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Seismicity associated with hydraulic fracturing operations: 
The influence of complex and competing stress regimes
Rebecca O. Salvage and David W. Eaton 
Department of Geosciences, University of Calgary 

Summary  

On 30 November 2018, three felt (>ML 3.4) earthquakes occurred within the Septimus region of 
the Montney, which have been attributed to hydraulic fracturing operations. Over 500 events 
were detected over a 2-week period surrounding the mainshock. All of the events were tightly 
clustered, both spatially and in depth, and appear to be related to a southern boundary fault of 
the Fort St. John Graben (FSJG). Stress inversion of a number of focal mechanisms suggests 
that the maximum principal stress is well constrained and almost horizontal, however the 
intermediate- and minimum- principal stresses are poorly constrained between the vertical and 
minimum horizontal stress. This results in a variety of focal mechanisms from the detected 
seismicity and suggests a high complexity in the local stress regime, explained by the influence 
of both the Rocky Mountain fold and thrust belt in the north-west, and the FSJG in the south-
east. 

Theory / Method / Workflow 

Seismicity was detected using a local network of 18 three-component seismometers from 27 
November to 12 December 2018 using a simple amplitude ratio algorithm (REDPy, Hotovec-
Ellis and Jeffries, 2016), followed by a template matching technique to further enhance the 
catalogue (EQcorrscan, Chamberlain et al., 2017). Using this combined methodology, we 
identified a total of 594 events from the continuous seismic record over the 15 days of analysis. 

Careful manual phase picking was undertaken of 64 template events (those that were identified 
by an amplitude ratio threshold and therefore had high signal-to-noise). All other events were 
phase picked automatically using a cross correlation methodology, in which the pick on the new 
event is defined as the point of maximum correlation with the pick in the template event. 
Hypocenter locations were then determined using NonLinLoc (Lomax et al., 2000, 2009). Two 
1-D velocity models were tested: 1) A 6 layer model used by NRCan to locate seismicity on a
regional scale, and 2) a 20 layer model generated from well-log derived P and S wave velocities
for the upper 5 km of the crust, smoothed using a median running filter. The well was located
approximately 15 km away from the mainshock event. More refined re-locations were gained
using HypoDD, which relocates hypocenters based on a double difference algorithm
(Waldhauser and Ellsworth, 2000).

Nanometrics performed Moment Tensor Inversions of ten events (including the mainshock and 
felt aftershocks). Stress inversion of the ten events was carried out using the STRESSINVERSE 
algorithm (Vavrycuk, 2014) by Suzie Q. Jia (University of Calgary). Using the calculated 
stresses as input, as well as values from literature, the Fault Slip Potential (FSP) of the southern 
boundary fault of the FSJG was calculated using the FSP code from Stanford University. FSP is 
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a method to quantify the probability of inducing slip on a known fault in response to pore fluid 
pressure changes, based on a Mohr-Coulomb slip criterion.  

Fig. 1: a) Temporal evolution of seismicity identified from the continuous data using amplitude ratios and template 
matching. The red vertical line is the timing of the mainshock; green vertical lines are the felt aftershocks. The mainshock 
and 2 felt aftershock values have been removed from the RMS amplitude panel. b) Amplitude and frequency content of 
events occurring in a window of ~30 minutes, ~16 hours after the mainshock (largest peak in a). 

Results, Observations, Conclusions 

The mainshock was shallow (upper 5 km of the crust) and occurred very close to the southern 
boundary fault of the FSJG. Aftershocks occurred within a tight spatial cluster around the 
mainshock, with similar depths. Approximately 16 hours after the mainshock, a sudden increase 
in the number of events was observed over a ~30 minute period. These events had significantly 
higher RMS amplitudes than the rest of those in the aftershock sequence and contained larger 
proportions of low frequency energy (Fig. 1a). Furthermore, a complex decay pattern in the 
aftershock events (amplitudes) was observed following this heightened activity (Fig. 1b). 

Hypocenters are tightly clustered around the southern boundary fault of the FSJG and are also 
tightly clustered in depth (potentially into a semi-planar structure), independent of the velocity 
model chosen in the upper 5 km of the crust. Fault plane solutions indicate a variety of source 
mechanisms, including strike-slip, oblique-slip and thrust faulting (Figure 2). The mainshock is 
represented by oblique reverse faulting (potentially thrust faulting, dependent upon the 
slip/nodal plane). The two main aftershocks show similar mechanisms, both suggestive of 
reverse slip motion, however the amount of oblique slip in all three cases varies significantly. In 
particular towards the west, we see a number of events dominated by thrust-type mechanisms, 
with more strike-slip and oblique reverse faulting occurring in the east. Our results are in 
agreement with Amini and Eberhardt (2019), who have suggested that induced seismicity within 
the Montney play is dominated by a thrust faulting stress regime. They also suggest that this 
regime is more likely to produce higher magnitude events (such as the ML 4.5 event) than 
purely strike-slip regimes.  
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The maximum principal stress direction (sigma 1) is well-constrained and almost horizontal in a 
NNE-SSW direction. The SHmax direction was calculated as 32.7º. This is slightly rotated from, 
but still in fair agreement with, the World Stress Map in this area (Heidbach et al., 2016), where 
borehole breakouts suggest that SHmax direction is in the NE-SW direction at ~45º. The 
minimum principal stress direction (sigma 3) is also very close to horizontal and the intermediate 
principal stress direction (sigma 2) is almost vertical, suggesting a dominantly strike-slip regime. 
However, sigma 2 and sigma 3 are poorly constrained, with synonymous confidence values. 
This suggests that small changes in stress can result in the reversal of sigma 2 and sigma 3, 
leading to the diversity in the slip mechanisms observed. 

Fig. 2: Focal mechanisms for 10 earthquakes provided by Nanometrics, scaled relative to magnitude. Seismicity = black 
dots; sensors = red triangles; wells with DFIT data = pink; Southern boundary fault is coloured according to FSP (red = 
high potential, green = low potential).  

The FSP of the southern boundary fault of the FSJG in this study area was carried out by Jieyu 
Zhang (University of Alberta), and the results are shown in Figure 2. Fault segments that are red 
have the greatest potential for slip; those coloured green have the least potential. We note that 
the fault segment most likely associated with the generated seismicity has a relatively high 
potential for slip (coloured yellow-red). These results suggest that distinct parts of the southern 
boundary fault of the FSJG may be critically stressed under current conditions. 

Novel/Additive Information 

The structural complexity introduced by the FSJG is likely to play a significant role in influencing 
the seismicity in the Fort St. John area. Although the FSJG was formed during a long period of 
extension during the Carboniferous to Permian (Barclay et al., 1990), the boundary faults show 
alternating zones of compressional and extensional structures, attributed to the development of 
the Rocky Mountain fold and thrust belt. This leads to predominantly thrust faulting to the west, 
and normal faulting in the east (Berger, 1994). Furthermore, the FSJG in the Montney separates 
the stress regime into dominantly thrust faulting in the north, and strike-slip faulting in the south 
(Amini and Eberhardt, 2019). Further re-activation of the boundary faults in this area, as seen in 
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this study, may be due to hydrocarbon recovery (Horner et al., 1994). Since we see evidence of 
both thrust faulting and strike-slip faulting regimes in the focal mechanisms, it is likely that the 
cluster of hypocenter locations here sit at the complex confluence of these two large-scale 
regimes. The confluence of this is responsible for the variety in focal mechanisms, and the fact 
that very small changes in stress can significantly influence the stress regime between one 
dominated by strike-slip movement (when sigma 2 is vertical), and one dominated by reverse 
faulting (when sigma 3 is vertical) (Anderson, 1951).  
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