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Introduction

The Western Canada Sedimentary Basin (WCSB) has ex-
perienced a significant increase in both the number and
magnitude of earthquakes in the past decade due to fluid in-
jection associated with hydraulic fracturing operations
(Schultz et al., 2014; Rubinstein and Babaie Mahani, 2015;
Atkinson etal., 2016; Bao and Eaton, 2016; Babaie Mahani
et al., 2017; Kao et al., 2018). As a result, continuous im-
provements in earthquake detection have been made within
the unconventional resources of the Montney and Duver-
nay formations, in northeastern British Columbia (BC) and
western Alberta, through densification of seismographic
networks (Salas et al., 2013; Salas and Walker, 2014;
Schultz et al., 2015; Babaie Mahani et al., 2016). The addi-
tion of new seismographic stations, at close distances from
injection sites, have provided the required data for detailed
analysis of seismic activity, especially with regard to small-
magnitude earthquakes (as low as 1.5) for which sufficient
data had not been available.

The source mechanisms of induced earthquakes in the
WCSB have been analyzed by several researchers using
moment tensor inversion and P-wave first motions (Eaton
and Babaie Mahani, 2015; Wang et al., 2016, 2017, 2018;
Zhang et al., 2016). Overall, focal mechanisms show a
combination of strike-slip and reverse faulting for the
events occurring within the Montney and Duvernay forma-
tions and along the Rocky Mountain fold and thrust belt
(RMFTB) in northeastern BC and western Alberta (Ristau
et al., 2007; Babaie Mahani et al., 2017; Kao et al., 2018;
Zhang et al., 2019).

In this study, data from local and regional seismographic
stations were used to obtain focal mechanisms and parame-
ters of the stress field for 66 earthquakes, which occurred
between April 2018 and May 2019, in the southern Mont-
ney unconventional play of northeastern BC. These events
occurred in an area to the south of Fort St. John and north of
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Dawson Creek, where multistage hydraulic fracturing op-
erations have been conducted for several years (Figure 1;
Babaie Mahani et al., 2016; Babaie Mahani and Kao,
2018). Residents in the area have felt events with small
magnitudes (M) ranging from 1 to 2. Moreover, large peak
ground accelerations (PGA) have been recorded at close
hypocentral distances (<5 km) from events as small as M 3
(e.g., PGA of >0.1 g with 1 g = 9.8 m/s*; Atkinson and
Assatourians, 2017; Babaie Mahani and Kao, 2018).

Tectonic Setting

The main tectonic structure in the study area is the Fort St.
John graben (FSJG), which is the predominant graben in
the Dawson Creek graben complex. The FSJG was formed
during the Carboniferous—Permian period by localized
subsidence of the Peace River arch. The Golata, Kiskati-
naw and Taylor Flat formations, of the Stoddart Group, suc-
cessively infilled FSJG, all of them overlying the Debolt
Formation. This succession was later overlain with the
Permian Belloy and Triassic Montney, Doig, Halfway,
Charlie Lake and Baldonnel formations (O’Connell, 1994;
Petrel Robertson Consulting Inc., 2015).

Although grabens are associated with normal faulting, the
subsidence of the Peace River arch and the formation of
FSJG were coupled with strike-slip motion and related
compressional and rotational movement during the gra-
ben’s development (Barclay etal., 1990). The complex tec-
tonic history of FSJG, including the Laramide orogenic
phase, resulted in development of normal, strike-slip and
reverse faults, which influenced the Carboniferous Debolt
to the Triassic Doig formations (Berger et al., 2009; Dixon,
2011; Petrel Robertson Consulting Inc., 2015; Davies etal.,
2018).

Dataset

Due to the increase in seismicity rate and occurrence of sev-
eral felt events, the BC Oil and Gas Commission (BCOGC)
implemented requirements for ground-motion monitoring
based on PGA. The initial PGA reporting threshold of
0.02 g introduced in June 2016 was refined to 0.008 g in
January 2018. In May 2018, BCOGC instituted the Kiskati-
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Figure 1. a) The Montney unconventional play (outlined with black dashed line) in northeastern British Columbia. Background image from
Linquist etal. (2004) shows the topography. The study area is outlined with a solid blue line. The red line shows the outline of the Kiskatinaw
Seismic Monitoring and Mitigation Area. Black solid squares indicate the major cities (FSJ, Fort St. John; DC, Dawson Creek). Earthquakes
and seismographic stations are shown with circles and triangles, respectively. Inset map shows the geographic location of the study area
with respect to western Canada. b) Study area with the areas of the five clusters outlined with solid black lines. Solid green lines show the
normal faults associated with the Dawson Creek graben complex (from Davies et al., 2018). Triangles on fault lines depict the hanging wall.

naw Seismic Monitoring and Mitigation Area (KSMMA;
Figure 1). Permit holders operating within KSMMA must
report to BCOGC any felt event or ground motion equal to
or above the assigned threshold in the form of a catalogue
containing event parameters such as location, magnitude
and ground motion values. Moreover, waveforms from
seismographic stations that recorded the higher-than-
threshold PGA must be submitted to BCOGC, which are
made available to the public via BCOGC'’s eLibrary. Most
of the events analyzed in this study are small in magnitude
(M <2), therefore were only clearly recorded by local seis-
mographic stations within 20 to 30 km of the epicentres.
The largest event is the November 30, 2018, hydraulic frac-
turing—induced earthquake with moment magnitude of4.6.

Although focal depths reported in earthquake catalogues
are usually associated with large uncertainties, induced
events within KSMMA mostly have depths in the range of 3
to 4 km, located within the lower Montney, Belloy and
Debolt formations (Babaie Mahani and Kao, 2018). Fig-
ure 1 shows the distribution of 66 events for which focal
mechanisms were obtained and the location of seismo-
graphic stations used in this study. These events were
grouped into five clusters (0 to 4) based on the proximity of
their locations.

14

Focal Mechanisms

In this study, focal mechanisms were obtained from the P-
wave first motions using the vertical components of wave-
forms that were filtered by a 4th order Butterworth band-
pass filter with corner frequencies of 1 and 3 Hz. The 1 Hz
high-pass corner frequency was chosen to eliminate promi-
nent long-period trends observed on the majority of
seismograms, whereas the 3 Hz low-pass corner frequency
was selected to obtain relatively simple waveforms suitable
for phase picking. For the purpose of this study, the velocity
model and the methodology described by Eaton and Babaie
Mabhani (2015) were followed to determine focal mecha-
nisms. Near the surface, the velocity model incorporates
two sedimentary layers totalling 4.5 km in thickness under-
lain by a 35 km thick crystalized basement. The crystalized
basement is characterized by a linear velocity gradient with
V=6 km/sec and gradient k =0.0229 sec™'. Takeoff angles
were determined using this velocity model and ray-tracing
results (Eaton and Babaie Mahani, 2015). For all of the so-
Iutions obtained here, a source depth of 5 km was assumed,
which is situated 500 m below the base of the sedimentary
basin. Although, based on the information provided from
some hydraulic fracturing wells, depth to the basement can
be less than 4.5 km in this area. Figure 2 shows that the

Geoscience BC Summary of Activities 2019: Energy and Water



S

Géoscience BC

100 , , : —
80 | .
15 60£lllllllll
5 I ]
O
P40 | M Strike R
< 1 Dip ]
ch 20 + ® Rake N
| o © o o o @ 6 0 O
Og ]
-2 1 L | L | | | |
: 2 4 6 8 10
Depth (km)

Figure 2. The effect of different depth assumptions on the results of
the best-fit solution of focal mechanisms.

solutions are relatively insensitive to focal depth within a
focal depth range of 2 to 10 km.

To ensure the reliability of focal mechanisms, only events
with at least 10 P-wave polarities were considered. Follow-
ing this criterion, focal mechanisms for 66 earthquakes
were obtained. For each event, the parameters of the best
fitting plane were calculated from the average and standard
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deviation of strike, dip and rake values of the trial focal
mechanisms with the minimum associated error (Eaton and
Babaie Mahani, 2015).

Overall, fault plane solutions show that the prevailing
mechanism in all clusters (Figure 1b) is strike-slip with
strike of the best fitting plane mostly ~60° in clusters 0, 1
and 2. For clusters 3 and 4, however, there is a wider range
of strike directions. Moreover, dip angles of the best fitting
plane are >20° with most planes having dip angles >60°. As
an example, Figure 3 shows the focal mechanisms in cluster
1, which includes more earthquakes than the other clusters.
In Figure 4, the compression (P) and extension (T) axes are
shown for the focal mechanisms in each cluster based on
the best fitting nodal plane. Although there is scatter in data
points, the P and T axes mostly have low plunges with the
trends of northeast-southwest and northwest-southeast, re-
spectively. Similar results were obtained using the auxil-
iary nodal plane. The trends of the P and T axes are consis-
tent with other studies for earthquakes in the WCSB and
along the RMFTB (Ristau et al., 2007).

Stress Tensor Inversion

Focal mechanisms determined from the P-wave first mo-
tions or moment tensor inversion can be used to invert the
stress tensor of a regional stress field (Michael, 1987). An
important factor in stress inversion is to decide which nodal
plane is the actual causative fault. Aftershock distribution
or robust constraint on earthquake locations are usually
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Figure 3. Focal mechanisms derived from P-wave first motions for events in cluster 1 (Figure 1b). The three lines in the upper left corner
show the orientation of maximum horizontal stress from the World Stress Map (grey solid line; Heidbach et al., 2016) and from stress inver-
sion results of this study using the best fitting (red dashed line) and auxiliary (solid black line) planes. Polar diagrams show the dip and strike

distributions for the best fitting (black) and auxiliary (grey) nodal planes.

Dark grey shows overlapping values. Squares show the location of

the surface hole of the hydraulic fracturing wells in the area with black solid lines showing the surface projection of the horizontal extent of

these wells.
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Figure 4. Orientation of the compression (P) and extension (T) axes for all the events in
each cluster (Figure 1b). Results are shown for the best fitting nodal plane of the focal

mechanisms.

good sources of information for this purpose. In this study,
however, most events are small and there are statistically
not enough events to unambiguously identify the fault ori-
entation in each cluster. Here, the stress inversion is applied
for both nodal planes and the results are compared with val-
ues from the World Stress Map (WSM; Heidbach et al.,
2016).

Usually four parameters are calculated for the stress field
using focal mechanisms; the orientation of three principal
compressive stresses (S;>S,>S;) and a relative measure of
the magnitude of the intermediate principal stress (R;
Etchecopar et al., 1981; Gephart and Forsyth, 1984; Lund
and Townend, 2007) as

R=(S1—Sz)/(S1—S3) (1)

The relative stress magnitude (R) quantifies whether the
magnitude of the intermediate (S,) principal stress is closer
to the magnitude of the most (S;) compressive principal
stress or the least (S;) compressive principal stress. Where-
as small values of R imply that S; and S, are close in magni-
tude, large values of R imply that S; and S; have similar
magnitudes.

Martinez-Garzon et al. (2014) provided a MATLAB pack-
age for stress inversion from earthquake focal mechanisms.
Their inversion provides the orientation of S, S, and S; and
R, thus suitable for the purpose of this study. Using the fo-
cal mechanism parameters (dip direction, dip and rake) in
each cluster, stress inversion was applied in each cluster.
Table 1 shows the trend and plunge of the best solutions for
the three principal stresses and R in each cluster using both

Table 1. Results of stress inversion for each cluster based on the Martinez-Garzon et al. (2014) in-
version module using both the best fitting (in bold) and the auxiliary nodal planes of focal mecha-
nisms. The three principal compressive stresses are Sy, S, and Sz and the relative stress magni-
tude is R. The trend of maximum horizontal stress (Sumax) is based on the relationships provided in
Lund and Townend (2007). Trends are clockwise from north.

Trend S; Plunge S; Trend S, Plunge S, Trend S; Plunge S; SHmax
ClusterlD () ) ) ) ) ) R @
0 33 3 310 68 122 22 0.8 32
1 34 2 307 56 122 33 0.8 33
2 26 3 290 63 118 27 0.6 30
3 21 1 289 56 112 34 0.8 22
4 22 2 290 40 115 50 0.9 22
0 21 7 179 82 291 3 0.8 18
1 19 7 186 83 289 2 0.6 15
2 13 13 181 77 283 3 0.6 10
3 14 9 179 81 284 2 0.7 11
4 15 12 141 69 282 16 0.6 5
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the best fitting and auxiliary nodal planes of focal mecha-
nisms.

The best solution for S; has an average plunge of 2° and an
average trend of 27° over all clusters using the best fitting
nodal planes. On the other hand, average values of 10° and
17° were obtained for the plunge and trend of S, for the aux-
iliary nodal planes. The plunge of the best solution for Ss is
quite different between using the best fitting and the auxil-
iary planes of focal mechanisms. S; increases from 22° to
50° from cluster 0 to 4 with an average trend of 118° over all
clusters when using the best fitting nodal plane. On the
other hand, S; remains fairly horizontal for clusters 0, 1, 2
and 3 and increases to 16° in cluster 4 with an average trend
of 286° using the auxiliary plane. As expected, the plunge
of S, follows the opposite direction to S; and decreases
from cluster 0 to 4 but remains closer to vertical for the case
when the auxiliary plane was used in the stress tensor
inversion.

Although, prior to stress inversion, the actual causative
fault was not clear, the results from stress inversion are con-
sistent between the best fitting and auxiliary nodal planes
suggesting a major strike-slip component and a minor re-
verse mechanism for the earthquakes in this area. This can
also be observed from the relative stress magnitude (R) in
Table 1, suggesting a strike-slip/reverse faulting regime.
Since S; and S; are not perfectly horizontal and S, is not
vertical, the trend of S; is not exactly the same as the maxi-
mum horizontal stress (Symay). In Table 1, the trend of Symax
is shown using the relationships provided by Lund and
Townend (2007). In Figure 3, the trend of Sy« is plotted
and compared with the value from WSM, which is from
two borehole breakout measurements in the study area. The
trend of Syma from the best fitting nodal plane is close to
the average trend value of 41° from WSM (Heidbach et al.,
2016). The trend in the study area varies from 22° to 33° for
the best fitting nodal plane and varies from 5° to 18° for the
auxiliary nodal plane.

Conclusion

Focal mechanisms for several induced earthquakes caused
by hydraulic fracturing within the Montney unconven-
tional play of northeastern British Columbia were deter-
mined for this study. Using the polarities of the first P-wave
motion, focal mechanisms for 66 events, for which there
were at least 10 recordings each, were obtained. Magni-
tudes of these events were between 1.5 and 4.6 and were
distributed in five clusters based on the proximity of epi-
centres. Results show that strike-slip movement is the pre-
vailing source mechanism for the events in this area, al-
though reverse faulting was also observed for a few
earthquakes. The best fitting nodal plane mostly strikes at
~60° with most events having dip angles of >60°. For each
cluster, the orientation of the three principal compressive
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stresses (S;>S,>S;) and the relative intermediate principal
stress magnitude (R) were calculated. Assuming the best
fitting nodal plane to be the causative fault, the plunge of S,
varies between 1°to 3° with its trend varying between 21° to
34° across the clusters. On the other hand, the plunge of S5
varies between 22° and 50° with its trend varying between
112° and 122°. The relative stress magnitude shows values
between 0.6 and 0.9 suggesting that the magnitude of the
intermediate (S,) and the least compressive stress (S;) are
similar, which is consistent with a strike-slip/reverse fault-
ing regime. The trend of maximum horizontal stress (Symax)
was estimated from the four parameters (Sy, S,, Sz, R) ob-
tained during stress inversion. The trend of Sy, varies
from 22° to 33°, using the best fitting nodal plane, which is
slightly lower than the average trend of Syy.x from the
World Stress Map (41°).
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