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Abstract We use a sequence of induced earthquakes near Crooked Lake, Alberta, to investigate the
physical differences between induced and tectonic earthquakes. Starting with the Natural Resources Canada
earthquake catalogue, we use a spectral ratio method to calculate the static stress drops of a group of
relocated earthquakes ranging from December 2013 to June 2015. We find that stress drops fall within
the high side of the typical reported range of tectonic events and show no correlation with earthquake
magnitude, depth, or distance from the well. The stress drops appear roughly constant for events with
Mw 3 to 4. Relocated hypocenters cluster both spatially and temporally around corresponding injection
wells and appear to migrate deeper with increasing time from injection. Fine-scale lineations apparent
in relocated hypocenters could indicate the presence and orientation of fault planes, consistent with
the published focal mechanism solutions of M 4+ events in the area.

1. Introduction

Human-induced earthquakes resulting from poroelastic stress changes due to subsurface fluid injection
pose a potential risk to surrounding populations [e.g., Raleigh et al., 1976; BC Oil and Gas Commission, 2012,
2014; Ellsworth, 2013; McGarr, 2014; Eaton and Mahani, 2015; Schultz et al., 2015b]. Whether nucleated by
wastewater disposal, enhanced geothermal stimulation, or hydraulic fracturing, induced earthquakes can
have large enough magnitudes to damage nearby infrastructure [Keranen et al., 2013, 2014]. A fundamen-
tal step in developing a magnitude-predictable relationship between operational parameters and induced
events is to identify any physical differences or similarities between induced and (naturally ocurring) tectonic
earthquakes; the key lies in their source parameters.

A number of studies have investigated the focal mechanisms of induced events in attempts to explore distin-
guishing characteristics between induced and tectonic earthquakes. For example, Eaton and Mahani [2015]
observe variability between fault plane orientations of suspected hydraulic fracturing induced events from
the Crooked Lake and Rocky Mountain House clusters in the Western Canada Sedimentary Basin (WCSB), sug-
gesting that the fault plane orientations of induced events can indicate local deviations from the regional
stress field. In a full moment tensor inversion study, Zhang et al. [2016] found that eight M 3.2–4.4 induced
earthquakes in the WCSB generally have higher nondouble-couple components than a tectonic earthquake
in the same region, which may result from the presence of multiple intersecting fractures, dilatant jogs, or
nonplanar preexisting faults. In particular, a Mw 3.9 event (Mw 4.6 in the Natural Resources Canada (NRCan)
catalogue) on 13 June 2015, near Fox Creek, exhibits a strong strike-slip focal mechanism that differs consid-
erably from the thrust or dip-slip events found along the foothills [Wang et al., 2016]. However, in some cases,
induced and natural earthquakes have similar focal mechanisms, most likely because these induced events
occur on reactivated faults consistent with the regional stress field orientation. For example, the focal mecha-
nism solutions and hypocenter depths of hydraulic fracturing and wastewater disposal induced events in the
Poland Township and Youngstown, Ohio, sequences [Skoumal et al., 2015] suggest reactivation along existing
fault orientations, consistent with the regional stress field. Similarly, a moment tensor inversion from Schultz
et al. [2015b] links the Cardston, Alberta, earthquake swarm to an existing basement fault, reactivated by the
increase in pore pressure due to hydraulic fracturing.

Another earthquake source parameter that may potentially be used to discriminate between induced and
natural events is the static stress drop. Stress drop studies of natural events suggest that values typically range
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between 0.1 to 100 MPa with constant stress drop scaling over a large range of magnitudes [e.g., Abercrombie,
1995; Ide and Beroza, 2001; Abercrombie and Rice, 2005]. In her development of ground motion prediction
equations for induced events, Atkinson [2015] notes the importance of stress drops in determining the ampli-
tude of ground motion and degree of seismic hazard. By investigating the b value of seismicity surrounding
Fox Creek, Atkinson et al. [2015] conclude that the seismic hazard of induced events is more significant due
to their shallow hypocentral depths, while making the key assumption that stress drops of induced events
are similar to those of natural events. Through a comparison of intensity distribution data, Hough [2014] sug-
gests that the stress drops of induced earthquakes in central and eastern U.S. are lower than tectonic events
in the same region by a factor of 2 to 10. However, a recent study by Zhang et al. [2016] analyzes the individual
spectral fits of M 4+ potentially induced earthquakes in the WCSB and find consistent static stress drops rang-
ing from 2 to 90 MPa. These values are typical of tectonic events, although their large uncertainties can be
attributed to the spread of estimated corner frequencies at different stations for the individual earthquakes.

In this study, we aim to precisely estimate the static stress drops of potentially induced earthquakes using the
spectral ratio and empirical Green’s function (EGF) method. We focus our analysis on the Crooked Lake earth-
quake sequence between December 2013 and June 2015, using waveform data from a number of regional
networks. Our EGF analysis results in high stress drops in ranging from 11 to 93 MPa that appear roughly scale
invariant over the range of Mw 3 to 4. There is no clear dependence of stress drops on event depths or distances
from the well. Finally, double-difference hypocenter relocations suggest the migration of the event depths
with time, which may reflect the spatial-temporal variation of poroelastic stress change due to injection.

2. Data and Methods

Previously a region of seismic inactivity, the area near Fox Creek, Alberta, has drawn attention following the
onset of events likely induced by hydraulic fracturing operations. In the meantime, seismic station coverage in
western Canada has increased significantly in recent years [e.g., Gu et al., 2011; Novakovic and Atkinson, 2015],
where additional stations were deployed for the purposes of monitoring induced earthquakes. Schultz et al.
[2015a] establish a temporal correlation of>99.99% between the timing of these operations and the induced
events from 2013 to 2014, further dividing the sequence into temporal clusters corresponding spatially to the
positions of multiple injection sites. Although the events of 2015 have not been definitively linked to hydraulic
fracturing operations, their proximity to the wells and the scarcity of previous natural seismicity suggest these
operations as the most plausible source. Of particular interest is the ML 4.4 event of 23 January 2015 and
the Mw 4.6 event of 13 June 2015, which constitute the largest events in the area as of 2015 [Earthquakes
Canada, 2015].

We begin with a list of 82 events (M 1.8 to M 4.6) from the NRCan Earthquake Catalogue, hereafter NRCan,
from December 2013 to June 2015. We obtain waveform data from the TD, RAVEN [Schultz and Stern, 2015],
CRANE [Gu et al., 2011], and CN networks (Figure 1), where the majority of the stations have a sampling rate
of 100 sps while others are sampled at a rate of 40 sps. After removing instrument response and filtering from
0.5 Hz to the Nyquist frequency, we cut the raw data into 4 s windows beginning 0.5 s before the respective
P and S wave arrivals. The analysis has also been performed using time windows of 2 s and 6 s, but a time
window of 4 s was chosen as it resolves the spectra at lower frequencies, while still excluding subsequent
phase arrivals.

For both stress drop calculation and event relocation, we use an updated 1-D velocity model at the PER station
of the CRANE network [Chen et al., 2015]. At depths of 2–5 km, the P wave velocity is 5.70 km/s and the S wave
velocity is 3.22 km/s. At shallower depths this velocity model is also consistent with the Eaton and Mahani
[2015] model taken from borehole data.

2.1. Hypocenter Relocations
In order to better constrain the association of the earthquakes in the Crooked Lake sequence to individual
wells, we exploit the increased coverage to refine the catalogue locations in our data set by calculat-
ing double-difference hypocenter relocations using hypoDD [Waldhauser and Ellsworth, 2000, 2002]. We
use 27 stations within 250 km of the NRCan reported epicentral locations to determine catalogue and
cross-correlation traveltime differences and estimate the relocation uncertainty using 1000 trials of a boot-
strap random replacement of traveltime residuals following Waldhauser and Ellsworth [2000]. Using the 1-D
velocity model of Chen et al. [2015], we perform the relocation calculation using a total of 3164 and 4680
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Figure 1. Map showing event locations; station coverage of the study area (Crooked Lake sequence, Alberta) is shown
in the inset. Seismic stations are marked by triangles. Circles indicate both the NRCan catalogue locations and
double-difference relocations. Stars denote the magnitude 4.4 and 4.6 events of 23 January 2015 and 13 June 2015,
respectively.

catalogue and cross-correlation traveltime differences, respectively. Cross-correlation traveltime differences
were calculated by requiring a cross-correlation coefficient of 0.7 or greater between event waveforms.

2.2. Stress Drop Estimation
We first use the spectral amplitude of single events to determine corner frequencies and long-period ampli-
tudes (section 2.2.1) and subsequently calculate earthquake moments. The corner frequency estimates
are then refined using a spectral ratio method (section 2.2.2). Finally, static stress drops are calculated by
combining the moment and corner frequency estimates from the above two steps.
2.2.1. Amplitude Spectra of Single Events
In order to determine the moments of individual events, we convert our waveforms into the frequency domain
and calculate the spectral amplitude using Thomson’s multitaper method [Thomson, 1982]. We fit the spec-
trum to the Brune [1970, 1971] model shown in equation (1), where Ω0 is the long-period spectral amplitude,
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f is the spectral frequency, fc is the spectral corner frequency, n is the high-frequency falloff rate, 𝛾 is a constant
that is commonly set to 2 [Boatwright, 1980], Q is the quality factor, and t is the traveltime,

Ω(f ) =
Ω0e

−𝜋ft
Q

[
1 +

(
f
fc

)𝛾n] 1
𝛾

. (1)

As in Abercrombie [1995], we alternate the free parameters in four different models and use the trust region
reflective least squares algorithm in MATLAB, finding that Ω0 does not vary considerably from one model to
another. We use the residuals to estimate 95% confidence intervals and conclude that the model best approx-
imates the data when we allow n, fc, and Ω0 to vary but constrain Q = 1000. The constant quality factor
has a negligible effect on the low-frequency limit of the amplitude spectrum. Robust Ω0 estimates are thus
obtained, from which we can calculate moments as follows:

M0 =
4𝜋𝜌c3RΩ0

U𝜙𝜃

, (2)

where density, 𝜌 = 2700 kg/m3, the P or S wave speed, c, is from our velocity model, the distance R from
the event is determined using the hypocenter relocations (or catalogue locations where relocations were dis-
carded), and the mean radiation pattern, U𝜙𝜃 , of 0.52 for P waves and 0.63 for S waves [Aki and Richards, 2002].
The resulting moment magnitudes Mw [Hanks and Kanamori, 1979] are compared to the local magnitudes
ML provided by the NRCan catalogue in Figure S1 in the supporting information. The two magnitude mea-
surements correlate along a line of slope of 1 with little scatter; however, our calculated Mw values for larger
events are slightly lower than the corresponding catalogue ML values (see supporting information). We cal-
culate the weighted means of our moment magnitudes across multiple stations for a given event and use the
propagated confidence intervals from the least squares fit as our error estimate.
2.2.2. Spectral Ratios and the EGF Method
Once we have determined the precise relocations and moments for each of the catalogued events, we then
use a spectral ratio method to constrain the corner frequencies precisely. For a given earthquake, its ground
motion (m) can be expressed as a convolution of source (s0), site (i), and path effects (p) using the empirical
Green’s function.

m(t) = s0(t) ∗ p(t) ∗ i(t). (3)

Using carefully selected colocated event pairs, the spectral ratio approach allows us to remove travel path,
site, and receiver effects (and consequently attenuation effects) in order to better constrain the source term
and subsequently the corner frequencies [e.g., Ide et al., 2003; Abercrombie and Rice, 2005]. In the frequency
domain, the ratio of the ground motion of the larger event (main event) to that of the smaller one (EGF event)
would theoretically form two plateaus, which transition at two corner frequencies. The lower corner frequency
(fc1) corresponds to the larger event and the higher one (fc2) to the smaller event. Events that rupture the
same patch of a fault will have similar waveforms and high cross-correlation coefficients. In order to keep only
event pairs that are colocated, we discard those with a cross-correlation coefficient lower than 0.7. We impose
a minimum magnitude difference of 0.3 between the two events in order to observe a discernible spectral
ratio with a resolvable difference in corner frequencies. If stress drop values between events in a colocated
pair are similar, one typically requires a larger magnitude difference. However, stress drops can vary over an
order of magnitude for a given moment, and source dimensions may vary accordingly. To account for such
differences in stress drop and retain the highest number of available event pairs, we therefore use a small
minimum magnitude difference and discard event pairs without a resolvable difference in corner frequencies
(and therefore similar source dimensions).

The signal-to-noise ratio (SNR) is evaluated at intervals of 1 Hz, and only the data from those intervals
with a SNR > 3 are used. A minimum bandwidth of 20 Hz is required over which the spectral ratio is fitted
using Brune’s [1970] model. In cases where the lower frequency plateau is partially missing but the data are
otherwise clean, we extend the low-frequency end of the spectrum using the mean of the first four points,
allowing the least squares algorithm to converge on a reasonable corner frequency estimate. In cases where
the corner frequency of the smaller event converges on the Nyquist frequency and had to be categorized
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Figure 2. The spectral ratio fits for a representative event pair. (a) The spectral amplitude and noise spectra of each event. (b) The spectral ratio and the model fit
with the final corner frequency estimates. (c and d) The waveforms in the time domain (note the similarity). (e) The variance (chi-square misfit) of incremented
values of fc1, each value is represented by a different color. (f ) The corresponding fits to the data at different fc1 increments. The same color convention is used
for the fits shown in this panel and for the variance in Figure 2e. The model is evaluated at each fc1 increment, and (g) the resulting Ωr , r, and fc2 values are
plotted against fc1.

as a minimum estimate, we retain only the fits of the larger event corner frequency (reflecting the bandwidth
limitations of the data, as addressed in Abercrombie [2015]).

In order to determine robust fits and quantify uncertainties, following an initial least squares fit, we take the
corner frequency of the larger event, fc1, and increment it by 0.2 Hz to 2 Hz before and after the original value.
We then fit the data again, keeping fc1 fixed at each increment, as in Viegas et al. [2010], Kane et al. [2011], and
Abercrombie [1995]. We calculate and plot the normalized variance, discarding pairs with variances that do
not form a parabola. We take the fc1 of minimum variance, calculated using chi-square misfit values, as our
final fc1 estimate, and compute a confidence interval by taking the width of the parabola where there is a 5%
increase in variance, as in Viegas et al. [2010]. Similarly, the model was evaluated at different values of fc2, and
a 5% confidence interval from the variance parabola was used to estimate the error on fc2. Figure 2 shows
a representative example of a robust spectral ratio fit. We visually inspect all spectral ratio fits and discard
unreasonable ones, such as in the absence of well-defined plateaus. We take the weighted mean of the corner
frequencies of each event using the confidence interval from the variance parabolas as the error estimate.

Using the moments from the single spectrum fits and corner frequencies from the spectral ratio fits, we
calculate the stress drop of each event using the expression for a penny-shaped crack [Eshelby, 1957],

Δ𝜎 = 7
16

M0

r3
. (4)
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Figure 3. (a) Three-dimensional plot of hypocenter relocations. Colors correspond to time, and black triangles show the
location of injection wells [Schultz et al., 2015a]. Vertical planes pass through the wells; seismicity is projected onto the
planes (b) A-A’ and (c) B-B’, illustrating the depth distribution onto these profiles. Injection occurred December 2013 and
May 2014 for CLW1, February 2014 for CLW2, and March 2014 for CLW3 [Schultz et al., 2015a].

The source radius, r, is obtained from the Madariaga [1976] circular source model,

r = k𝛽
fc

(5)

where 𝛽 is the shear wave velocity (we use 3220 m/s [Chen et al., 2015]) and k is 0.315 for P waves and 0.21
for S waves.

3. Results
3.1. Hypocenter Relocations
In total, we relocate 58 of the original 82 catalogued events (Figure 3). Hypocenter depths are shallow and do
not exceed 5 km, which justifies the choice of the velocity values mentioned in section 2. Horizontal errors
are on the order of 0.3 km, while depths are typically less well constrained, with errors on the order of 2 km. In
some cases the relocation did not converge on a single depth, and so the NRCan catalogue location was used
in the stress drop calculations. Event relocations are grouped into clusters, whose locations coincide with the
positions of the respective injection wells (Figure 3).

3.2. Stress Drop Values
We plot the corner frequency against moment (Figure 4) and note that the general trend of values follows the
theoretically predicted inverse relation between the two parameters for constant stress drop scaling, M0 ∝
f−3

c . The slope of the line that best fits the data is −0.115 for all data points and −0.387 for moments higher
than 5 × 1013 N m (above which there are no more poorly constrained fc2 values). When the stress drops are
plotted against moment, there is much scatter and no discernible trend at magnitudes lower than 5×1013 N m.
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Figure 4. (a) Station-averaged corner frequency versus station-averaged moment values. Blue versus red colors indicate whether the event is the larger (main) or
smaller (EGF) event of the spectral ratio pair. The blue line marks the Nyquist frequency and upper limit of the bandwidth of observation. Black dashed lines mark
lines of constant stress drop of P waves. (b) Station-averaged stress drops versus station-averaged moment values.

In general, stress drop estimates for all the events in this study range from 0.1 to 149 MPa, while at greater
magnitudes (M0 > 5×1013 N m) we observe constant stress drops that range from 11 to 93 MPa. Errors on the
stress drops are on the order of 1 to 5 MPa, a reflection of corner frequency errors ranging from 0.1 to 1 Hz.
A comparison of stress drop estimates with depths obtained from the relocations, as well as with distance
from the corresponding injection well, shows weak correlation with each parameter (Figures S2 and S3), as
correlation coefficients are 0.44 and 0.14, respectively.

4. Discussion
4.1. Relocations
The events forming a cluster around each injection well correspond to the same time period (Figure 3). By
comparing our relocations to the injection schedule from Schultz et al. [2015a], we qualitatively reach the same
conclusion of high temporal correlation between injection and seismicity for the 2014 events. The location
of events from 2015 in relation to their injection wells could not be investigated as the injection data are not
publicly accessible at the time of this study. Our relocations are generally shallower than those calculated by
Schultz et al. [2015a], perhaps because their velocity model is based on well logging information while ours
comes from a recent regional velocity inversion study [Chen et al., 2015]. Given that hydraulic fracturing occurs
at a depth of 3.4–3.5 km, the shallower hypocenters obtained here are suggestive of greater uncertainties
associated with our relocations (≈2 km vertical uncertainty).

Figure 3 indicates that for a given cluster associated with an individual well, events get progressively deeper
with time, presumably due to the diffusion of fluid from the injection site. The fine-scale lineations within each
cluster may result from earthquakes occurring on preexisting fault planes. Schultz et al. [2016] find high spatial
correlation between fossil reef structures and seismicity distribution in the WCSB, suggesting the existence of
near-basement faults. Similarities between event distribution and focal mechanism orientations would imply
the reactivation of preexisting faults by poroelastic stress changes.

4.2. Stress Drops
The calculated stress drops, 0.1 to 149 MPa, fall within the typical range observed for tectonic earthquakes,
albeit on the high end. These higher values are inconsistent with the prediction that induced seismic events
have lower stress drops than tectonic earthquakes of the same region [Hough, 2014]. Spectral ratio methods
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commonly correct for nonsource-related effects such as attenuation, the presence of which could otherwise
lead to underestimated corner frequency and stress drops [e.g., Ide et al., 2003]. As this study is one of the
first to estimate stress drops of induced events using spectral ratio methods, our results suggest that a
similar approach to the removal of attenuation effects could yield equally high stress drop values in other
induced sequences.

Although high, our stress drop values are not anomalous, even for smaller earthquakes; as seen in Figure 8 of
Kwiatek et al. [2011], a compilation of stress drop values from studies of both induced and natural earthquakes
shows values ranging between 10 and 100 MPa over the entire magnitude range (−4 < M < 4). Relatively
high stress drops seem to be characteristic of the WCSB. For example, Zhang et al. [2016] report a stress drop
range of 2 to 90 MPa for events of Mw > 3.5, similar to our range of 11 to 93 MPa. Our stress drop estimates
for the 13 June 2015 event agree with that of Wang et al. [2016], calculated by fitting the Brune model to
the pseudoacceleration spectral amplitudes; their estimate is 6 MPa, consistent within the error range of our
calculations (5.45 MPa ± 1.28 MPa). Quantifying the reasons for enhanced stress drops in the WCSB will be an
important subject for future studies of induced earthquake source processes.

The scatter of stress drops from events with seismic moments below 5× 1013 N m does not permit us to draw
any robust conclusion regarding stress drop scaling for smaller events (Figure 4). The unconstrained stress
drop values for events with high corner frequencies are artifacts of the lower SNR of events with smaller ampli-
tudes. Furthermore, the SNR becomes even poorer at higher frequencies. The corner frequencies of the EGF
events of the spectral ratio pairs (the red data points in Figure 4) have significantly larger uncertainties, due in
part to the minimization of fc1 errors at the expense of the fc2 estimates (see Figure 2g). Bandwidth limitations
introduce further bias [Ide and Beroza, 2001], as we could not calculate corner frequencies above 50 Hz. The
underestimation of corner frequencies at smaller magnitudes lowers stress drop estimates for smaller events.

Stress drops from events of moment greater than 5 × 1013 N m show no visible dependency on magnitude.
The slope of the line approximating the relation between the corner frequency and moment is very close to
the theoretically predicted value for constant stress drop scaling. We suspect that the events of the Crooked
Lake Sequence may be scale invariant at higher magnitudes, though we are limited by our observations, and
do not attempt to make robust claims about stress drop scaling.

Concerning the variation of the stress drop estimates with distance from the well, we observe no correlation
between stress drops and depth or distance from the well (Figures S2 and S3). We note that the lack of depth
or distance dependence contrasts the findings of Goertz-Allmann et al. [2011]. However, they considered
primarily events within 300 m of the injection point, while the majority of our events are recorded at greater
distances. Additionally, differences in lithology must be taken into account; the Basel geothermal site of the
Goertz-Allmann et al. [2011] study is based on crystalline rock, as opposed to the tight shale found near
Fox Creek.

In summary, the stress drop estimates obtained in this study do not conclusively differentiate these events
from tectonic earthquakes. This is especially true considering the error inherent in stress drop calculations,
due in part to its dependence on the corner frequency cubed. The relocation results are more indicative of
induced seismicity than the stress drop estimates.

5. Conclusion

Following the application of the spectral ratio method to robustly estimate spectral corner frequency values
for a series of induced earthquakes, we find that stress drop estimates are normal but higher than expected,
consistent with other regional studies, and range from 11 to 93 MPa within the Mw 3 to 4 range. The stress
drops are also scale invariant within this range, while at lower magnitudes noise and bandwidth limitations
introduce too much scatter to make definitive conclusions regarding scaling relations. Stress drop estimates
show no dependence on the depth or distance from the injection well. Our findings imply that neither
stress drop amplitude nor scaling are reliable metrics in distinguishing induced and tectonic earthquakes, as
stress drop range may be greatly affected by the regional setting. On the other hand, the double-difference
relocations, which group these events spatially into distinct clusters near known injection wells, may be a
more reliable indicator of induced seismicity than stress drop estimates.
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Erratum

The originally published version of this article contained typographical errors. The errors have since been cor-
rected and this version may be considered the authoritative version of record. In figure 2 caption, “(f ) The
corresponding fits to the data at different fc1 increments fit to the data”, was changed to “(f ) The correspond-
ing fits to the data at different fc1 increments”. In section 3.2, “fc2” was changed to “fc2”. In section 4.2, “5×1013

N m do show no visible dependency on magnitude”, was changed to “5×1013 N m show no visible dependency
on magnitude”.
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