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Abstract In this article, we analyzed the recent seismic activity in the northern
Montney Play of British Columbia in 2015 and its connection with fluid injection
(hydraulic fracturing and long-term injection of gas and wastewater disposal) in the
region. The earthquake sequence used in this study includes 676 events from 3 Oc-
tober 2014 to 31 December 2015 from the Progress Energy earthquake catalog with
moment magnitude as small as 1. Spatial and temporal correlation of seismic activity
with the fluid injection in the region revealed that these events are better correlated
with hydraulic fracturing (correlation coefficient of ∼0:17 at confidence level close to
99.7%, with a lag time between 0 and 2 days) than other types of injection. Using the
double-difference relocation technique, we obtained depth constraints for some of
the events for which supplementary, industry-provided waveforms were available. The
depths of these events range from 0.5 to 2.5 km and are mostly constrained above the
target zone where hydraulic fracturing was taking place. The best-fit moment tensor
solution for the event on 17 August 2015 gives a moment magnitude of 4.6 and a pre-
dominantly thrust mechanism in the northwest–southeast direction with a shallow focal
depth of 4 km. This is consistent with that obtained through double-difference relocation
for this event (1.3 km), given the depth uncertainty of the moment tensor inversion.

Electronic Supplement: Tables of injection volumes and seismicity parameters,
and figure of monthly distribution of seismic events and location of fluid injection
sites in the vicinity of the 17 August 2015 Mw 4.6 event.

Introduction

Earthquakes in the western Canadian sedimentary basin
associated with various anthropogenic activities such as hy-
drocarbon production (Wetmiller, 1986; Baranova et al.,
1999), water flooding (Horner et al., 1994), wastewater dis-
posal (Schultz et al., 2014), and hydraulic fracturing (Farah-
bod et al., 2015; Schultz, Mei, et al., 2015; Schultz, Stern,
et al., 2015) became a topic of focus in the provinces of
Alberta and British Columbia. After both the number and
size of induced earthquakes increased significantly in recent
years, regulations have been put in place to monitor and
control activities in certain areas where abnormal seismic
patterns were observed (see Data and Resources). It is im-
portant to study induced seismicity because an increase in
the number of events associated with oil and gas activity
can have a significant impact on the regional seismic-hazard
assessment, especially at sites close to the sources (Atkinson
et al., 2015). Moreover, larger induced events can have the

potential of generating ground motion that is above the
damage threshold, although this has not been observed in
Canada. The largest event to date that occurred in the vicinity
of oil and gas operations was the 17 August 2015 earthquake
with a moment magnitude (Mw) of 4.6 (see Data and Resour-
ces) in the northern Montney Play of British Columbia (NMP
BC) where multistage hydraulic fracturing and long-term
fluid injection have been taking place for decades (see Data
and Resources).

Unfortunately, the station density of regional seismo-
graph networks in the NMP BC is insufficient for near-field
(<50 km) ground-motion measurements despite the sig-
nificant improvement made through a joint effort by the
Natural Resources Canada (NRCan), the BC Oil and Gas
Commission, Geoscience BC, and the Canadian Associa-
tion of Petroleum Producers since 2013 (Babaie Mahani
et al., 2016). Meanwhile, private companies established
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their own seismograph networks for earthquake monitoring
near injection sites. At this moment, these private datasets
are not easily obtainable, and therefore their potential to im-
prove our understanding of induced seismicity has been
underdeveloped to date.

The goal of this article is to take advantage of two in-
dustry-provided datasets from broadband seismograph net-
works in the shale gas production areas, combined with the
available public data from regional networks, to investigate
the connection between seismic activity and fluid injection in
the NMP BC in 2015. We start by compiling seismicity and
injection catalogs for the area surrounding theMw 4.6 event.
We then analyze the spatial and temporal correlation of seis-
micity with fluid injection in the area, supplemented with
statistical correlation between injection and seismicity.
The hypocentral parameters of events with supplementary,
industry-provided waveforms are determined through double-
difference inversion to constrain the depth of the events,
relative source locations, and their proximity to a nearby
hydraulic fracturing completion pad. Finally, the focal mecha-
nism of the 17 August 2015Mw 4.6 earthquake is determined
through moment tensor inversion.

Seismicity in Northeast British Columbia

Seismic activity in northeast British Columbia (NE BC)
can be observed in clusters to the east of the Rocky Mountain
fold-and-thrust belt (RMFTB; Fig. 1). These clusters occur in
areas associated with fluid injection such as water flooding,
hydraulic fracturing, and wastewater disposal (Horner et al.,
1994; Babaie Mahani et al., 2016). Several events of mag-
nitude 4 and higher (stars in Fig. 1) occurred in the past. The
largest event to date occurred on 17 August 2015 in the NMP
BC with an Mw of 4.6. For more information on seismic ac-
tivity in NE BC, readers are referred to Babaie Mahani
et al. (2016).

Figure 1 shows seismicity in NE BC (55°–58° N, 120°–
125° W) from 1985 to 2016 as reported in the NRCan earth-
quake catalog. The black outline defines the Montney Play,
which is the gas-bearing formation that extends from central
Alberta to NE BC. The conventional sandstone and dolo-
stone reservoirs of the Montney Formation have been the tar-
get of oil and gas explorations since 1950s (see Data and
Resources). The unconventional siltstone resource of the
Montney Formation, however, remained undeveloped until
2005 when advances in horizontal drilling and multistage hy-
draulic fracturing made its economic development possible
(see Data and Resources). Thousands of wells have been
drilled in the region since the initiation of unconventional
development of oil and gas.

In addition to the regional seismograph network operated
by NRCan and its partners, we used data from two private
seismograph networks in the NMP BC (Fig. 1). The Progress
Energy network has been in operation since October 2014 to
monitor the relationship between local earthquakes and hy-
draulic fracturing, whereas the Canadian Natural Resources

Limited (CNRL) seismograph network was put in place in
March 2014 to monitor any events related to a nearby waste-
water disposal well (now decommissioned). Both Progress En-
ergy and CNRL stations were equipped with three-component
broadband sensors (nominal flat velocity response from 40 s to
50 Hz) and 24-bit digitizers (8 peak-to-peak voltage).

Figure 2 shows the cumulative number of seismic events
in Figure 1 for which the magnitude was 3 and higher. The
magnitude threshold of 3 was chosen because it is the mag-
nitude of completeness for the NRCan earthquake catalog for
this region for the time period of 1985–2013 (Babaie Mahani
et al., 2016). Since then, this value has been decreased by
1 unit of magnitude as a result of the installation of additional
seismographic stations in NE BC and western Alberta (Salas
et al., 2013; Salas and Walker, 2014). It is clear in Figure 2
that the number of M 3+ events increased by a factor of ∼3
from 33 in 2008 to 97 in 2015. Recent studies in NE BC
revealed that this increase appears to be specifically associ-
ated with the increase in the hydraulic fracturing operations
in the area (Atkinson et al., 2016).

Fluid Injection and Seismic Activity

In this study, we focus on a particular area in the NMP
BC where the 17 August 2015Mw 4.6 event occurred (black
box in Fig. 1). Within our study area, different types of fluid
injection operations have been taking place for decades. Fig-
ure 3 shows the monthly seismic activity and fluid injection
in this area in 2015. The surface location of hydraulic frac-
turing and long-term injection wells are labeled in numbers
and alphabets, respectively. There were 17 locations where
multistage hydraulic fracturing took place episodically dur-
ing 2015. Meanwhile, there are nine locations where waste-
water disposal and gas injection have been active in the past
5 years. In Figure 3, F, H, and I are the three wastewater
disposal wells that have been operating since 1999, 2013,
and 2002, respectively. Disposal well F has been injecting
water into the Mississippian Debolt Formation (limestone),
whereas wells H and I have been injecting water into the
Middle Triassic Halfway Formation (sandstone). The other
closely spaced wells (A, B, C, D, and E) and well G have
been injecting gas into the Cretaceous Gething and Bluesky
Formations (sandstone) since 1987 and 2012, respectively.
On the other hand, all of the multistage hydraulic fracturing
operations took place along horizontal wells into the Lower
Triassic Montney Formation (siltstone; see Data and Resour-
ces for more information on the sediment stratigraphy in NE
BC).Ⓔ Tables S1 and S2, available in the electronic supple-
ment to this article provide injection parameters for the lo-
cations shown in Figure 3.

The distribution of seismicity shown in Figure 3 is based
on the local earthquake catalog determined from the Progress
Energy seismograph network which includes 676 events
from 3 October 2014 to 31 December 2015 withMw as small
as 1. The epicentral uncertainty of this catalog is less than
1 and 1.3 km in east–west and north–south directions,
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respectively. On the other hand, the average epicentral uncer-
tainty in the NRCan catalog can be ∼2 km (and more in the
east–west direction) in this area (Babaie Mahani et al., 2016).
The depth uncertainty of these catalogs, however, is larger
(e.g., as large as 5 km for the Progress Energy catalog) and
not suitable for studying shallow induced events.

Another noticeable difference between the NRCan and
Progress Energy catalogs is the magnitude scale. Although
Mw is reported by Progress Energy, most events in the
NRcan catalog are given the local magnitude (ML), except
for a small number of relatively large events whose regional
moment tensor solutions can be inverted (Kao et al., 2012).
Babaie Mahani et al. (2016) compared the ML values re-
ported in the NRCan catalog to theMw values in the Progress
Energy catalog using similar datasets for NMP BC. A gen-
eral trend is that the NRCan local magnitude tends to be

higher than the Progress Energy moment magnitude, which
can be due to the different magnitude types and frequency
band used in the magnitude calculation, sensors and instru-
ments, site conditions, network geometry, and processing pro-
cedures of earthquake signals (Babaie Mahani et al., 2016).
For example, the 17 August 2015 event was given an Mw of
4.1 in the Progress Energy catalog, whereas anML of 4.5 was
given in the NRCan catalog. Ⓔ Table S3 provides seismicity
catalog used in this study.

Given the previously described concatenation between
input catalogs, we investigate the spatial and temporal rela-
tionship between fluid injection and seismicity in the study
area. From Figure 3, we can observe several characteristics in
seismicity during 2015 in this region. First, the seismicity
pattern is different before and after August. With the excep-
tion of the month of February, much of seismicity appears to

Figure 1. Seismicity in northeast British Columbia (NE BC) from 1985 to 2016 from the Natural Resources Canada (NRCan) earthquake
catalog (dots). The inset shows the region in North America. The triangles, solid squares, and diamonds show the location of the regional,
Progress Energy, and Canadian Natural Resources Limited seismographic stations, respectively. Stars show events with magnitude 4 and
higher. The black box shows our study area in Figure 3. The color version of this figure is available only in the electronic edition.
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be sporadic throughout the region before August. On the
other hand, after August 2015, we can see that seismicity is
clustered in the northwest–southeast direction, compatiblewith
the orientation of faults within the RMFTB (Thompson, 1989).
Moreover, the number of seismic events increased significantly
since August. Because the number of seismic stations in the
Progress Energy network remained the same (18 stations;
Fig. 1), the increase in the number of seismic events must be
due to the occurrence of events rather than increase in the net-
work capability to record more events.

Second, with the exception of the wastewater disposal
well F in February, seismicity appears to be better correlated
with the location of hydraulic fracturing wells than other
types of fluid injection. There are almost no seismic events
associated with the location of gas injection wells A–E, G,
and wastewater disposal wells H and I throughout the year
(Fig. 3). There are also clusters that show little spatial cor-
relation with the sites of fluid injection (e.g., cluster to the
southwest of disposal well F in March and cluster to the
south of hydraulic fracturing well 8 in November).

To better understand the relationship between seismicity
and fluid injection, we analyzed the volume of injected fluid
from wells shown in Figure 3. Figure 4 shows injection vol-
umes for hydraulic fracturing, wastewater disposal, and gas
injection wells in 2015. Among the injection wells A–I, the
higher injection volumes were from gas injection wells C
and D, which had monthly injection of up to ∼100;000 m3

(Fig. 4a). On the other hand, monthly injection volume from
disposal wells F and H reached to the maximum value of
only ∼3000 m3. Wells A, G, and I did not inject during
2015, therefore, are not shown in Figure 4a. Although injec-
tion volumes from hydraulic fracturing wells were less than
∼2300 m3 per stage (Fig. 4b), hundreds of stages were per-
formed along horizontal wells. For example, hydraulic frac-
turing well 10, which is associated with seismicity in August
and September (Fig. 3), had 132 stages from 11 August to
8 September and injected more than 160;000 m3 during
this period (Ⓔ Table S1). Before the occurrence of the
Mw 4.6 event on 17 August, this well had injected more than
65;000 m3 of fluid in only 6 days.

An interesting observation from Figures 4c and 5 is the
correlation of maximum magnitude and cumulative number
of seismic events with hydraulic fracturing. In Figure 4c, we
note a decrease in the daily maximum magnitude during time
intervals with less intensive hydraulic fracturing operations.
A similar trend can be observed in Figure 5, which shows the
cumulative number of events and hydraulic fracturing stages.
There is an apparent match between increase in the number
of hydraulic fracturing stages and increase in the number of
seismic events. There were two sharp increases in the number
of hydraulic fracturing stages, as can be seen in Figure 5. The
first increase happened on 11 November 2014 followed by
the second increase on 4 July 2015. Similarly, seismicity in-
creased steadily until 1 February 2015 when the first signifi-
cant increase in the number of seismic events is observed.
The second significant increase in the number of seismic
events occurred on 15 August 2015, two days before the oc-
currence of the Mw 4.6 event.

Based on the spatial and temporal correlation of seismic-
ity with fluid injection, along with the analysis of individual
and total volumes from each injection well, it is strongly sug-
gested that seismic activity in the NMP BC during 2015 was
more related to local hydraulic fracturing than other sources
of injection.

Statistical Correlation between Hydraulic Fracturing
and Seismicity

In the Fluid Injection and Seismic Activity section, we
showed that seismicity is preferentially located nearby hy-
draulic fracturing wells. To further investigate the correlation
between fluid injection from hydraulic fracturing and seismic-
ity in a more robust manner, we performed a statistical cross-
correlation test between earthquakes and hydraulic fracturing
operations (Telesca, 2010; Oprsal and Eisner, 2014). The re-
sults of this analysis (Fig. 6a) compare the earthquake catalog
time series (daily earthquake counts) with the reported daily
injection volumes for all hydraulic fracturing wells in the
study region. In Figure 6a, seismic activity and injection vol-
umes from hydraulic fracturing wells are shown since October

Figure 2. Cumulative number of seismic events with magnitude 3 and higher in the NE BC region (Fig. 1). A threefold increase in the
number of events has been observed since 2008.
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2014 to compare the background seismicity with the activity
in 2015. Seismicity within the three-month period before 2015
was comparable to the background activity during the period
in 2015 when less intensive hydraulic fracturing injection was
taking place (days 50–200 in Fig. 6a).Ⓔ Figure S1 shows the
location of seismicity and injection during the months of Oc-
tober, November, and December 2014.

To limit the impact of biases due to network detection
thresholds, our seismicity catalog was truncated based on a
magnitude of completeness that maximizes the likelihood
objective function. In brief, we sequentially truncated the
catalog using lower and lower magnitude of completeness
(Mc). For each Mc, we determined the seismic b-value (Aki,
1965; Shi and Bolt, 1982; Marzocchi and Sandri, 2003),

goodness of fit (R2), and the value of the likelihood function.
Mc was chosen as the one with the best fit to the b-value.
With this approach, the b-value was estimated to be
1:2� 0:08, with anMc of 1.3 and R2 of 0.889 (Fig. 6b). Our
results from the statistical cross-correlation test (Fig. 6c) in-
dicate a correlation coefficient of ∼0:17 between seismicity
and hydraulic fracturing with a confidence close to 99.7%
and a lag time between 0 and 2 days. This relatively low cor-
relation coefficient is probably due to the fact that some of
the seismic activity (Fig. 3 and Ⓔ Fig. S1) does not appear
to be associated with any of the injection wells (hydraulic
fracturing and long-term injection) in the area. In making
Figure 6, we used the entire catalogs of seismicity and hy-
draulic fracturing injection since October 2014 to the end of

Figure 3. Monthly distribution of seismic events (dots) and location of fluid injection sites in the vicinity of the 17 August 2015Mw 4.6
event (black box in Fig. 1) in 2015. The surface location of hydraulic fracturing and long-term injection wells are labeled by numbers (open
squares) and alphabet (open triangles and open circles), respectively. HF, hydraulic fracturing; WD, wastewater disposal. The color version of
this figure is available only in the electronic edition.
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2015. In other words, using seismicity associated with indi-
vidual hydraulic fracturing wells would probably result in a
correlation coefficient of more than ∼0:17. The lag time ob-
tained from Figure 6c seems to be different from the longer
lag times seen in Figure 5 in which the cumulative number of
stages and seismicity was compared. The reason behind this
discrepancy can be due to the inclusion of some of the well
data in the cross-correlation test that would lead to spurious
results, in the sense that hydraulic fracturing wells which are
still in the bounding study box (Fig. 3) can occur 30� km
away from earthquake clusters and with large lag times of
40–50 days (e.g., wells 1, 4, 5, 11, 16, and 17 in Fig. 3). The
poor temporal resolution of hydraulic fracturing parameters
(daily records), however, precludes the ability to confidently
determine the precise lag times between hydraulic fracturing
operations and associated seismicity.

The frequency–magnitude distribution and seismic
b-value can reveal important information regarding seismic-

ity from fluid injection. A decrease in the b-value with time
can be indicative of the increase in likelihood of larger mag-
nitude events. Here, we calculated the b-value from October
2014 to the end of 2015 for seismicity shown in Figure 3 and
Ⓔ Figure S1 (Fig. 7). To ensure the validity of our b-value
calculation, we used varying time windows with a constant
Mc of 1.3 in each bin (Fig. 6b). This resulted in 13 periods
with calculated b-values, and the results are shown in Fig-
ure 7. The errors in Figure 7 were obtained using the same
methodology as in Figure 6b. There seems to be a correlation
between b-values and injected fluid in each bin during 2015
because the lowest b-value was obtained during the periods
4, 5, and 6 (27 February 2015 to 22 August 2015), with the
peak of injection and the occurrence of Mw 4.6 event during
period 5 (∼320;000 m3 during 17 July 2015 to 22 August
2015). After these periods, we can see that the b-values cor-
related very well with the amount of injection, with the in-
crease in b-values during periods with low injection volumes.
Although Figure 7 can give insights into understanding the
relation between fluid injection and seismic events, higher
temporal resolution (e.g., hourly) for injection parameters
and denser seismicity catalogs (microseismicity) are needed
for more robust analysis of this kind.

Double-Difference Relocation of Earthquakes in
August and September

To ascertain the relative geometry of the event hypocen-
ters, we employed the double-difference relocation technique
(Waldhauser and Ellsworth, 2000; Waldhauser, 2001) for
some events for which both the regional and local industry-
provided waveforms in August and September of 2015
were available. First, events were relocated using conven-
tional methods (Pavlis et al., 2004) and a local velocity
model (Laske et al., 2013; Table 1). The addition of industry-

Figure 4. (a) Monthly injection volume at each wastewater dis-
posal (WD) and gas injection well (Gas) in 2015. (b) Daily injection
volume (per stage) at each hydraulic fracturing well (HF) in 2015.
(c) MaximumMw observed each day for the area shown in Figure 3.
The color version of this figure is available only in the electronic
edition.

Figure 5. Cumulative numbers of seismic events and hydraulic
fracturing stages. Sharp increase in seismicity correlates remarkably
well with the increase in hydraulic fracturing operations. The color
version of this figure is available only in the electronic edition.
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provided, broadband data is crucial to improve station cover-
age at local distance (∼5–50 km), which constrain events
within 0–5 km focal depth. Despite the inclusion of this local
data, focal depths remained fixed at 2 km during our conven-
tional relocations; a reasonable starting guess in light of the
stimulation depth from nearby hydraulic fracturing opera-

tions. This relocation provided an input catalog of 29 events
with up to 22 phase picks each for double-difference inver-
sion. In total, the phase arrival pairings of these events pro-
duced more than 2400 catalog and 500 waveform differential
lag times. To ensure the validity of our relocation results,
we performed 1000 bootstrap tests (Efron and Tibshirani,
1986), in which 10% of the catalog is randomly removed
before double-difference inversion was repeated. These
tests allowed us to more accurately determine hypocentral
parameters and their uncertainties through the statistical
distribution of test locations. After this procedure, 22 deter-
mined hypocenters were obtained (Fig. 8). Figure 8 shows
that these events are predominantly centered around theMw 4.6
earthquake which occurred at a distance of ∼1:5 km to the
southwest of the Progress Energy hydraulic fracturing injection
pad (well 10 in Fig. 3). Laterally, our relocations constrain
events to a subhorizontal planar geometry with an apparent area
of ∼21 km2.

Furthermore, to test the validity of our initial choice for
focal depth, we performed additional double-difference in-
versions with perturbed initial depth guesses. Initial guesses
of focal depth were chosen between 1 and 6 km. Overall, we

Figure 6. Hydraulic fracturing operations and local seismicity in the study area for the period October 2014 to the end of 2015. (a) Daily
counts of earthquakes and injection volume for all hydraulic fracturing wells (Fig. 3 andⒺ Fig. S1, available in the electronic supplement to
this article) are shown as solid bars and gray areas, respectively. (b) Maximum-likelihood fit (solid line) to the Gutenberg–Richter relationship
of local seismicity. Histogram and circles show the probability density function and cumulative density function of the Gutenberg–Richter
plot, respectively. Star shows Mw 4.6 (Mw 4.1 in the Progress Energy catalog used in making this figure) which was not considered in the
calculation of the b-value.Mc, magnitude of completeness; R2, goodness of fit. (c) Statistical cross-correlation test between the time series of
earthquakes and hydraulic fracturing operations in (a). Dashed lines mark the computed confidence intervals. The color version of this figure
is available only in the electronic edition.

Figure 7. Injection volume from hydraulic fracturing opera-
tions and seismic b-value from October 2014 to the end of 2015.
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found that the constraints on the centroid focal depth largely
mirror the input guess values as double-difference methods
often have problems determining absolute locations (Wald-
hauser and Ellsworth, 2000), which reduces our ability to
constrain depth with fidelity. However, we do note that in-
versions become increasingly unstable with initial guesses
below a focal depth of 2 km. Likely, this instability is a result
of poorer initial guesses. Assuming an initial focal depth of
2 km, focal depth inversions were found to be mainly above
the injection target depth, with the deepest events reaching a
depth of 2.5 km (Fig. 8b,c). However, given these hypocen-
tral uncertainties, we hesitate to further interpret the focal
depth determinations of these events. We note that high res-
olution datasets such as downhole microseismic ones would
be required to place better constraints on the true focal depth
of these events.

Moment Tensor Inversion of the Mw 4.6 Event

The 17 August 2015 Mw 4.6 earthquake is the largest
event that occurred in the NMP BC because the local shale
gas development began approximately a decade ago. The
NRCan first determined its ML as 4.5, based on amplitude
measurements at 15 Canadian National Seismograph Net-
work (CNSN) stations. A preliminary moment tensor solu-
tion with anMw of 4.6 was later obtained by inverting CNSN
waveforms recorded at regional distances. In this study, we
incorporated broadband waveform data from the local seis-
mographic stations into the moment tensor inversion for the
Mw 4.6 earthquake. The same velocity model used in pre-
vious moment tensor inversion for regional earthquakes in
western Canada as specified in Kao et al. (2012; Table 2)
was adopted. Both the observed and synthetic waveforms
were filtered at the 0.02–0.1 Hz frequency range using a

second-order Butterworth band-pass filter. Moment tensor
inversions usually involve deconvolution of the observed
data from the instrument response (Jost and Herrmann,
1989; Ekstrom et al., 2012). This process would often intro-
duce very large long-period noise when the size of the earth-
quake is smaller than M 6. This is particularly worse for the
horizontal components (radial and transverse). To effectively
eliminate this drawback, we decided to convolve the syn-
thetic waveforms (in ground displacement) for each station
with the corresponding instrument response first before they
are used to construct the inversion kernel. Using this approach,
wemanaged to use horizontal components from many stations
for the 17 August 2015 Mw 4.6 event, thus imposing more
constraint to the inversion results. In some cases, the extra con-
straint from these additional waveforms makes it impossible to
find an acceptable solution at some depths. This is in sharp
contrast to a broad misfit curve without good depth resolution.
In other words, the added capacity in our inversion to use more
waveform data has significantly improved the resolution of the
inversion results.

The inversion was repeated for a �12-km range around
the initially reported focal depth, and the best solution was
determined by choosing the one with the lowest overall mis-
fit. The results of the moment tensor inversion are shown in
Figure 9. The best solution corresponds to a thrust mecha-
nism with northwest–southeast nodal planes. The focal depth
for this solution is 4 km, which is deeper than the value ob-
tained through double-difference relocation (1.3 km). The
2.7 km difference between depth estimations for the Mw 4.6
event shows that determining the absolute depth can be
highly dependent on the assumptions made during the calcu-
lation of depth, including velocity models, initial guess of
depth, etc. Our Mw value (4.55) is slightly smaller than that
of the preliminary NRCan moment tensor solution. Given the

Figure 8. Results of the double-difference inversion. Solid circles are the double-difference earthquake relocations. Hypocentral location
of the 17 August 2015Mw 4.6 event is denoted by a star. Error bars at each earthquake location mark the 95% confidence interval. Lines show
the location and geometry of hydraulic fracturing wells at one of the Progress Energy pads (well 10 in Fig. 3), with the bold line being the
well, which had perforation dates contemporaneous with the Mw 4.6 event. (a) Top-down map view; (b) southwest–northeast cross section;
and (c) northwest–southeast cross section. The bold horizontal line marks the depth to basement. The color version of this figure is available
only in the electronic edition.
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possible uncertainty due to different datasets used in the two
solutions, however, such a small difference is negligible.

The focal mechanism of the Mw 4.6 event shows little
non-double-couple components (isotropic and compensated
linear vector dipole). The orientation of P and T axes is con-
sistent with the orientation of the maximum horizontal stress
in this area, indicative of a compressional regime (Heidbach

et al., 2010). Similar thrust mechanisms were obtained for
events in Alberta close to the RMFTB (Wetmiller, 1986; Bar-
anova et al., 1999), but events further from the deformation
front show different mechanisms with more strike-slip and
normal-faulting components (Eaton and Babaie Mahani,
2015; Wang et al., 2015; Zhang et al., 2016).

Discussion

In this study, we investigated the relationship between
seismicity and several types of fluid injection operations:
short-term, high-volume hydraulic fracturing, long-term,
low-volume wastewater disposal, and long-term high-
volume gas injection. Our purpose was to understand the oc-
currence of seismicity with regard to each of these injection
sources, specifically their relationship to the occurrence of
larger magnitude events such as the Mw 4.6 on 17 August
2015, which was found to be strongly correlated in space
and time with the hydraulic fracturing operations than other
types of injection.

Although our investigation of the spatiotemporal corre-
lation between injection and seismicity was focused only for
2015, we note that disposal wells in the area have been op-
erating for decades. The geographically widespread effect of
long-term wastewater disposal has been the main conclusion
of the observed induced seismicity for events as large as
Mw 5.6 in the United States (Keranen et al., 2013; Rubinstein
and Babaie Mahani, 2015). In contrast to the short-term
injection from hydraulic fracturing operations, decades of in-
jection for wastewater disposal expand the affected overpres-
sured area, making it more likely to intercept faults at larger
distances from the injection point (Keranen et al., 2014).
However, the injected volume from disposal wells in our
study area is very low compared to those in the United States,

Table 2
Velocity Model Used in Moment Tensor Inversion

Thickness (km) VP (km=s) VS (km=s) ρ (g=cm3) QP QS

1 4.8 2.8 1.8 500 250
2 5.5 3.2 2.2 500 250
5 6.1 3.5 2.3 500 250
17 6.2 3.6 2.7 500 250
8 6.5 3.7 2.9 500 250

120 8.1 4.7 3.0 500 250

Figure 9. Moment tensor inversion for the Mw 4.6 event on 17
August 2015. A summary of source parameters, map of the epicenter,
and themisfit versus depth plot are shown at the top. Epicenter location
is from the NRCan catalog. Focal mechanism is plotted in lower-hemi-
sphere projection with darkened quadrants showing compressional
(up) first motions. In the lower panel, synthetic and observed seismo-
grams at each station component used in this inversion are plotted as
dashed and solid lines, respectively. V, R, and T, correspond to the
vertical, radial, and transverse components, respectively.

Table 1
Velocity Model Used in Double-Difference Relocations

(Laske et al., 2013)

Depth (km) VP (km=s)

0.0 4.6
3.0 6.3
19.4 6.6
33.8 7.0
42.0 8.1
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which have been associated with the increase in the occur-
rence of seismic activity. The highest-volume wastewater
disposal well in our study area is well F, ∼10 km in the
northeast of theMw 4.6 event, which has been injecting since
1999 with maximum monthly volume of ∼2200 m3, reach-
ing a total volume of only more than 200;000 m3 in 16 years
(Ⓔ Table S2). In contrast, the largest disposal well in south-
east Oklahoma City, associated with the increase in the rate
of seismicity in the region, injected up to 1.6 million barrels
of fluid (∼250;000 m3) per month during 2004–2012 (Ker-
anen et al., 2014), which is ∼114 times higher than the
monthly injection volume from disposal well F in Figure 3.
This difference in the injection volumes is also observed at
other disposal wells in western Canada (Schultz et al., 2014)
and should be taken into account when addressing induced
seismicity in the United States and Canada, especially with
regard to larger magnitude events. Unfortunately, the sparsely
covered regional seismograph network in NMP BC prevents a
long-term correlation of seismicity with injection in this area,
especially before 2013 when there were only two broadband
stations in the entire NE BC region.

Conclusion

In this study, we analyzed the relation between fluid in-
jection and seismic activity in the northern Montney Play of
British Columbia in 2015. We used an industry-provided
seismicity catalog including 676 events from 3 October 2014
to 31 December 2015, with moment magnitudes as small as
1. Based on the spatial and temporal correlation of seismic
activity with fluid injection in the region and higher injection
volumes from hydraulic fracturing operations than disposal
wells, we found that the occurrence of local events is better
correlated with hydraulic fracturing operations. Using the
double-difference relocation technique, we obtained hypo-
central constraints for events in August and September. Focal
depths of the studied events are located mainly above the
injection target zone, ranging from 0.5 to 2.5 km. The 17
August 2015 earthquake had a moment magnitude of 4.6,
with its epicenter located at a distance of ∼1:5 km to the
southwest of a hydraulic fracturing pad operated by Progress
Energy. Results of the moment tensor inversion of this event
revealed a thrust focal mechanism on nodal planes striking
northwest–southeast. This solution is compatible with the ori-
entation and mechanism of pre-existing faults in the Rocky
Mountain fold-and-thrust belt.

Data and Resources

Information on the 17 August 2015 earthquake was ob-
tained from the Natural Resources Canada (NRCan) earthquake
catalog and can be seen at http://earthquakescanada.nrcan.gc.
ca/ (last accessed December 2016). Information on the sedi-
ment stratigraphy in northeast British Columbia can be ob-
tained from http://www2.gov.bc.ca/gov/content/industry/
natural-gas-oil/petroleum-geoscience/sedimentary-basins-

of-bc/northeastern-bc-basin (last accessed December 2016).
The Alberta Energy Regulator subsurface order number 2
can be obtained from https://aer.ca/documents/orders/
subsurface-orders/SO2.pdf (last accessed December 2016).
Analysis of seismicity in the Montney Trend can be seen
at https://www.bcogc.ca/node/12291/download (last ac-
cessed December 2016). The Montney Formation Play
Atlas northeast British Columbia (NE BC) can be obtained
from http://www.bcogc.ca/node/8131/download (last ac-
cessed December 2016). Report on the Ultimate Potential
for Unconventional Petroleum from the Montney Formation
of British Columbia and Alberta is available at https://www.
neb-one.gc.ca/nrg/sttstc/ntrlgs/rprt/ltmtptntlmntnyfrmtn2013/
ltmtptntlmntnyfrmtn2013-eng.pdf (last accessed Decem-
ber 2016).
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