectral characteristics of seismic events (Dowla et al., 1990;
Allmann et al., 2008; Miao et al., 2020). The model is trained
on the spectral images of a regional data set of 2240 earth-
quakes and 1630 quarry blasts recorded at local distances of

up to 100 km (5071 and 3300 source–receiver pairs for earth-
quakes and blasts, respectively, Figs. S6 and S7). The final data
set is augmented to even out the total number of instances
between classes. The network architecture consists of four
strided convolutional layers of fixed kernel size of 3 × 3, fol-
lowed by a fully connected layer. Preliminary results of the
model show an average earthquake-blast discrimination accu-
racy of approximately 92% for both the training and validation
sets at a dropout rate of 0.1 (Fig. S8). The dropout rate of 0.1
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TABLE 1
List of Parameters Used for Nonlinear Inversion

Dividing Rectangles (DIRECT) Algorithm Parameters

errorfrac 0.1 errormin 0.5 s
errormax 2.0 s

!llat; ulat; δlat" (−20, +20, 0.1) km
!llon; ulon; δlon" (−20, +20, 0.1) km
!lz ; uz ; δz" (0, 10, 1) km
!lo;uo; δo" (−5, +5, 0.1) s
Nmin
p 5

Nmin
s 5

Niterations 1000

errorfrac, fraction of the travel time to use as error; errormax, maximum travel-time error
in seconds; errormin, minimum travel-time error in seconds. l, u, and δ represent,
respectively, the lower boundary, upper boundary, and step size for the search
space parameters (lat, earthquake latitude; lon, earthquake longitude; o,
earthquake origin time; z, earthquake depth). Nmin

p and Nmin
s are the minimum

number of required P and S phases, respectively. Niterations, maximum number of
iterations.
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Seismicity-Scanning Based on Navigated Automatic
Phase-Picking
Fengzhou Tan1,2 , Honn Kao1,2 , Edwin Nissen1 , and David Eaton3

1School of Earth and Ocean Sciences, University of Victoria, Victoria, British Columbia, Canada, 2Geological Survey of
Canada, Pacific Geoscience Centre, Sidney, British Columbia, Canada, 3Department of Geoscience, University of
Calgary, Calgary, Alberta, Canada

Abstract We propose a new method, named Seismicity-Scanning based on Navigated Automatic
Phase-picking (S-SNAP), that is capable of delineating complex spatiotemporal distributions of seismicity.
This novel algorithm takes a cocktail approach that combines source scanning, kurtosis-based phase
picking, and the maximum intersection location technique into a single integrated workflow. This method
is automated, detecting and locating earthquakes efficiently, comprehensively, and accurately. We apply
S-SNAP to a data set recorded by a dense local seismic array during a hydraulic fracturing operation to test
this novel approach and to demonstrate its effectiveness in relation to existing methods. Overall, S-SNAP
found about 3.5 times as many high-quality events as a template matching-based catalogue. All events in
the previous catalogue are identified with similar epicenters, depths, and magnitudes, while no false
detections are found by visual inspection.

1. Introduction
Earthquake detection and location is one of the most fundamental tasks in seismology. Detailed under-
standing of the spatiotemporal distribution of seismicity is critical to the success of many research efforts
in seismology and geophysics. A good algorithm for earthquake detection and location should be accurate,
comprehensive, and efficient; ideally, the process should be entirely automated without human intervention.
Traditional earthquake location methods determine the best solution by minimizing travel time residuals
at multiple stations. It is often an iterative, linearized process along the spatial and temporal gradients of
the theoretical travel time predicted with an average velocity model (e.g., Eaton, 1970; Lee & Lahr, 1975;
Herrmann, 1979). Although this strategy is computationally efficient, its accuracy depends largely on two
factors. First, the phase picking must be done with caution to prevent mapping phase reading errors to
hypocentral mislocation. Second, a velocity model that closely approximates true velocities in the subsurface
is required to provide the travel time table and its gradients. It sometimes leads to a local rather than the
global minimum when the first guess is far from the real hypocenter.
Grid search-based methods, such as the QUAKE3D (Nelson & Vidale, 1990) and the NonLinLoc (Lomax
et al., 2000), have been developed to ensure that the best solution corresponds to the global minimum
of travel time residuals. Using three-dimensional (3-D) velocity models in the calculation of theoretical
travel times can also reduce errors due to structural heterogeneities (e.g., Nelson & Vidale, 1990; Wittlinger
et al., 1993). Unfortunately, methods that directly depend on travel time residuals all suffer from three
shortcomings: inaccurate velocity models, false phase picks, and trade-offs between the event location and
origin time.

Using a totally different approach, Zhou (1994) developed the master station method that relies on travel
time differences between a given master station and the rest of the seismic network to define the equal dif-
ferential time (EDT) surfaces. The location where the greatest number of EDT surfaces intersect is deemed
the hypocenter. This method successfully avoids the trade-off problem because it does not determine the
original time and the hypocenter at the same time. It was further improved by Font et al. (2004) in estab-
lishing EDT surfaces for all possible station pairs. The improved method, named the maximum intersection
(MAXI) method, can achieve high accuracy in spite of false picks and an imperfect velocity model.

All aforementioned location methods depend on phase picking that is usually performed by analysts through
visual inspection. However, manual phase picking inevitably suffers from human errors and/or biases, and
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TAN ET AL. 1

Depth‐Scanning Algorithm: Accurate, Automatic, and
Efficient Determination of Focal Depths for Local
and Regional Earthquakes
Jianlong Yuan1,2,3 , Honn Kao2,4 , and Jiashun Yu1,3

1State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation (Chengdu University of Technology), Chengdu,
Sichuan, China, 2Pacific Geoscience Centre, Geological Survey of Canada, Sidney, British Columbia, Canada, 3College of
Geophysics, Chengdu University of Technology, Chengdu, Sichuan, China, 4School of Earth and Ocean Sciences,
University of Victoria, Victoria, British Columbia, Canada

Abstract Precise source depths are critical to the understanding and interpretation of many
seismological and tectonic processes. However, conventional earthquake location methods based on the
arrival times of direct P and S phases have far less constraint on focal depths than on epicenters. Therefore,
developing a method that can systematically and efficiently estimate focal depths with high accuracy,
especially for the vast number of small earthquakes that can only be observed at local and regional distances,
wouldmake significant contributions to the geoscience research community. In this study, we develop a new
method, named “Depth‐Scanning Algorithm,” to efficiently identify depth phases at local and regional
distances. We first construct template waveforms of possible depth phases by applying various phase shifts to
the original P and S waveforms to mimic the effect of reflection(s). We then systematically scan waveforms
after the P and S phases for segments that match the depth‐phase templates. The arrival times of those
segments are compared to the theoretical arrival times of depth phases predicted with an assumed velocity
model and focal depth. We repeat the above process for a range of assumed focal depths, and the one
most consistent with the theoretical prediction is deemed the final solution. Synthetic tests and applications
to real data demonstrate the merits of our method compared to conventional location methods.

1. Introduction

Earthquake focal depth is a key parameter in seismology and tectonophysics. It not only is critical to
the delineation of seismic patterns, but also provides critical information to the understanding of
regional tectonic setting and/or local seismogenic processes. However, conventional earthquake location
methods based on the arrival times of direct P and S arrivals have far less constraint on focal depths
than on epicenters. As a result, accurate, automatic, and efficient determination of earthquake focal
depth remains a big challenge in seismology. It is a particularly difficult problem for local and regional
earthquakes due to the large number of events, generally smaller magnitudes, and limited resources for
data analysis.

In general, the sensitivity of travel times of direct P and S phases to focal depth depends on several factors.
When the seismograph network is dense and the epicentral distance to each station is small, all source para-
meters, including the origin time, epicenter, and focal depth, can be well determined by conventional locat-
ing methods (e.g., Klein, 1978, 1989; Lee & Lahr, 1975; Lienert et al., 1986). As the epicentral distance
increases (e.g., ≥50 km), the travel time of direct P or S phases becomes much less sensitive to any change
in focal depth which, in turn, often lead to large depth uncertainties. In this situation, additional constraints
from more depth‐sensitive phases are needed to improve the resolution.

One effective constraint comes from surface waves whose amplitudes decrease exponentially with depth.
While this approach works well for moderate‐sized events (e.g.,M4–6) with enough seismic moment to gen-
erate discernable surface waves at teleseismic and regional distances (e.g., Fox et al., 2012; Jia et al., 2017;
Tsai & Aki, 1971), its application to small events that can be observed only at local distances becomes diffi-
cult. Another serious drawback of the surface wave‐based methods is that surface wave amplitude spectra
are highly sensitive to changes in both source depth and focal mechanism. For most local/regional small
earthquakes, however, reliable earthquake focal mechanisms are often unavailable.
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Abstract Waveform match‐filtering (MF), based on cross‐correlation between an earthquake pair, is a
powerful and widely used tool in seismology. However, its performance can be severely affected by
several factors, including the length of the cross‐correlation window, the frequency band of the applied
digital filter, and the presence of a large‐amplitude phase(s). To optimize the performance of MF, we first
systematically examine the effects of different operational parameters and determine the generic rules for
selecting the window length and the optimal frequency passband. To minimize the influence of a
large‐amplitude phase(s), we then propose a new approach, namely, MF with multisegment
cross‐correlation (MFMC). By equally incorporating the contributions from various segments of the
waveforms, this new approach is much more sensitive to small separation between two sources compared to
the conventional MF method using the entire waveform template. To compare the reliability and
effectiveness of both methods in capturing interevent source separation and identifying repeating
earthquakes, we systematically conduct experiments with both synthetic data and real observations. The
results demonstrate that the conventional MF method can detect the existence of an event but sometimes
lacks the resolution to tell whether the template and detected events are co‐located or not, whereas MFMC
works in all cases. The far‐reaching implication from this study is that inferring source separation between
an earthquake pair based on the conventional MF method, particularly with data from a single
channel/station, may not be reliable.

1. Introduction

The match‐filtering (MF) method uses waveform cross‐correlation to determine the similarity between a
pair of events. It is a powerful tool in modern seismology to identify repeating earthquakes (e.g., Huang &
Meng, 2018; Igarashi et al., 2003; Matsuzawa et al., 2004; Meng et al., 2015; Nadeau et al., 1995; Naoi
et al., 2015; Schaff &Richards, 2004, 2011; Schmittbuhl et al., 2016; Uchida et al., 2003; Yamashita et al., 2012)
and to detect events that can be easily missed by conventional phase arrival‐based methods (e.g.,
Chamberlain & Townend, 2018; Gibbons & Ringdal, 2006; Peng & Zhao, 2009; Ross et al., 2019; Shelly
et al., 2007; Schultz et al., 2014, 2017; Skoumal et al., 2014, 2015, 2019; Warren‐Smith et al., 2017, 2018;
Zhang & Wen, 2015). The extensive applications of this technique have led to major observational break-
throughs (e.g., Shelly et al., 2007).

The cross‐correlation coefficient (CC), a value characterizing the degree of similarity between different
waveforms, is often taken as a sole criterion in MF for repeater identification (e.g., Buurman &
West, 2010; Ma & Wu, 2013; Schaff & Richards, 2004, 2011) and earthquake detection (e.g., Zhang &
Wen, 2015). When dealing with repeating earthquakes with nearly identical waveforms recorded at one or
more common stations, it is commonly assumed that events with a very high CC belong to the same cluster
and physically represent repeated ruptures in the vicinity of the same patch of the same fault. The employed
CC thresholds typically range from 0.75 to 0.98 (e.g., Bohnhoff et al., 2017; Hayward & Bostock, 2017; Huang
&Meng, 2018; Igarashi et al., 2003; Matsuzawa et al., 2004; Meng et al., 2015; Nadeau &McEvilly, 1999; Naoi
et al., 2015; Schaff & Richards, 2004, 2011; Schmittbuhl et al., 2016; Schultz et al., 2014; Uchida et al., 2003).

Little attention has been paid to the operational parameters, such as the cross‐correlation window length
and filter frequency band, that can significantly affect the CC values. Because the calculation of CC is most
sensitive to the phase(s) with large amplitudes within the template window (often the shear wave and
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S-SNAP: automatic location 
method for events clustered in 
both time and space.

DSA: accurately determine 
earthquake depths with poor 
station coverage.

MFMC: match-filtering with 
multisegment cross-correlation 
to detect repeating earthquakes.
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Improved Seismic Monitoring of IIE
in Western Canada

Seismicity and seismic network in 2006
Regional and local seismic networks in 2022
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Comprehensive IIE Catalogues

All IIE catalogues are published as Geological Survey of Canada (GSC) Open File Reports,
freely available at NRCan’s GEOSCAN database (https://geoscan.nrcan.gc.ca).
Daily earthquake catalogues are provided to BCOGC for regulatory purposes.

https://geoscan.nrcan.gc.ca/
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formations and the basement (Pawley et al., 2018), hydraulic overpressure (Eaton & Schultz, 2018; Shen 
et al., 2018, 2019), geological proxies of fluid flow system such as carbonate coral reefs, paleokarst collapse, 
and brecciation (Galloway et al., 2018; Schultz et al., 2016), and the frictional property of hosting fault (Cap-
pa et al., 2019; Eyre et al., 2019). When injections are operated in areas geologically and/or mechanically 
critical to induce earthquakes, the percentage of seismogenic HF wells could increase by more than one 
order, reaching up to 60% (Schultz et al., 2018; Skoumal, et al., 2018).

Interestingly, HF injections in the western Canada sedimentary basin (WCSB) have caused a threefold up-
surge of M3+ earthquake rate (Atkinson et al., 2020), whereas the co-located WD wells share the same 
tectonic setting and geomechanical conditions but have been operated without causing any significant IIE 
since production began decades ago. It remains largely unclear if the seismicity related to WD injections 
will eventually surge or the geomechanical scenario of injected disposal fluid is simply different from that of 
HF injections. Given that decades of WD fluid injections could considerably elevate the stress perturbations 
near the injection site (e.g., Goebel et al., 2017; Kao et al., 2018), distinguishing the possible inducing mech-
anisms of WD IIE in the WCSB not only is scientifically important but also has crucial implications for the 
assessment of regional seismic hazard, especially since unconventional oil and gas production is unlikely to 
cease or be largely reduced in the immediate future.

Here, we present a case study near Musreau Lake, central-west Alberta (Figure 1). It is one of the most 
active well drilling and fluid injection areas in the WCSB. WD injections were mildly operated during the 
period from 2000 to 2015 (<104 m3/month). In 2016, the total monthly injected volume started to increase 
and reached ∼105 m3/month in May 2018. The intensive injection rate has continued since then (Figure S1). 
Correspondingly, the long record of seismic quiescence was interrupted by a series of small- and moder-
ate-sized earthquakes since 2018 (Figure 2). As of January 3, 2020, a total of 43 events (ML 1.3–3.9) are 
reported by the Alberta Geological Survey (AGS; labeled in chronological order in Table S1). We denote the 
earthquake sequence as the Musreau Lake sequence (Li et al., 2021). Among five nearby disposal wells, 

Figure 1. Seismicity and seismograph networks in the Western Canada Sedimentary Basin (WCSB). (a) Gray and red circles correspond to 3,089 and 496 
earthquakes reported during the periods of September 1, 2006–January 1, 2019 and January 1, 2019–January 21, 2020, respectively. Earthquake catalog is 
combined from those reported by Natural Resources Canada and Alberta Geological Survey (AGS). Yellow/brown area: upper/lower Swan Hills platform 
(Corlett et al., 2018). Earthquake distribution coincides with the ancient reef margin (brown area). Orange circle: Musreau Lake sequence. Inset indicates the 
approximate location of the WCSB. (b) Seismic stations used in this study. The number of stations from each network is marked in the legend.
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four were in operation during the time period of active seismicity. Local 
HF injections, although being intensive during the past decade, are sug-
gested to have low seismogenic activation potential (Wozniakowska & 
Eaton, 2020). Particularly, no HF injection is spatiotemporally related to 
the observed seismic sequence (Figure S1).

The Musreau Lake sequence thus provides a unique opportunity to in-
vestigate in detail how the WD injected fluid migrates and induces IIE. 
Moreover, the study area is located in the overlapping area of two most 
economically feasible unconventional hydrocarbon resource formations 
in the WCSB, that is, the Montney formation and the Duvernay forma-
tion (Figure  1a; NEB et  al.,  2013). Investigations regarding the geolog-
ical settings (stratigraphic and hydrostratigraphic sequence) and back-
ground mechanical conditions have been well established for this area 
(Buschkuehle & Michael, 2006; Kao et al., 2018; Mossop & Shetsen, 1994; 
O’Connell, 1994; Shen et al., 2018). Additionally, it is adjacent to the Fox 
Creek area, one of the most active induced seismicity hotspots in the 
WCSB. Efforts have been made to understand the mechanisms of HF-re-
lated IIE in Fox Creek during the past decade (e.g., Bao & Eaton, 2016; 
Eyre et al., 2019; Schultz et al., 2016, 2018; Schultz & Nanometrics, 2019). 
The knowledge gained from HF-related IIE could pave an effective path 
to understanding the seismogenic process of WD-related IIE. In this 
study, we first verify the spatiotemporal correlation between the burst 
of seismicity and WD injections. Next, we compare the seismicity dis-
tribution with the geological/hydrological structures to understand the 
process from fluid migration to fault reactivation. We also determine the 
values of static stress drop parameter to provide independent evidence 
for our hypothesis.

2. Data Analysis
We collect the injection information of both HF and WD wells for the 
period of 2000 through 2020 (Figure S1), and waveform data of 43 earth-
quakes from six regional seismic networks (Figure 1b).

We improve earthquake locations in two steps. First, we use the Grow-
Clust software to relocate the hypocenters (Trugman & Shearer, 2017). 
It utilizes differential travel times (derived from manual phase-picking 
and waveform cross-correlation) and initial locations to relocate events 
and group them into clusters with a hierarchical clustering approach 
(Text S1.1). After quality control, we successfully relocated 30 out of 43 
events, through which the degree of location scatter is largely reduced 
(Figure S2; Table S1). It is important to realize that GrowClust may pro-
vide reliable relative epicenter distributions, but the constraints on the 
absolute locations and focal depths are limited. To make up the accuracy 
in focal depth, we apply the recently developed Depth-Scanning Algo-
rithm (DSA; Yuan et al., 2020) in the second step to further pinpoint the 
focal depths (Text S1.2). By efficiently identifying multiple depth phases 
in waveforms recorded at local and regional distances, DSA determines 
the precise focal depths for small events that are difficult to estimate 

with conventional location methods (Figure S3). Here, we obtain the robust depth refinements of five M3+ 
earthquakes (Figure S4). Assuming the relative focal depths of neighboring events from GrowClust relo-
cation are reliable, we further apply the DSA constrained depths to correct the focal depths of neighboring 
events (Text S1.2; Table S1; Figures 2b and S5).

Figure 2. Spatiotemporal relationship between WD injections and the 
Musreau Lake sequence. (a) Map of 30 earthquakes (dots) relocated 
by GrowClust and DSA. Event ID is according to Table S1. Color bar 
indicates the number of days before January 4, 2020, in a logarithm scale. 
Black/gray squares: WD wells active/suspended since January 2018. 
Inset: Schematic diagram of three earthquake clusters. (b) A N-S profile 
showing the relocated events. Events with focal depths constrained by 
the DSA are marked by symbols with red outlines and ID labels. Note 
that depth constraints of the shallow cluster (G1) are relatively poor, as 
they cannot be refined with the DSA method. Green/blue lines: top of the 
Winterburn group/Beaverhill lake group (Mossop & Shetsen, 1994). (c) 
Comparison between monthly injected volumes and cumulative number 
of earthquakes. (d) Stratigraphic and hydrostratigraphic delineation of 
Devonian period (Buschkuehle & Michael, 2006). Stars: inferred targeted 
aquifers.
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four were in operation during the time period of active seismicity. Local 
HF injections, although being intensive during the past decade, are sug-
gested to have low seismogenic activation potential (Wozniakowska & 
Eaton, 2020). Particularly, no HF injection is spatiotemporally related to 
the observed seismic sequence (Figure S1).

The Musreau Lake sequence thus provides a unique opportunity to in-
vestigate in detail how the WD injected fluid migrates and induces IIE. 
Moreover, the study area is located in the overlapping area of two most 
economically feasible unconventional hydrocarbon resource formations 
in the WCSB, that is, the Montney formation and the Duvernay forma-
tion (Figure  1a; NEB et  al.,  2013). Investigations regarding the geolog-
ical settings (stratigraphic and hydrostratigraphic sequence) and back-
ground mechanical conditions have been well established for this area 
(Buschkuehle & Michael, 2006; Kao et al., 2018; Mossop & Shetsen, 1994; 
O’Connell, 1994; Shen et al., 2018). Additionally, it is adjacent to the Fox 
Creek area, one of the most active induced seismicity hotspots in the 
WCSB. Efforts have been made to understand the mechanisms of HF-re-
lated IIE in Fox Creek during the past decade (e.g., Bao & Eaton, 2016; 
Eyre et al., 2019; Schultz et al., 2016, 2018; Schultz & Nanometrics, 2019). 
The knowledge gained from HF-related IIE could pave an effective path 
to understanding the seismogenic process of WD-related IIE. In this 
study, we first verify the spatiotemporal correlation between the burst 
of seismicity and WD injections. Next, we compare the seismicity dis-
tribution with the geological/hydrological structures to understand the 
process from fluid migration to fault reactivation. We also determine the 
values of static stress drop parameter to provide independent evidence 
for our hypothesis.

2. Data Analysis
We collect the injection information of both HF and WD wells for the 
period of 2000 through 2020 (Figure S1), and waveform data of 43 earth-
quakes from six regional seismic networks (Figure 1b).

We improve earthquake locations in two steps. First, we use the Grow-
Clust software to relocate the hypocenters (Trugman & Shearer, 2017). 
It utilizes differential travel times (derived from manual phase-picking 
and waveform cross-correlation) and initial locations to relocate events 
and group them into clusters with a hierarchical clustering approach 
(Text S1.1). After quality control, we successfully relocated 30 out of 43 
events, through which the degree of location scatter is largely reduced 
(Figure S2; Table S1). It is important to realize that GrowClust may pro-
vide reliable relative epicenter distributions, but the constraints on the 
absolute locations and focal depths are limited. To make up the accuracy 
in focal depth, we apply the recently developed Depth-Scanning Algo-
rithm (DSA; Yuan et al., 2020) in the second step to further pinpoint the 
focal depths (Text S1.2). By efficiently identifying multiple depth phases 
in waveforms recorded at local and regional distances, DSA determines 
the precise focal depths for small events that are difficult to estimate 

with conventional location methods (Figure S3). Here, we obtain the robust depth refinements of five M3+ 
earthquakes (Figure S4). Assuming the relative focal depths of neighboring events from GrowClust relo-
cation are reliable, we further apply the DSA constrained depths to correct the focal depths of neighboring 
events (Text S1.2; Table S1; Figures 2b and S5).

Figure 2. Spatiotemporal relationship between WD injections and the 
Musreau Lake sequence. (a) Map of 30 earthquakes (dots) relocated 
by GrowClust and DSA. Event ID is according to Table S1. Color bar 
indicates the number of days before January 4, 2020, in a logarithm scale. 
Black/gray squares: WD wells active/suspended since January 2018. 
Inset: Schematic diagram of three earthquake clusters. (b) A N-S profile 
showing the relocated events. Events with focal depths constrained by 
the DSA are marked by symbols with red outlines and ID labels. Note 
that depth constraints of the shallow cluster (G1) are relatively poor, as 
they cannot be refined with the DSA method. Green/blue lines: top of the 
Winterburn group/Beaverhill lake group (Mossop & Shetsen, 1994). (c) 
Comparison between monthly injected volumes and cumulative number 
of earthquakes. (d) Stratigraphic and hydrostratigraphic delineation of 
Devonian period (Buschkuehle & Michael, 2006). Stars: inferred targeted 
aquifers.
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four were in operation during the time period of active seismicity. Local 
HF injections, although being intensive during the past decade, are sug-
gested to have low seismogenic activation potential (Wozniakowska & 
Eaton, 2020). Particularly, no HF injection is spatiotemporally related to 
the observed seismic sequence (Figure S1).

The Musreau Lake sequence thus provides a unique opportunity to in-
vestigate in detail how the WD injected fluid migrates and induces IIE. 
Moreover, the study area is located in the overlapping area of two most 
economically feasible unconventional hydrocarbon resource formations 
in the WCSB, that is, the Montney formation and the Duvernay forma-
tion (Figure  1a; NEB et  al.,  2013). Investigations regarding the geolog-
ical settings (stratigraphic and hydrostratigraphic sequence) and back-
ground mechanical conditions have been well established for this area 
(Buschkuehle & Michael, 2006; Kao et al., 2018; Mossop & Shetsen, 1994; 
O’Connell, 1994; Shen et al., 2018). Additionally, it is adjacent to the Fox 
Creek area, one of the most active induced seismicity hotspots in the 
WCSB. Efforts have been made to understand the mechanisms of HF-re-
lated IIE in Fox Creek during the past decade (e.g., Bao & Eaton, 2016; 
Eyre et al., 2019; Schultz et al., 2016, 2018; Schultz & Nanometrics, 2019). 
The knowledge gained from HF-related IIE could pave an effective path 
to understanding the seismogenic process of WD-related IIE. In this 
study, we first verify the spatiotemporal correlation between the burst 
of seismicity and WD injections. Next, we compare the seismicity dis-
tribution with the geological/hydrological structures to understand the 
process from fluid migration to fault reactivation. We also determine the 
values of static stress drop parameter to provide independent evidence 
for our hypothesis.

2. Data Analysis
We collect the injection information of both HF and WD wells for the 
period of 2000 through 2020 (Figure S1), and waveform data of 43 earth-
quakes from six regional seismic networks (Figure 1b).

We improve earthquake locations in two steps. First, we use the Grow-
Clust software to relocate the hypocenters (Trugman & Shearer, 2017). 
It utilizes differential travel times (derived from manual phase-picking 
and waveform cross-correlation) and initial locations to relocate events 
and group them into clusters with a hierarchical clustering approach 
(Text S1.1). After quality control, we successfully relocated 30 out of 43 
events, through which the degree of location scatter is largely reduced 
(Figure S2; Table S1). It is important to realize that GrowClust may pro-
vide reliable relative epicenter distributions, but the constraints on the 
absolute locations and focal depths are limited. To make up the accuracy 
in focal depth, we apply the recently developed Depth-Scanning Algo-
rithm (DSA; Yuan et al., 2020) in the second step to further pinpoint the 
focal depths (Text S1.2). By efficiently identifying multiple depth phases 
in waveforms recorded at local and regional distances, DSA determines 
the precise focal depths for small events that are difficult to estimate 

with conventional location methods (Figure S3). Here, we obtain the robust depth refinements of five M3+ 
earthquakes (Figure S4). Assuming the relative focal depths of neighboring events from GrowClust relo-
cation are reliable, we further apply the DSA constrained depths to correct the focal depths of neighboring 
events (Text S1.2; Table S1; Figures 2b and S5).

Figure 2. Spatiotemporal relationship between WD injections and the 
Musreau Lake sequence. (a) Map of 30 earthquakes (dots) relocated 
by GrowClust and DSA. Event ID is according to Table S1. Color bar 
indicates the number of days before January 4, 2020, in a logarithm scale. 
Black/gray squares: WD wells active/suspended since January 2018. 
Inset: Schematic diagram of three earthquake clusters. (b) A N-S profile 
showing the relocated events. Events with focal depths constrained by 
the DSA are marked by symbols with red outlines and ID labels. Note 
that depth constraints of the shallow cluster (G1) are relatively poor, as 
they cannot be refined with the DSA method. Green/blue lines: top of the 
Winterburn group/Beaverhill lake group (Mossop & Shetsen, 1994). (c) 
Comparison between monthly injected volumes and cumulative number 
of earthquakes. (d) Stratigraphic and hydrostratigraphic delineation of 
Devonian period (Buschkuehle & Michael, 2006). Stars: inferred targeted 
aquifers.
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four were in operation during the time period of active seismicity. Local 
HF injections, although being intensive during the past decade, are sug-
gested to have low seismogenic activation potential (Wozniakowska & 
Eaton, 2020). Particularly, no HF injection is spatiotemporally related to 
the observed seismic sequence (Figure S1).

The Musreau Lake sequence thus provides a unique opportunity to in-
vestigate in detail how the WD injected fluid migrates and induces IIE. 
Moreover, the study area is located in the overlapping area of two most 
economically feasible unconventional hydrocarbon resource formations 
in the WCSB, that is, the Montney formation and the Duvernay forma-
tion (Figure  1a; NEB et  al.,  2013). Investigations regarding the geolog-
ical settings (stratigraphic and hydrostratigraphic sequence) and back-
ground mechanical conditions have been well established for this area 
(Buschkuehle & Michael, 2006; Kao et al., 2018; Mossop & Shetsen, 1994; 
O’Connell, 1994; Shen et al., 2018). Additionally, it is adjacent to the Fox 
Creek area, one of the most active induced seismicity hotspots in the 
WCSB. Efforts have been made to understand the mechanisms of HF-re-
lated IIE in Fox Creek during the past decade (e.g., Bao & Eaton, 2016; 
Eyre et al., 2019; Schultz et al., 2016, 2018; Schultz & Nanometrics, 2019). 
The knowledge gained from HF-related IIE could pave an effective path 
to understanding the seismogenic process of WD-related IIE. In this 
study, we first verify the spatiotemporal correlation between the burst 
of seismicity and WD injections. Next, we compare the seismicity dis-
tribution with the geological/hydrological structures to understand the 
process from fluid migration to fault reactivation. We also determine the 
values of static stress drop parameter to provide independent evidence 
for our hypothesis.

2. Data Analysis
We collect the injection information of both HF and WD wells for the 
period of 2000 through 2020 (Figure S1), and waveform data of 43 earth-
quakes from six regional seismic networks (Figure 1b).

We improve earthquake locations in two steps. First, we use the Grow-
Clust software to relocate the hypocenters (Trugman & Shearer, 2017). 
It utilizes differential travel times (derived from manual phase-picking 
and waveform cross-correlation) and initial locations to relocate events 
and group them into clusters with a hierarchical clustering approach 
(Text S1.1). After quality control, we successfully relocated 30 out of 43 
events, through which the degree of location scatter is largely reduced 
(Figure S2; Table S1). It is important to realize that GrowClust may pro-
vide reliable relative epicenter distributions, but the constraints on the 
absolute locations and focal depths are limited. To make up the accuracy 
in focal depth, we apply the recently developed Depth-Scanning Algo-
rithm (DSA; Yuan et al., 2020) in the second step to further pinpoint the 
focal depths (Text S1.2). By efficiently identifying multiple depth phases 
in waveforms recorded at local and regional distances, DSA determines 
the precise focal depths for small events that are difficult to estimate 

with conventional location methods (Figure S3). Here, we obtain the robust depth refinements of five M3+ 
earthquakes (Figure S4). Assuming the relative focal depths of neighboring events from GrowClust relo-
cation are reliable, we further apply the DSA constrained depths to correct the focal depths of neighboring 
events (Text S1.2; Table S1; Figures 2b and S5).

Figure 2. Spatiotemporal relationship between WD injections and the 
Musreau Lake sequence. (a) Map of 30 earthquakes (dots) relocated 
by GrowClust and DSA. Event ID is according to Table S1. Color bar 
indicates the number of days before January 4, 2020, in a logarithm scale. 
Black/gray squares: WD wells active/suspended since January 2018. 
Inset: Schematic diagram of three earthquake clusters. (b) A N-S profile 
showing the relocated events. Events with focal depths constrained by 
the DSA are marked by symbols with red outlines and ID labels. Note 
that depth constraints of the shallow cluster (G1) are relatively poor, as 
they cannot be refined with the DSA method. Green/blue lines: top of the 
Winterburn group/Beaverhill lake group (Mossop & Shetsen, 1994). (c) 
Comparison between monthly injected volumes and cumulative number 
of earthquakes. (d) Stratigraphic and hydrostratigraphic delineation of 
Devonian period (Buschkuehle & Michael, 2006). Stars: inferred targeted 
aquifers.

Study Area

5 WD wells in the area 
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Largest events (all in G3):
No. 24, 2019-12-25 ML 3.9
No. 30, 2019-12-30, ML 3.7
No. 37, 2019-12-30, ML 3.2

 251 
Figure S8. The same as Fig. 3(c) but for the E-W profile.252 
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four were in operation during the time period of active seismicity. Local 
HF injections, although being intensive during the past decade, are sug-
gested to have low seismogenic activation potential (Wozniakowska & 
Eaton, 2020). Particularly, no HF injection is spatiotemporally related to 
the observed seismic sequence (Figure S1).

The Musreau Lake sequence thus provides a unique opportunity to in-
vestigate in detail how the WD injected fluid migrates and induces IIE. 
Moreover, the study area is located in the overlapping area of two most 
economically feasible unconventional hydrocarbon resource formations 
in the WCSB, that is, the Montney formation and the Duvernay forma-
tion (Figure  1a; NEB et  al.,  2013). Investigations regarding the geolog-
ical settings (stratigraphic and hydrostratigraphic sequence) and back-
ground mechanical conditions have been well established for this area 
(Buschkuehle & Michael, 2006; Kao et al., 2018; Mossop & Shetsen, 1994; 
O’Connell, 1994; Shen et al., 2018). Additionally, it is adjacent to the Fox 
Creek area, one of the most active induced seismicity hotspots in the 
WCSB. Efforts have been made to understand the mechanisms of HF-re-
lated IIE in Fox Creek during the past decade (e.g., Bao & Eaton, 2016; 
Eyre et al., 2019; Schultz et al., 2016, 2018; Schultz & Nanometrics, 2019). 
The knowledge gained from HF-related IIE could pave an effective path 
to understanding the seismogenic process of WD-related IIE. In this 
study, we first verify the spatiotemporal correlation between the burst 
of seismicity and WD injections. Next, we compare the seismicity dis-
tribution with the geological/hydrological structures to understand the 
process from fluid migration to fault reactivation. We also determine the 
values of static stress drop parameter to provide independent evidence 
for our hypothesis.

2. Data Analysis
We collect the injection information of both HF and WD wells for the 
period of 2000 through 2020 (Figure S1), and waveform data of 43 earth-
quakes from six regional seismic networks (Figure 1b).

We improve earthquake locations in two steps. First, we use the Grow-
Clust software to relocate the hypocenters (Trugman & Shearer, 2017). 
It utilizes differential travel times (derived from manual phase-picking 
and waveform cross-correlation) and initial locations to relocate events 
and group them into clusters with a hierarchical clustering approach 
(Text S1.1). After quality control, we successfully relocated 30 out of 43 
events, through which the degree of location scatter is largely reduced 
(Figure S2; Table S1). It is important to realize that GrowClust may pro-
vide reliable relative epicenter distributions, but the constraints on the 
absolute locations and focal depths are limited. To make up the accuracy 
in focal depth, we apply the recently developed Depth-Scanning Algo-
rithm (DSA; Yuan et al., 2020) in the second step to further pinpoint the 
focal depths (Text S1.2). By efficiently identifying multiple depth phases 
in waveforms recorded at local and regional distances, DSA determines 
the precise focal depths for small events that are difficult to estimate 

with conventional location methods (Figure S3). Here, we obtain the robust depth refinements of five M3+ 
earthquakes (Figure S4). Assuming the relative focal depths of neighboring events from GrowClust relo-
cation are reliable, we further apply the DSA constrained depths to correct the focal depths of neighboring 
events (Text S1.2; Table S1; Figures 2b and S5).

Figure 2. Spatiotemporal relationship between WD injections and the 
Musreau Lake sequence. (a) Map of 30 earthquakes (dots) relocated 
by GrowClust and DSA. Event ID is according to Table S1. Color bar 
indicates the number of days before January 4, 2020, in a logarithm scale. 
Black/gray squares: WD wells active/suspended since January 2018. 
Inset: Schematic diagram of three earthquake clusters. (b) A N-S profile 
showing the relocated events. Events with focal depths constrained by 
the DSA are marked by symbols with red outlines and ID labels. Note 
that depth constraints of the shallow cluster (G1) are relatively poor, as 
they cannot be refined with the DSA method. Green/blue lines: top of the 
Winterburn group/Beaverhill lake group (Mossop & Shetsen, 1994). (c) 
Comparison between monthly injected volumes and cumulative number 
of earthquakes. (d) Stratigraphic and hydrostratigraphic delineation of 
Devonian period (Buschkuehle & Michael, 2006). Stars: inferred targeted 
aquifers.
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cluster G2 consists fewer earthquakes in the first place (Figure S2), which naturally result in much less 
matched phases during the GrowClust relocation than the other two groups (30 vs. 96/237) and thus less 
well constrained locations (Figure S2). Nevertheless, the only event in cluster G2 (#14) whose focal depth 
can be constrained by the DSA does appear to be shallow and compatible with our hypothesis.

An additional physical mechanism is required to facilitate the occurrence of cluster G3 at locations shal-
lower than the injection depth, including the two largest events (#24 and #30, Figure  2b). We propose 
that injection-induced aseismic slip may play a key role (Figure 4). Previous studies suggest that high total 
organic carbon (TOC) high-TOC material tends to have velocity-strengthening behavior that favors steady 
slip over seismic rupture (Bhattacharya & Viesca, 2019; De Barros et al., 2016; Kohli & Zoback, 2013). In our 
case, the injected fluid could be channeled via nearby faults into the shallower Duvernay formation, a fine-
grained shale formation with low permeability and high-TOC and clay, and induce the aseismic slip. The 
corresponding strain will then be transferred along the fault further upward to load the brittle segment and 
induce seismic rupture at shallower depths. Similar aseismic slip loading mechanism has been proposed 
for the 2016 M4.1 HF-induced earthquake in Fox Creek, Alberta (Eyre et al., 2019). One distinct difference 
between the 2016 Fox Creek sequence and cluster G3 in our study area is that WD-induced stress perturba-
tion may be able to reactivate multiple faults at the same time (represented by the two subgroups, Figures 2a 
and S4). This is probably due to the much higher permeability within the horizontal reef system that can 
convey the injected fluid to farther distance, thus has a higher chance of reaching multiple nearby faults.

Figure 4. Conceptual model of proposed triggering mechanisms. For well #460875 that targets the Middle-Upper 
Devonian aquifer system, injected fluid into the reef system (Swan Hills formation) can diffuse horizontally to lubricate 
larger faults nearby that, in turn, cause induced earthquakes in the basement. The upward fluid migration may induce 
aseismic slip within the Duvernay shale formation that further loads the up-dip segment to trigger seismic rupture at 
shallower depths. For other wells targeting the Upper Devonian aquifer system, fluid tends to migrate upwards along 
the crustal faults and induce events at shallower depths, as downward migration is likely blocked by the underneath 
Duverney formation.

Yu et al. (2021, GRL)

• IIE can occur at deeper or shallower 
depths depending on local 
geological/hydrological settings

• From seismic quiescence to surged activity 
after decades of WD
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Revisit the 2015 Fox Creek Earthquake Sequence

Gao et al. (2022, GRL)

(a)

2015-01-23

RV.BRLDA

2016-01-12

Well 2Well 1

P1

P2

West sequence
(post-injection)

Fr
a
ck

in
g

 d
ir

e
ct

io
n

(f
ro

m
 n

or
th

 t
o 

so
ut

h)

(during injection)
East sequence

stage 15

2016-01-12

2015-01-23

stage 14

The earliest event

Mw 3.9

Mw 4.1

0

10 20 30 40 50 60 70 80
Day since Jan. 04, 2015 (for correlated events)

Mw = 4

Mw = 3

Mw = 2

Mw = 1

No.7 (Mw 3.2)

2014-12-15 2015-01-01 2015-01-15 2015-02-01 2015-02-15 2015-03-01 2015-03-15 2015-04-01
0

1000

2000
P2

ev
en

tP1

M
w Ea

rl
ie

st
 

East sequence West sequence

2015-01-23 Well 1
Well 2

M
w

No.1 (Mw 1.98) P2No.7 (Mw 3.2)No.0 (Mw 0.98)

0

2

4

2015-01-03 2015-01-04 2015-01-05 2015-01-06 2015-01-07 2015-01-08 2015-01-09 2015-01-10

0

2

4

0

1000

2000

17 18 19 20 21 22
23

24 25

14

15 16 17 18 19 20 21
22

23
24 25

V
ol

um
e 

(m
 )3

V
ol

um
e 

(m
 )3

(b)

Date (YYYY-MM-DD)

• HF started on 2014-12-17, ended on 2015-01-09
• P1 = Dec 17-21, 2014; P2 = Dec 29 2014 – Jan 09, 2015
• First IIE occurred ~2 days after P1 was finished, but most 

events occurred during later days of P2
• East sequence occurred earlier, but located farther from 

the injection, than the west sequence
• The largest event (Mw 3.9) occurred on 2015-01-23, 

~2 weeks after P2 completion
• About one year later, another Mw4.1 event occurred 

along a neighboring segment to the south
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• IIE sequence shows a complex 3D pattern: outward è
downward è inward è upward

• This pattern highlights the significance of geological and 
hydrogeological networks in facilitating fluid pressure 
migration and IIE seismogenesis.
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Controlling Factors of IIE in Northern Montney

Progress has been made recently on searching for the
underlying factors controlling the occurrence pattern of IIE.
In the WCSB, with the deployment of machine-learning algo-
rithms (MLA), Pawley et al. (2018) searched for the potential
controlling factors affecting the IIE distribution from tectonic,
geomechanical, and hydrological proxies within the Duvernay
play of Alberta, with a trained linear regression-MLA (LR-
MLA). They extracted the feature importance from the LR-
MLA and highlighted multiple factors that could strongly
influence the distribution of IIE, such as the proximity to fossil
reef margins and proximity to the basement. Wozniakowska
and Eaton (2020) adopted a similar LR-MLA to investigate
the IIE in NEBC, and they found that the most strongly influ-
ential factors in NEBC could be the injection depth and the
distance to the Cordilleran foreland thrust and fold belt. In
Oklahoma, Hincks et al. (2018) deployed a Bayesian network
to investigate the relative importance of operational and geo-
logic factors controlling the seismogenesis of wastewater-
induced earthquakes, and identified the injection depth above
the crystalline basement to be the most important. Meanwhile,
Ries et al. (2020) concluded that HF wells targeting older
formations at deeper depths are responsible for the higher
seismicity rate in Oklahoma.

However, previous LR-MLA studies mostly focused on geo-
logical factors in theWCSB. Operational parameters, for exam-
ple, treating pressure and cumulative volume of injected fluid
that could also be influential factors to the IIE distribution, are
not considered in their models. Moreover, although the feature
importance from the LR-MLA could be a useful indicator, how
to further quantify the causal relationship between each feature
and the seismicity rate in a more meaningful way is not com-
pletely resolved yet.

Figure 1. Maps showing the distribution of regional seismicity in
northeastern British Columbia, Canada. (a) Injection wells and
seismic stations in the northeastern British Columbia (NEBC). The
red line marks the outline of the play. The red squares represent
wastewater disposal wells. The thin black lines denote hydraulic
fracturing wells. The blue triangles are seismic stations. The
yellow square marks the study area. The inset shows the study
area within North America. (b) Seismicity in the northern
Montney play. The gray circles represent earthquake epicenters
in our enhanced catalog detected and located by the Source-
Scanning Based on Navigated Automatic Phase-Picking method.
Earthquakes with M >1 are plotted. The background color in
each cell represent the number of earthquakes. The color version
of this figure is available only in the electronic edition.
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previous studies (Wozniakowska and Eaton, 2020). Although
the corresponding physical mechanisms are not clear yet, sev-
eral tectonic facts may help explain such correlation. First, the
tectonic strain rate in the WCSB decreases monotonically with
the horizontal distance from the CFTFB. Kao et al. (2018) and
Dokht et al. (2021) reported that the tectonic strain rate is pos-
itively correlated with the distribution of IIE. Second, thrust
faults are commonly observed along the eastern flank of the
southeastern Canadian Cordillera (Price, 1986). It is well estab-
lished in the literature that, given the same stress state, thrust
faults are more prone to seismic failure than strike-slip faults
(e.g., Wang et al., 1995; Collettini et al., 2019). Therefore, fluid
injections could load the pre-existing thrust fault systems more
efficiently to increase the seismogenic capacity. Moreover,
when the horizontal distance to the CFTFB exceeds ∼10 km,
the likelihood of inducing IIE drops sharply (Fig. 4), which
could suggest a decreasing density of faults away from
the CFTFB.

The total cumulative volume is ranked as the second impor-
tant controlling factor (Fig. 3). As shown in Figure 4b, the SHAP
value is negative when the cumulative volume is less than
∼120; 000 m3, suggesting that fewer earthquakes (with M >1)
are expected if the cumulative volume is less than this threshold.
Once above, the number of earthquakes surges significantly.
However, the relationship between the cumulative volume
and the number of earthquakes cannot be simply interpreted
from the SHAP values. For example, the SHAP values of the
two cells with the largest total volume are much smaller than
cells with less total volume (Fig. 4b). Nevertheless, it is not suf-
ficient, at least based on this study, to dismiss the linear corre-
lation, given that the cumulative volume is not the only factor
controlling the seismicity rate. Other factors, such as specific
geological structures (Schultz et al., 2016; Galloway et al.,
2018), may overcome the effects from the cumulative volume,
thus affecting the IIE pattern. For example, cells in the
northeastern part of NMP are recognized with a considerable

amount of injected fluid, whereas the distance to the CFTFB
is significantly larger, which may lead to a decreased seismo-
genic potential and, overall, very few earthquakes were induced.

Findings that differ from previous studies may provide
more insights to the previously overlooked controlling factors.
Wozniakowska and Eaton (2020) suggest that the vertical dis-
tance to the Debolt formation may not be an important factor
in inducing M >2.5 events; however, in our case, it is one of the
top factors affecting the IIE distribution. As shown in Figure 4c,
the occurrence of IIE is actually discouraged at places within
∼200 m from the Debolt formation. The seismicity rate increases
with the vertical distance once it exceeds the ∼200 m threshold.
In contrast, the vertical distance to the basement seems to be a
secondary factor influencing the seismicity pattern (ranked 7th).
This is somewhat surprising as in previous studies, the vertical
distance to the basement is often conjectured to be an indicative
feature that facilitates hydraulic communications with deeper
faults (Pawley et al., 2018; Wozniakowska and Eaton, 2020;
Yu et al., 2020; Wang et al., 2021), rather than the vertical dis-
tance to the Debolt formation. For example, Amini et al. (2021)
suggest that vertical distance to the Precambrian basement is one
of the most important factors for NEBC, correlating negatively
with the increasing likelihood of IIE. However, such negative
correlation is not observed in our study (Fig. S5). One possible

(a) (b)

Figure 3. Shapley Additive Explanations (SHAP) values of various
geological and operational factors. (a) Mean SHAP values of the
eXtreme Gradient Boosting (XGBoost) model, representing the
relative importance to the model output. The features are
ordered based on their importance. (b) Detailed distribution of
SHAP values of all cells. Each dot represents one specific feature
of a cell, and is colored by the feature’s SHAP value. A higher
positive SHAP value means this factor would cause more injec-
tion-induced earthquakes (IIE) in a cell than the average number
of IIE of all cells. The color version of this figure is available only in
the electronic edition.
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• Extreme Gradient Boosting (XGBoost) 
machine-learning algorithm

• 6 geological factors and 7 operational 
factors

• Use Shapley Additive Explanations (SHAP) 
values to quantitatively interpret the 
results

Top 6 factors

Less influential factors
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(a) (b)

(e) (f )

(c) (d)

Figure 4. Distribution of SHAP values with respect to six different
factors. (a) Horizontal distance to the Cordilleran foreland thrust
and fold belt (CFTFB). Each dot represents one cell and the x axis
shows the corresponding feature value. (b) Total volume of

injected fluid. (c) Vertical distance to the Debolt formation (with
respect to the HF depth). (d) Shut-in pressure. (e) Thickness of the
Montney formation. (f) Breakdown pressure. The color version of
this figure is available only in the electronic edition.
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Controlling Factors of IIE in Southern MontneyB. Wang, H. Kao, H. Yu et al. Earth and Planetary Science Letters 589 (2022) 117555

Fig. 1. Spatial distribution of earthquakes and injection wells in western Canada. (a) Grey circles mark epicenters of M3+ seismicity in northeastern British Columbia and 
western Alberta between 2011 and 2020 as reported by Natural Resources Canada. The black rectangle marks the study area. (b) Seismic stations, conventional oil-and-gas 
production wells, hydraulic fracturing (HF) wells and wastewater disposal (WD) wells in the study area. (c) The top panel shows the numbers of HF wells targeting different 
Montney formations as a function of depth. The bottom panel is a schematic diagram of the stratigraphic units describing the geological context of the Montney formations. 
(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

the tectonic strain rate plays a key role in controlling the spatial 
distribution of IIE in the WCSB.

These observations provide a first order understanding of the 
seismogenic factors of IIE in the WCSB. However, comprehensive 
investigations to evaluate their significance among these factors 
are hindered by the lack of high-quality IIE catalog and the in-
complete access to well operation database. In addition to delin-
eating possible controlling factors of IIE in western Canada, there 
are two key conundrums on their causal mechanisms. One is why 
the seismic response to comparable injection activities within the 
same shale play varies significantly. An interesting example is the 
Duvernay play in Alberta where the Kaybob region is more seismo-
genic than the Willesden Green and Edson regions (Schultz et al., 
2018). Another one is how to forecast the corresponding seismo-
genic behavior when multiple formations are targeted by the same 
hydraulic fracturing (HF) pad. One typical example is the south-
ern Montney play (SMP) in northeast British Columbia where the 
stratigraphy can be subdivided from top to bottom into the Up-
per Montney (UM), Upper Middle Montney, Lower Middle Montney 
(LMM) and Lower Montney (Davies et al., 2018) (Fig. 1). The HF op-
erations targeting these formations present a natural laboratory to 
differentiate the possible seismic response within different stratig-
raphy.

Recently, the seismic station coverage in northeast British 
Columbia has been systematically improved since 2013 (Fig. 1). 
The newly established stations have lowered the regional earth-
quake detection threshold by at least one magnitude unit (Mahani 
et al., 2016), and thus provide us a unique opportunity to inves-
tigate the detailed spatiotemporal distribution of IIE with respect 
to potential influencing factors at an unprecedented resolution. In 
this study, we conduct a series of Monte Carlo tests and detailed 
statistical analysis with the enhanced catalog to determine the 

relative significance of physical factors that control the local seis-
mogenic pattern of IIE. We propose a schematic model with the 
injection type, regional structural geology, and the stratigraphic 
setting being the most influential factors to explain our obser-
vations. For the first time, we find that injections, even at the 
same geographic location, can have very different IIE responses de-
pending on the target’s stratigraphic setting. This finding will help 
bridge the gap in our understanding of how anthropogenic/hydro-
geologic/stratigraphic factors affect the occurrences of IIE, and lead 
to a substantial progress in an effective mitigation of injection-
related seismic hazard.

2. Data and methods

We compile the fluid injection parameters from completion re-
ports in the BC Oil and Gas Commission database (https://www.
bcogc .ca/, last accessed 07 July 2021). The WD injection is usually 
a continuous process lasting for months, in contrast to a HF stage 
that is often finished within a few hours. There is also a big differ-
ence in the injection rate (∼0.5 m3/min of WD injections vs. ∼10 
m3/min of HF). In this study, we quantify the WD and HF injection 
operations in the unit of month and stage, respectively, based on 
the technical/completion reports submitted to the regulator by lo-
cal operators. In total, there are 20293 HF stages at 778 horizontal 
wells and 1151 WD injection months at 58 active WD wells.

We use waveform data from broadband seismic stations be-
longing to three local and regional seismograph networks (net-
work codes XL, 1E, and PQ, operated with a digitization rate of 
100 samples per second). We first deploy the sophisticated earth-
quake location method “Source-Scanning based on Navigated Auto-
matic Phase-picking” (Tan et al., 2019) to detect and locate events 
within our study area between 1 January 2017 and 31 Decem-
ber 2018 (details are given in Supplement Note 1). To minimize 

2

• IIE distribution is 
not always 
quantitatively 
correlated with 
the distribution of 
injection wells.

• No. of HF wells 
targeting UM >> 
those targeting 
others  

Wang et al. (2022, EPSL)
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Fig. 3. Statistical results after applying a 3-day/3-km spatiotemporal correlation filter. (a) Spatial distributions of epicenters (circles) and surface projections of horizontal 
HF wells (thin lines) associated with injections into different Montney formations. (b) Histograms showing the numbers of HF stages and earthquakes associated with 
each Montney formation. The confidence in the correlation between HF stage and earthquake is expressed as the tone of the color (darker means higher confidence, see 
Supplement Note 3 for details) (c) Probability as a function of the designated number of earthquakes associated with HF (thick black line) in the UM (top panel) and LMM 
(bottom panel), assuming that earthquakes can be equally triggered by HF stages regardless of their targeted formations. Colored vertical lines mark the observed numbers of 
earthquakes. (d) Number of earthquakes as a function of the cumulative injected volume for the UM and LMM. The size of circles corresponds to the maximum magnitude 
within the same volume interval.

implying that the null hypothesis can be statistically rejected at 
the confidence level of over 99% (p < 0.01).

Finally, to quantitatively characterize the different seismic re-
sponses of the UM and LMM, we compile the volumes used in 
individual HF stages and the number of IIE for the two formations 
separately, and the result is shown in Fig. 3d. It is interesting to 
note that the two lines are similar except the UM has approx-
imately an order more cumulative volume, given the same IIE 
count. This difference suggests that the triggering capacity of IIE 
in the LMM is probably one order higher than that in the UM.

3.4. Other operational factors

In addition to the injected volume, we also investigate if other 
operational parameters could contribute to the discrepancy of IIE 
triggering capacity among the three areas, including the break-
down pressure, injection rate, shut in pressure, and average treat-
ing pressure. We find that all these operational parameters appear 
to have comparable values without distinctly following the IIE dis-
tribution pattern (Fig. S11). Therefore, the difference is not large 
enough to justify the dramatic difference in the observed seismic 
pattern.

4. Interpretation

After delineating the controlling factors associated with deep 
fluid injection, we propose a schematic model to interpret our 
findings. Fig. 4 is a schematic diagram to summarize our model. 
The first controlling factor is the injection type. As shown in Fig. 
S5 – S7 and suggested by the results of our Monte Carlo tests, 
the vast majority of IIE in the SMP are associated with HF injec-
tions (>80% with 3 day/3 km spatiotemporal correlation filter, also 
suggested by Dokht et al. (2021)). The next important controlling 
factor is the regional structural geology. Specifically, HF-related IIE 
are more likely to occur if stimulations are performed in the FSJG 
area than in the neighboring HHL and southern apron areas. Then, 
the third controlling factor is the stratigraphic setting. Once inside 
the FSJG area, we find that HF stages targeting the LMM statisti-
cally cause more IIE than those targeting other formations, even 
though the corresponding cumulative injected volume is only one 
fifth.

Our finding that HF stimulations are associated with many 
more IIE than WD injections in our study area is not a surprise, as 
similar conclusion has been reported by previous studies (Atkinson 
et al., 2016; Schultz and Eaton, 2018; Wang et al., 2021; Yu et al., 
2020). However, we would like to point out that the interpretation 
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Fig. 2. Major geological structures and the seismic pattern in our study area. (a) Spatiotemporal distribution of IIE with respect to the regional structural geology. Thick 
dashed lines represent the inferred boundaries of different tectonic elements based on the thickness of the Stoddart Group. White line marks the FSJG axis adopted from 
O’connell et al. (1994), and the boundary between FSJG and HHL may vary. (b) Numbers of HF stages and earthquakes corresponding to different Stoddart Group thickness. 
Note that the Stoddart Group thickness of each earthquake is approximated with the measurement at the closest HF well.

errors from inaccurate travel times, we adopt the 1-D velocity 
model developed particularly for the SMP area by Babaie Mahani 
et al. (2020). About 250 times more events have been detected 
and located (10693 events in total, as shown in Fig. 2a), compared 
to the routine earthquake catalog reported by Natural Resources 
Canada. As shown in Fig. S1, the magnitude-frequency distribution 
suggests that the magnitude of completeness for the enhanced cat-
alog is ∼1 and the corresponding b-value is 0.93±0.01 based on 
the maximum-likelihood estimation (Aki, 1965; Wiemer and Wyss, 
2000).

Next, we use the newly developed Depth-Scanning Algorithm 
method (Yuan et al., 2020) to refine the focal depth of earth-
quakes with M > 2.5 in the enhanced cataloged. This technique 
improves the focal depth accuracy by incorporating the travel time 
constraint from depth phases recorded at local and regional dis-
tances. Here, we set the scanning range of focal depth from 1 to 
35 km. There are 3 major steps in the scanning process. First, the 
waveforms of all possible depth phases are constructed from the 
direct P and S phases. Second, the synthetic depth-phase wave-
forms are used as templates to scan the observed seismograms 
for any segments with high waveform similarity. Finally, the depth 
corresponding to the largest number of depth-phase matches and 
minimum accumulated travel time residual is deemed the final so-
lution (more details are given in Supplement Note 2).

With the enhanced earthquake catalog and compiled fluid in-
jected data, we conduct two Monte Carlo tests to verify whether 
IIE are statistically correlated with injection activities. In the first 
test, we create 10,000 synthetic catalogs (each with the same num-
ber of events as the real catalog) based on the naïve assumption 
of all epicentral distributions being random following the method 
of Schultz et al. (2016). In the second test, we also create 10,000 
synthetic catalogs, but assume that the distribution of earthquakes 
is constrained by the location of fault systems (i.e., earthquakes 

should occur within 1 km from faults). For each synthetic catalog, 
we calculate the average distance between earthquake epicenters 
and their nearest injection activities. These 10,000 averaged event-
well distance values from synthetic catalogs are compared with the 
actual distances derived from the real catalog and injection data.

Finally, we deploy a spatiotemporal correlation filter to asso-
ciate IIE with corresponding HF stages to determine the role of 
stratigraphic setting, similar to prior studies (Schultz et al., 2018). 
We first require the earthquake to occur within a certain time 
window after the stimulation stage. Once the temporal criterion is 
satisfied, we assign this earthquake to the nearest HF stage if the 
pair satisfies the spatial criterion (more details in Supplement Note 
3). Detailed information on the stratigraphic setting of all injection 
wells is retrieved from the BC Oil and Gas Commission database 
(https://www.bcogc .ca/, last accessed 07 July 2021).

3. Results

In this section, we systematically delineate the physical factors 
that control the IIE pattern of the SMP. We first focus on the large-
scale relationship between local seismicity and injection operations 
regardless of the regional geological setting. After recognizing the 
HF stimulation as the first influential factor, we narrow down to 
a smaller scale to examine if regional geological structures could 
affect the triggering capacity of HF-related IIE. Finally, within the 
same geological setting, we zoom in further to the stratigraphic 
scale to explore the variation of triggering capacity when different 
formations are targeted.

3.1. First influential factor: type of injection

As shown in Fig. S3 and S4, our two Monte Carlo test results 
suggest that the synthetic earthquake catalogs all have significantly 
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dashed lines represent the inferred boundaries of different tectonic elements based on the thickness of the Stoddart Group. White line marks the FSJG axis adopted from 
O’connell et al. (1994), and the boundary between FSJG and HHL may vary. (b) Numbers of HF stages and earthquakes corresponding to different Stoddart Group thickness. 
Note that the Stoddart Group thickness of each earthquake is approximated with the measurement at the closest HF well.

errors from inaccurate travel times, we adopt the 1-D velocity 
model developed particularly for the SMP area by Babaie Mahani 
et al. (2020). About 250 times more events have been detected 
and located (10693 events in total, as shown in Fig. 2a), compared 
to the routine earthquake catalog reported by Natural Resources 
Canada. As shown in Fig. S1, the magnitude-frequency distribution 
suggests that the magnitude of completeness for the enhanced cat-
alog is ∼1 and the corresponding b-value is 0.93±0.01 based on 
the maximum-likelihood estimation (Aki, 1965; Wiemer and Wyss, 
2000).

Next, we use the newly developed Depth-Scanning Algorithm 
method (Yuan et al., 2020) to refine the focal depth of earth-
quakes with M > 2.5 in the enhanced cataloged. This technique 
improves the focal depth accuracy by incorporating the travel time 
constraint from depth phases recorded at local and regional dis-
tances. Here, we set the scanning range of focal depth from 1 to 
35 km. There are 3 major steps in the scanning process. First, the 
waveforms of all possible depth phases are constructed from the 
direct P and S phases. Second, the synthetic depth-phase wave-
forms are used as templates to scan the observed seismograms 
for any segments with high waveform similarity. Finally, the depth 
corresponding to the largest number of depth-phase matches and 
minimum accumulated travel time residual is deemed the final so-
lution (more details are given in Supplement Note 2).

With the enhanced earthquake catalog and compiled fluid in-
jected data, we conduct two Monte Carlo tests to verify whether 
IIE are statistically correlated with injection activities. In the first 
test, we create 10,000 synthetic catalogs (each with the same num-
ber of events as the real catalog) based on the naïve assumption 
of all epicentral distributions being random following the method 
of Schultz et al. (2016). In the second test, we also create 10,000 
synthetic catalogs, but assume that the distribution of earthquakes 
is constrained by the location of fault systems (i.e., earthquakes 

should occur within 1 km from faults). For each synthetic catalog, 
we calculate the average distance between earthquake epicenters 
and their nearest injection activities. These 10,000 averaged event-
well distance values from synthetic catalogs are compared with the 
actual distances derived from the real catalog and injection data.

Finally, we deploy a spatiotemporal correlation filter to asso-
ciate IIE with corresponding HF stages to determine the role of 
stratigraphic setting, similar to prior studies (Schultz et al., 2018). 
We first require the earthquake to occur within a certain time 
window after the stimulation stage. Once the temporal criterion is 
satisfied, we assign this earthquake to the nearest HF stage if the 
pair satisfies the spatial criterion (more details in Supplement Note 
3). Detailed information on the stratigraphic setting of all injection 
wells is retrieved from the BC Oil and Gas Commission database 
(https://www.bcogc .ca/, last accessed 07 July 2021).

3. Results

In this section, we systematically delineate the physical factors 
that control the IIE pattern of the SMP. We first focus on the large-
scale relationship between local seismicity and injection operations 
regardless of the regional geological setting. After recognizing the 
HF stimulation as the first influential factor, we narrow down to 
a smaller scale to examine if regional geological structures could 
affect the triggering capacity of HF-related IIE. Finally, within the 
same geological setting, we zoom in further to the stratigraphic 
scale to explore the variation of triggering capacity when different 
formations are targeted.

3.1. First influential factor: type of injection

As shown in Fig. S3 and S4, our two Monte Carlo test results 
suggest that the synthetic earthquake catalogs all have significantly 
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• HF wells inside 
FSJG had more IIE 
per stage than 
those in HHL and 
southern apron

• HF stages targeting 
LMM generated 
more IIE than 
those targeting 
UM, UMM or LM.

Wang et al. (2022, EPSL)
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Fig. 4. A schematic diagram showing the three important physical factors controlling the IIE in the southern Montney Play. The bottom sketches illustrate the corresponding 
seismogenic mechanisms of IIE for the top three factors. (a) Injection type is the first important factor. More than 80% of all IIE (orange stars, with a 3-day/3-km spatiotem-
poral correlation criterion) are related to hydraulic fracturing (HF), and can occur in the vicinity of injection depth and the basement via hydraulic conduits. (b) Regional 
structural geology is the second important factor. The number of earthquakes per HF stage is the highest within the area of FSJG filled with subvertical faults. The blue ar-
rows show the potential fluid migration along the graben faults. (c) Stratigraphic setting is the third important factor. The numbers of earthquakes per HF stage is the highest 
when the LMM is the HF target. The higher IIE rate may be related to the presence of the Altares Member and Pocketknife Member along the top and bottom sections of 
the LMM, respectively. Horizontal blue arrows show the fluid migration along the bedding contacts and possibly intersecting with graben faults, while the small vertical blue 
arrows show the slow diffusion via the permeable Permo-Carboniferous formations below the LMM.

of this observation should be exercised with caution. A direct com-
munication with the regulator confirms that the location of all WD 
wells in northeast British Columbia were carefully selected to min-
imize the chance of causing IIE. Specifically, they avoid any known 
fault structures, and target reservoirs that are less communicable 
to surrounding formations with confining layers. Thus, the diverse 
seismic responses to HF and WD may be, at least in part, a conse-
quence of the industry’s own mitigation practice in the SMP.

The higher number of HF-related IIE in the FSJG area than the 
surrounding HHL and apron areas may be explained by the unique 
geological characteristics. First, the FSJG has been intensely seg-
mented and faulted in blocks during the sedimentary subsidence 
(Barclay et al., 1990). A recent study based on the spatiotempo-
ral distribution of HF-related IIE and high-resolution 3-D seismic 
images near Fort St. John reveals multiple buried thrust faults ex-
tending from the basement up to the Montney formation and a 
pervasive system of transverse structures (Riazi and Eaton, 2020). 
These thrust and transverse faults could act as potential path-
ways for aseismic pore-pressure diffusion to migrate farther that, 
in turn, increase the possibility of causing more IIE in the vicinity 
(e.g., Eyre et al., 2019; Galloway et al., 2018; Lei et al., 2017; Peña 
Castro et al., 2020; Schultz et al., 2016; Wang et al., 2021; Yu et 
al., 2021a). Moreover, one of the largest fault systems in the region, 
the Gordondale Fault, runs subparallel to the axis of the FSJG and 
extends eastward to central Alberta (Eaton et al., 1999). It could 
also contribute to the higher IIE potential in the FSJG area. It is 
worth noting that the difference in the rate of seismicity among 
the three subareas cannot be an artifact due to network coverage, 
as the detection threshold (i.e., the magnitude of completeness) is 
almost the same (Fig. S12).

The more active seismogenic behavior of the LMM than UM 
could be related to its deeper depth and unique stratigraphic set-
ting. First, many previous studies suggest that larger IIE earthquake 
sequences tend to nucleate on pre-existing faults located in the 
deeper crystalline basement that are reactivated by fluid injec-
tions (e.g., Bao and Eaton, 2016; Lei et al., 2017, 2019; Riazi and 
Eaton, 2020; Schultz et al., 2016; Skoumal et al., 2018; Wang et 
al., 2020). In our study area, the recalibrated focal depths of the 
two largest IIE (M4.5 on 30/11/2018 and M3.3 on 30/11/2018) are 
also located deeper than the Montney formation at ∼2.6 and ∼3.9 
km, respectively, likely in the Stoddart Group or in the basement 
(Fig. S2). More importantly, there are two newly recognized groups 
of bioclastic beds, named as the Altares Member and Pocketknife 
Member, intercepting and interfingering with the LMM at the top 
and bottom sections, respectively (Fig. 1c and 4c) (Zonneveld and 
Moslow, 2018). Both members have distinctly low content of to-
tal organic carbon and high proportion of recrystallized skeletal 
calcite from shell materials. As faults with calcite gauge generally 
have higher shear strength than that with clayey gouge (Ikari et 
al., 2013; Verberne et al., 2014), it is conceivable that deformation 
caused by fluid injection within the LMM interfingered with the 
Altares Member/Pocketknife Member is more likely to be released 
as brittle failures. This argument is consistent with the pervasive 
faulting and fracturing/slickenside structures observed within the 
core samples of Altares Member (Sanders et al., 2018), and com-
patible with recently reported upward seismicity migration pattern 
from the target formation (Peña Castro et al., 2020; Schultz and 
Wang, 2020). In contrast, the higher content of clay and total or-
ganic carbon in the UM may favor stable sliding that release the 
injection-related deformation as aseismic slip (Eyre et al., 2019).
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Conclusions
• Improved methodology and machine-learning algorithms have provided new approaches to study IIE and 

their source characteristics

• Decade-long wastewater injections can eventually reactivate regional/local fault systems in seismically 
quiet areas (e.g., the 2018-2019 Musreau Lake sequence)

• IIE can be shallower or deeper than injection depth, depending on the local geological and hydrological 
settings

• IIE migration can show a complex 3D pattern that is closely linked to the existence of hydraulic conduits 
and aseismic slip (e.g., the 2015 Fox Creek sequence)

• Different top controlling factors for different regions

• NMP: distance to CFTFB (geological), total injected volume (operational), shut-in pressure (operational), 
and Montney thickness (geological)

• SMP: Injected volume (operational), number of wells targeting LMM (geological and operational), 
Montney thickness (geological) and within FSJG (geological)
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