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Introduction

The occurrence of earthquakes in relation to hydraulic frac-
turing (HF) during hydrocarbon production is of consider-
able scientific interest on a global scale (Foulger et al.,
2018). Especially in historically seismically quiescent re-
gions, HF-induced events can increase the natural seismic
hazard in the time period of anthropogenic interference.
The significance of increased seismic hazard associated
with HF operations was illustrated by several damaging in-
duced events, including an ML 5.7 earthquake in the
Sichuan Basin on December 16, 2018 (Lei et al., 2019).
Nevertheless, to ensure the energy needs of the general
public, research is needed on the interaction between en-
ergy production and earthquakes induced by fluid injection
(McGarr et al., 2015). As an example, the Western Canada
Sedimentary Basin (WCSB) has experienced an increasing
number of M3+ events in the last decade, which correlates
with an increase in oil and gas production (Atkinson et al.,
2016). Particularly the Montney Formation, a major shale-
gas play in northeastern British Columbia (BC) and north-
western Alberta, is capable of hosting events of magnitude
4+, such as an MW 4.6 on August 17, 2015 near Fort St. John
(Babaie Mahani et al., 2017; Wang et al., 2020) and an
MW 4.2 (ML 4.5) on November 30, 2018 near Dawson
Creek (Babaie Mahani et al., 2019; Peña Castro et al.,
2020).

Recently, Roth et al. (2020) found a high temporal and spa-
tial correlation between HF operations and the occurrence
of earthquakes in the Kiskatinaw area (Figure 1), a region
extending between Fort St. John and Dawson Creek that
covers parts of the Montney Formation (Figure 1, purple

area on inset map). The linear features evident in the spatial
distribution of induced earthquakes align primarily at low
angles to SH, the orientation of maximum horizontal com-
pressive stress. The alignment is interpreted as a fault ori-
entation and is therefore consistent with strike-slip faulting
on optimally oriented slip surfaces. Further estimations of
focal-mechanism solutions (FMSs) of moderate-sized
events in the study area suggest the occurrence of strike-
slip, as well as thrust-faulting, events (Onwuemeka et al.,
2019; Babaie Mahani et al., 2020; Peña Castro et al., 2020).
This paper focuses on the inversion of earthquake-source
parameters (i.e., FMS, seismic moment and stress drop) to
evaluate possible activated fault planes and to investigate
the scaling relations for repeating induced events in the
study area.

Earthquake Catalogue

The earthquakes considered in this study are based on an
automated earthquake catalogue by Roth et al. (2020) ex-
tending to the time period from July 12, 2017 to July 31,
2020. The catalogue contains a total of 8302 events (circles
in Figure 1) detected with a short-term average/long-term
average (STA/LTA) trigger that includes a 3–20 Hz, 4th or-
der Butterworth bandpass filter, an STA duration of 0.2 s,
an LTA duration of 10 s, a triggering threshold of 2.5 and a
detriggering threshold of 1.5 for P-wave first arrivals, as
well as a 3–12 Hz, 3rd order Butterworth bandpass filter and
an Akaike information-criterion algorithm for S-wave first
arrivals. All phase arrivals are reviewed by an analyst. This
study uses a total of 25 stations (triangles in Figure 1) oper-
ated by Ruhr University Bochum (RUB), McGill Univer-
sity (MGU) and Natural Resources Canada (NRCan), al-
though several stations were not operating from the starting
time of the catalogue (Table 1).

Focal-Mechanism Inversion

This study uses the probabilistic earthquake-source inver-
sion framework ‘Grond’(Dahm et al., 2018) to estimate the
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FMS for 11 representative earthquakes with a magnitude of
ML 2.7+ in the earthquake catalogue. The FMS is computed
for a variety of earthquake sequences based on the wave-
form-similarity clustering in Roth et al. (2020). Grond in-
verts for the optimal hypocentral location and moment ten-
sor by applying a bootstrap technique on a dataset of fully
inverted waveforms that are compared to a synthetic
dataset modelled from Green’s functions. These were pre-
viously calculated by ‘Qseis’ (Wang, 1999) and ‘Fomosto’
(Heimann et al., 2017) using the same velocity model as in
Roth et al. (2020; this velocity model is used throughout

this study). The optimal FMS is calculated based on the
time and frequency domains, as well as the waveform enve-
lopes. The initial Green’s functions are modelled up to
10 Hz, which allows fitting of the full waveforms in a low-
frequency band up to 5 Hz, the Nyquist frequency. For each
event, several inversions are run in varying frequency
bands to compute an FMS with a minimum mean bootstrap
misfit of at least <0.65 to be considered for this study, a
value dependent on the individual dataset determined by
empirical testing. In general, the comparison of modelled
versus observed waveforms is the crucial factor in judging
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Figure 1. Overview of the Kiskatinaw area in northeastern British Columbia, indicated by the red box on the inset map. The purple-high-
lighted area on the inset map denotes the shape of the Montney Formation, as reported by the BC Oil and Gas Commission (BCOGC; last
accessed October 2018), and the Alberta Energy Regulator (AER; last accessed May 2020). Blue triangles denote stations. Stations start-
ing with RU are operated by Ruhr University Bochum (RUB), those starting with MG are operated by McGill University (MGU) and those
starting with MONT and NBC are operated by Natural Resources Canada (NRCan). Circles show the epicentre of earthquake locations,
colour coded by origin time. Focal-mechanism plots illustrate the fault type of some representative events in the catalogue, labelled by their
respective origin date (YYYYMMDD; blue for dominantly thrust faulting, green for dominantly strike-slip faulting). White diamonds repre-
sent HF wells operating in the catalogue’s time period, with black lines indicating the trajectories of the horizontal wells (injection data are
provided by the BC Oil and Gas Commission; last accessed August 13, 2020). Additional wells might be updated by the respective opera-
tors.



the quality of the calculated FMS. In addition to the 11 FMSs
calculated in this study, three have been included from Peña
Castro et al. (2020).

Spectral Analysis

Spectral-source parameters of 8302 earthquakes were esti-
mated based on their waveforms. The source parameter in-
version to determine long-period spectral amplitude and
corner frequency is based on two methods, the single spec-
trum and the spectral-ratio calculation, both of which are
described below. As the S-waves typically have a higher
signal-to-noise ratio (SNR), only they are used for this
study. To estimate a time window covering the complete S-
wave signal, an initial theoretical corner frequency (fc,initial)
was estimated based on the local magnitude reported in the
catalogue, the relation of Ross et al. (2016) to estimate a
moment magnitude, a lower-bound stress drop of 0.1 MPa,
and the constant k = 0.26 for a singular crack expanding ra-
dially at a rupture speed of 90% of the shear-wave velocity
(after recent analyses by Kaneko and Shearer, 2014).

Therefore, t = 2/fc,initial is used as the window length. The
choice of 0.1 MPa as a stress-drop value will lead to a lower
boundary for the corner-frequency estimation and, due to
the inverse relation to t, the time window will therefore be
long enough to guarantee coverage of the complete phase.
Although longer time windows are reported (e.g., Ross and
Ben-Zion, 2016), this study will continue with twice the in-
verse of the estimated corner frequency, as this relation will
lead to t � 1 s for ML 2.5 events at the typical depth of 2 km
(Roth et al., 2020). For smaller events reported in the cata-
logue where the time window would be even shorter, a one-
second time window is used to keep enough data points in
the waveform.

Single-Spectrum Method

This study employs the waveforms for each available pick
beginning at 25% of the window length before the phase ar-
rival, and a corresponding noise window with the same
length, one-time window before the P-arrival. If no P-ar-
rival is detected, 5 s before the origin time is used. In the
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Table 1. Overview of all stations, with their locations, used in this study. Stations with net-
work code XL are operated by MGU and RUB, and those with network code 1E and CN by
NRCan. The start time shows the beginning of data collection, while the end date gives
the supposed date of removal. Station information is archived on the Incorporated Re-
search Institutions for Seismology (IRIS) Data Management Center (www.iris.edu; last
accessed October 2020).



next step, the single spectra of individual components are
calculated using a multitaper approach (Prieto et al., 2009).
To enhance the signal, the vector sum of both horizontal
components, if two components were available due to the
absence of data gaps, and a dynamically calculated time
window are used. To avoid potential bias of the following
curve fit toward higher frequencies, each spectrum is
resampled using an equally spaced logarithmical sampling-
size interval. Next, a numerical fit is estimated for the cor-
ner frequencies and the long-period spectral amplitude us-
ing the Boatwright source model (Boatwright, 1978),

with the long-period spectral amplitude �0 fixed to the
maximum amplitude of the respective single spectrum, fre-
quency f, the source-receiver travel time t as reported by the
catalogue, the corner frequency fc to be fitted, the high-fre-
quency falloff rate n, the seismic attenuation Q (where Q

and n will be fixed to one value, although recent studies
point out lower uncertainties for a clustered-Q approach;
Ko et al., 2012; Yu et al., 2020; see ‘Estimation of optimal
parameter settings for Q and n’ below), and a factor � that
controls the shape of the corner and is fixed at � = 2 for the
Boatwright source model. One single spectrum is consid-
ered to be fitted if its SNR exceeds a threshold of 3 for 1–
30 Hz (ML<3), 1–20 Hz (3<ML<4) or 1–15 Hz (ML>4), as
the instrument response function is flat between 0.1 Hz and
45 Hz, with a sampling rate of 100 Hz. One example of the
fitted spectrum and the corresponding waveforms is plotted
in Figure 2.

Spectral-Ratio Method

A second method for calculating source parameters is the
spectral-ratio method, which can be applied if two events of
similar waveforms are located within approximately one
source dimension defined by the larger event (Abercrom-
bie, 2015), and recorded at the same station; the larger
event of this pair is called the ‘target’ event and the smaller
one the ‘empirical Green’s function’(EGF; Hartzell, 1978).
Dividing the two single spectra (Equation 1) to calculate
the spectral ratio,

cancels out instrument- and non-source–related effects,
such as site effects, and leaves the source differences of the
target and the EGF events. In this study, all events with a
magnitude difference of at least 0.5 relative to the target
event, a maximum distance of 5 km to the target event and a
cross-correlation coefficient (CCC) of 0.8 or higher on one

channel of the closest station were considered as potential
EGF. Although the relative magnitude difference between
target event and EGF is sometimes reported to be at least
1.0 to ensure the amplitude ratio is high enough to differen-
tiate the two corner frequencies (e.g., Hartzell, 1978), the
lower difference is applied in order to avoid pre-emptively
removing a large number of event pairs that may be viable,
a practice that has already yielded significant results glob-
ally (Kwiatek et al., 2014; Harrington et al., 2015) and in
the WCSB (Holmgren et al., 2019). The benefit of the
smaller magnitude difference is a higher number of EGFs
connected to the target event, which will be manually re-
viewed in a later stage of the analysis and ensures an ade-
quate number of possible EGFs for the predominant small-
magnitude events in the WCSB (Holmgren et al., 2019).

For calculating the CCC, a window length is chosen that
covers the P- and S-wave arrival, as well as the coda, by
starting 0.5 s before the P-wave onset and ending 1.8(tS–tP)
after the P-wave onset, where tS–tP describes the difference
in S and P arrival times. Calculating the CCC of full wave
forms ensures that the overall waveform is similar, which
requires a similar FMS for both events (Harrington et al.,
2015; Ruscic et al., 2019). The additional CCC criterion, to
link targets with EGFs, is a further argument for only link-
ing similar events with each other. In the preliminary pro-
cessing steps for the beginning of the catalogue, where
fewer stations were operating simultaneously, more suc-
cessful combined target-EGF pairs were found using a
rather high CCC on the closest station only, presumably be-
cause the CCC will decrease for larger distances due to at-
tenuating effects and a lower SNR. Besides, if the CCC is
high on the closest station, it suggests a similar focal mech-
anism (Got et al., 1994). Furthermore, the minimum magni-
tude for target events was limited to ML 2, and the individ-
ual SNRs must exceed the same threshold of 3 for 1–30 Hz
to guarantee a high portion of S-wave signal in the pro-
cessed time window. Otherwise, the desired corner fre-
quency might be covered by seismic noise in the same fre-
quency band. In this study, the corner frequency can be
resolved at least up to 10–15 Hz (Abercrombie, 2014), and
Abercrombie et al. (2017) and Ruhl et al. (2017) reported
an even higher cut-off criterion (i.e., half to two-thirds of
the upper frequency for SNR resolution, in the present case
15–20 Hz). The window length of both waveforms is equal
to the estimated window length for the target event. To en-
sure a high quality of the spectral-ratio fits, a graphical user
interface (GUI) was designed to visually inspect all spec-
tral-ratio pairs and, if needed, manually adjust some fitting
parameters.

Estimation of Optimal Parameter Settings
for Q and n

To guarantee a fit according to Equation 1, which will only
fit the corner frequency fc and discharges potential numeri-
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cal trade-off effects between fc, Q and n, constant values
were chosen for Q and n. As Q describes the seismic attenu-
ation, it is defined by rock properties. This study is limited
to one region with rather uniform mechanical behaviour, as
well as widespread HF operations affecting larger parts of
the area. Furthermore, the high-frequency fall-off rate n is
affected by rupture processes (i.e., duration time and frac-
tion of stress drop; Brune, 1970), which are similar in this
study area due to a high number of repetitive waveforms
(Roth et al., 2020). Therefore, it was decided to keep both
values constant. The values of the (Q, n) pair were calcu-
lated with the smallest overall misfit by a grid-search ap-
proach based on 2 066 064 individual fits for 13 n-values
between 1.75 and 3.25 in a spacing of 0.125, and 56 Q-val-
ues between 250 and 3000 and a spacing of 50 for 2838
event-station pairs (Figure 3). The chosen events are a sub-
set of 239 target events, where spectral ratios with multiple

EGFs could be calculated in the later analysis step. The �2-
misfit was first calculated for each of the desired fits. As the
misfit itself is not comparable to the misfit on other stations,
it is necessary to norm the individual misfit to a reference
misfit, which in this study is the Q-n pair of 1000 and 2, as
used in previous spectral-analysis studies for the WCSB
(Clerc et al., 2016; Holmgren et al., 2019; Wang et al.

2020), and afterwards calculate the mean misfit for all
event-station pairs. The warm colours in Figure 3 show a
relative decrease in misfit (i.e., an improvement of the
model settings, which results in the chosen values for Q and
n being 600 and 2.5, respectively). A study by Yu et al.
(2020) had already showed a successful application for
constant Q values according to the spatial distribution of in-
duced events in the WCSB, where the authors calculated an
apparent Q, representing the ray path in a layered Q struc-
ture.

Seismic Moment and Corner Frequency

The following steps describe how the source parameters are
estimated from the previously fitted single spectra and
spectral ratios. First, the seismic moment can be estimated
for each of the events at each of the stations that exceeded
the SNR of 3 by extracting the long-period spectral ampli-
tude of the respective single spectra. Following the Brune
(1970) relation, the seismic moment is defined by

with the shear-wave velocity �, the rock density � (where
the value is between 2.46 and 2.86 g/cm3, depending on the
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Figure 2. Example plot of one fitted single spectrum on station RU06 from an event with a magnitude of ML 3.4 that occurred southeast of
the study area on October 5, 2019: a) displacement spectrum (blue) of the signal (pink shading in parts b and c) and a fit using Equation 1
(green dashed line); grey line displays the noise level (blue shading in parts b and c) directly before the event happened; b) and c) displace-
ment waveform on the north and east components of RU06, respectively.



hypocentral depth), the source-receiver distance R, and the
radiation pattern for S waves of U�� = 0.63 (Aki and Rich-
ards, 2002). In this study, all events with a minimum of five
successful fits (i.e., estimates of seismic moment and cor-
ner frequency on five stations) were considered. To calcu-
late one seismic moment for the event, the jackknife mean,
including the confidence level, is calculated from all station
values of all estimates for �0 (Prieto et al., 2007), where
one estimate of �0 is the maximum value of the respective
single spectrum. The seismic moment is derived only from
single-spectrum estimates, as Equation 2 does not contain a
spectral amplitude isolated for the events.

To minimize the variables that need to be fitted into Equa-
tion 2, the low frequency level was set to the maximum of
the observed spectral ratio, and n = 2.5. A target-EGF pair
was considered if at least five spectral ratios were calcu-
lated. Next, all potential target-EGF pairs were stacked and
evaluated by a newly developed GUI (Figure 4), which al-
lows the analyst to add or remove single stations to or from
the fit, and adapt the frequency band in which the fit should
be calculated. For spectral ratios, where both fitted corner
frequencies are close to each other and where the amplitude
ratio between the lower- and upper-frequency portions is
low, fc

target is not distinct. To ensure that the second corner
frequency fc

EGF is not misinterpreted as the first corner fre-
quency fc

target by the numerical fit, the analyst can add a

source spectrum (Brune, 1970), which is Equation 1 re-
duced by the attenuation term (i.e., the exponential term
involving Q). If the fit of the target-EGF pair has an ade-
quate shape, and fc

target is resolvable, the analyst can decide
to save or withdraw the pair. Figure 4 shows one example of
a well-resolved spectral ratio. This study is limited to esti-
mations of fc

target only, as the magnitude range in the cata-
logue does not allow large differences between target and
EGF magnitude, and fc

EGF will probably exceed the fre-
quency bandwidth-limitation of 10–15 Hz.

Stress-Drop Calculation

In the next step, the prior estimated corner frequency is
used to calculate the stress drop of the specific event. While
the seismic moment and the corner frequency describe the
fault of an earthquake, the stress drop can give insights into
the rupture process (i.e., stress relief due to the event). To
derive the stress drop �� from one single spectrum and
spectral ratios, a model for a circular crack is used (Eshelby,
1957), specifically

where r describes the fault radius for a circular crack, calcu-
lated from the radiated S-wave spectrum (Brune, 1970,
1971)
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Figure 3. Relative �
2
misfit variations of single spectra with different Q-n pairs for 239 chosen events on all possible stations, normalized on

Q = 1000 and n = 2.0 (magenta cross). Warm colours denote a decrease in relative misfit (improvement of the fit) and cool colours an in-
crease in relative misfit (worsening of the fit). Solid and dashed isolines show interpolations for the models with 8% increases and de-
creases, respectively, in relative misfit. The model used in this study is highlighted as a magenta box.
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Figure 4. a) Menu bar of the GUI for one spectral-ratio pair of one ML 3.1 target event (work ID ‘bug2020ctot’) and one ML 2.0 EGF
(bug2020dptv). The user can individually plot all spectral ratios (‘Create Plots’), add the stack of all visible spectral ratios (‘Stack Single Ra-
tios’) and add the fit, using Equation 2 (‘Add Fit’) for specific frequency bands. The x and y axes can be limited using the ‘x lim’ and ‘y lim’ win-
dows, respectively. Deactivating individual checker boxes next to the stations starting with RU, MG or MONT can remove individual stations
to be considered. The individual locations of the stations are provided in Figure 1 and Table 1. ‘show Event info’ can display the origins and
magnitudes of the events. When the analyst confirms the quality of the fit, then the figure and the corner frequency for the target and for the
EGF can be saved. b) Example plot of one fitted spectral-ratio pair. The coloured lines show individual spectral ratios on one station. The
solid black line is the stack of all spectral ratios, while the dashed black line shows the determined best fit. Orange and grey crosses show
the data points of the stack, which are considered for the fit using the spectral ratio (Equation 2) and the source spectrum, respectively. The
red and purple circles highlight the corner frequencies for target and EGF, respectively, using Equation 2, while the grey circle can confirm
the first corner frequency using the source spectrum.



As the previous analytical steps may yield multiple values
for fc (due to multiple single spectra on various stations, or
to multiple EGFs used for one target event), the mean value
is always used. In the same way that corner frequencies
were calculated individually using two methods (using the
single spectra and the spectral ratios), individual stress-
drop values can also be calculated with both methods.
However, the seismic moment is calculated using only the
single-spectrum approach.

Results

Figure 1 shows 14 focal-mechanism plots, three of which
are from Peña Castro et al. (2020). The majority of events
are dominated by a left-lateral, strike-slip faulting mecha-
nism (11 out of 14), and the remaining events are dominated
by a thrust-faulting mechanism. While the thrust-faulting
events with magnitudes between ML 4.5 and ML 2.7 can
only be observed close to Fort St. John in the northwestern
part of the Kiskatinaw area, there is no clear trend for the
distribution of strike-slip events, which have magnitudes
between ML 3.4 and ML 2.8.

In total, 1772 of the 8002 events passed the quality-control
criteria for deriving source parameters by fitting the single
spectra, while 303 events could be used for the spectral-ra-
tio method. Figure 5 shows a summary of the spectral-anal-
ysis results for both single spectra (blue and grey circles)
and spectral ratios (green diamonds). Comparing the sin-
gle-spectra results for the events for which spectral ratios
could be calculated (blue circles) with the events for which
the single-spectrum method was used (grey circles) shows
the same scaling, but for different magnitude ranges, due to
the fact that there are fewer EGFs and smaller SNRs for
smaller magnitude target events. Figure 5a shows the scal-
ing for stress drop versus seismic moment (or moment mag-
nitude), where single spectra suggest an increase of stress
drop with increasing seismic moment between roughly 10–1

MPa (Mw ~1.5) and 3 × 101 MPa (Mw ~4.2). Contrary to the
single spectra, the spectral ratios highlight a scattering be-
tween 100 and 102 MPa, with no clear trend apparent. Fur-
thermore, a higher number of events seem to be underesti-
mated, as they are above the resolvable frequency content
of the instrument (grey shading on Figure 5), while only a
few events are higher than 13 Hz, the instrumental resolu-
tion limit that is dictated by the SNR threshold of 30 Hz.

Plotting the seismic moment (or moment magnitude)
against the corner frequency (Figure 5b) shows a steep de-
crease of seismic moment with corner frequency. In addi-
tion, the stress drop scatters between 10-1 MPa and
101 MPa. Results from the spectral ratios do highlight a
rather slight decrease of seismic moment with increasing

corner frequency, implying a constant stress drop between
100 MPa and 102 MPa, optimally at 101 MPa.

Discussion and Conclusion

The estimated focal mechanism of this study agrees with
the general trend of focal mechanisms from previous stud-
ies (Onwuemeka et al., 2019; Babaie Mahani et al., 2020;
Peña Castro et al., 2020). In addition, the left-lateral strike-
slip faults from the focal-mechanism plots are consistent
with the fault orientations at roughly 30° to SH in Roth et al.
(2020). The fact that no EGF fulfills the defined quality-
control criteria for the ML 4.5 suggests an isolated
hypocentre for this particular mainshock, as suggested in
Peña Castro et al. (2020). Two focal-mechanism solutions
are observed in the northwestern part of the study area,
close to the Peace River (Figure 1) and to the Fort St. John
graben (e.g., Barclay et al., 1990; Davies, 1997; Eaton et
al., 1999), suggesting thrust-faulting events and strike-slip
events, whereas the southeastern part of the area hosts ex-
clusively strike-slip events. The reason for this could be
that the area close to the Fort St. John graben may host nor-
mal faults formed by graben building and basin infill,
which can be reactivated as thrust faults in the current stress
regime. In contrast, the southeastern part of the study area
hosts solely shallow strike-slip events, perhaps due to the
absence of potential deep receiver faults. A second natural
source for existing thrust faults would be the thrust-faulting
belt in the Rocky Mountain foreland (Panã and van der
Pluijm, 2015), formed during the Laramide orogeny.

Another factor supporting the observation of two types of
FMS in the same region may take into account the stress
constraints from borehole data and focal-mechanism inver-
sions in Fox Creek, Alberta (Shen et al., 2019): Sv could be
larger than Sh for the shallower depths in the WCSB, result-
ing in strike-slip events, while Sh could be larger than Sv at
greater depth, the optimal stress regime for thrust-faulting
events. According to Shen et al. (2019), the stress-regime
transition occurs between 3.4 and 10.4 km, with the optimal
depth at 5.9 km. In addition, the mixture of FMSs might im-
ply the existence of Riedel-shear structures. The presence
of Riedel-shear structures, the embryonic stage of strike-
slip fault formation (Riedel, 1929), might imply the influ-
ence of large-volume fluid injection in the seismotectonic
setting. Following the initiation and development of pull-
apart basins with Riedel-shear mechanism in laboratory ex-
periments (Atmaoui et al., 2006), the slip surfaces of the
strike-slip faults are expected to be on structures at an early
stage of development, although potential slip surfaces or
zones of weakness must not be newly created.

Use of the GUI allows the analyst to refine the corner fre-
quency from the default fit (Figure 4). In the example
shown, the spectral ratio of station RU06 is conspicuously
high, MG04 shows an anomaly at 7–10 Hz, and RU01 and
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Figure 5. Scaling of stress drop versus seismic moment (a) and seismic moment versus corner frequency (b). In both plots, circles denote
solutions from single spectra, the blue circles being those events for which the spectral-ratio method was applied, whereas grey circles do
not have a spectral-ratio solution. The green diamonds are the results from spectral ratios. Isolines in part a show constant corner frequen-
cies, whereas isolines in part b highlight the levels of constant stress drops. The grey shading above 15 Hz indicates the area where the cor-
ner frequency might not be resolved correctly.



MONT1 are biasing the stacked spectral ratio between
10 and 20 Hz. By removing the individual stations before
the fitting process, the corner frequency decreases from
8.32 to 7.63 Hz. Thus, using the GUI enables the processing
of a dataset with higher precision compared to automati-
cally determined corner frequencies. In the present case, by
inspecting all individual spectral ratios, the analyst is able
to investigate in-site effects beneath individual stations
(Yang et al., 2009), as the stations are close to the clusters
and the HF wells (Figure 1). Variations of individual spec-
tral ratios from the stacked spectral ratio might indicate, for
example, the influence of fluid injections.

Comparing the results from single-spectra estimates versus
spectral-ratio estimates shows a strong scaling for single-
spectra results and a wide range of values for spectral-ratio
results, especially for lower-moment magnitudes (i.e.,
~Mw 2.3). A possible reason for this might be the limited
frequency band of the dataset (i.e., sampling rate of 100 Hz)
and the fact that only surface stations are used, which limits
the maximum resolvable corner frequency because the at-
tenuation for higher frequencies is higher (Abercrombie,
1995; Viegas et al., 2010). The same breakdown in constant
stress drop is reported from other studies that estimate
source parameters with single-spectrum approaches (e.g.,
Onwuemeka et al., 2018; Kemna et al., 2020). The methods
seem to generate the same results when considering events
with MW greater than 3, although the observation is based
on few data points. However, a number of studies suggest
that spectral ratios provide more reliable estimates of
source parameters, particularly for smaller earthquakes,
and that they should be preferred over single-spectrum esti-
mates for interpreting scaling with size (e.g., Ide and
Beroza, 2001; Ide et al., 2003). Taking the limitation of the
magnitude range into account, the stress drop of the in-
duced events in the WCSB may be constant with respect to
magnitude, which agrees with the scaling laws for similar
events (Aki, 1967) and the repetitive character of induced
events in general (Skoumal et al., 2015), which is also ob-
served in the WCSB (Schultz et al., 2015; Roth et al., 2020).
This study can be integrated with earlier studies on stress-
drop values for induced events in the Montney Formation,
specifically 1) results from Yu et al. (2020) that suggest a
lower stress drop for events proximal to HF wells (0.1–
1 MPa), whereas events distal from HF wells have a higher
stress drop (1–10 MPa); and 2) results from Wang (2020)
that suggest stress-drop values between 1 and 35 MPa, in
the typical range of tectonic earthquakes (0.1–100 MPa;
Hanks, 1977). In a broader context, values from this study
agree with the average stress drop for small- to moderate-

size events in the WCSB, which is 7.5 �0.5 MPa (Holmgren
et al., 2019).
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