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Abstract

This thesis uses techniques of observational seismology to investigate induced seismicity
related to a hydraulic fracturing operation. The hydraulic fracturing operation targeted the
Montney formation in the Western Canada Sedimentary Basin. This study is unique due to
its unprecedented resolution in both seismic data and injection information. An initial
earthquake catalog is developed, with 3377 high quality events detected from 2021-01-26 to
2021-06-06. Joint high precision double difference earthquake relocation and tomography
are performed. The majority of earthquakes in the catalog were associated with the Tower
Lake hydraulic fracturing operation. The study area is located near Taylor, British Columbia,
and the hydraulic fracturing operation was targeting the Montney formation for the extraction
of oil and gas resources. It is found that the cumulative injected fluid volume is the injection
parameter with the most influence on seismicity. Injection pressure and rate have less of an
effect. This is consistent with the observations that most earthquakes are likely triggered by
pore pressure diffusion, rather than the poroelastic effect. Double couple focal mechanisms
are also calculated for select earthquakes. The calculated focal mechanisms are generally
consistent with the maximum horizontal shear stress in the area. Some small-scale faults
are identified using earthquake locations and focal mechanisms. Foreshock sequences are
observed along two of the identified faults, demonstrating that fault characterization may be

used to help guide injection operations to avoid induced seismicity.
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1. Introduction

This thesis studies induced seismicity triggered by a hydraulic fracturing (HF) operation in
northeast British Columbia. The techniques of observational seismology are used to
investigate the relationship between HF injection parameters and induced seismicity.

Additional analysis is also performed to make observations about the subsurface.

The structure of the thesis is as follows. An introduction to the subject material is provided.
The data and methods used for this study are then explained. After this the results are
presented, as well as further analysis of the results. Finally, the results and their implications

are discussed. The thesis is summarized by the Conclusions section.

1.1 Induced Seismicity

Induced seismicity is any seismicity that is caused by anthropogenic activities. Such
activities may include reservoir impoundment, mining, or oil and gas activities. Several
different kinds of oil and gas activities may trigger seismicity. These include HF, wastewater
disposal (WD), and enhanced oil recovery (EOR). HF triggered seismicity is the main focus

of this thesis.

HF is the injection of high-pressure fluids into the subsurface to enhance oil and gas
extraction. This high-pressure fluid injection creates small fractures in the oil/gas bearing
formation, with the aim being to increase the permeability of the formation. HF operations
are often completed in many stages. HF operations start at the toe of the well, and then
proceed inwards towards the heel of the well (Figure 1.1). WD is similar to HF, although the
purpose of WD is to dispose of waste fluids in the sub-surface. WD operations are typically

completed in a vertical well, without any horizontal stages.
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Figure 1.1: Cartoon schematic of a hydraulic fracturing operation.

It has been well established in the literature that subsurface fluid injection can trigger
earthquakes (Hubbert & Rubey, 1959; McGarr, 1976). Raleigh et al. (1976) observationally
established that earthquakes could be induced by subsurface fluid injection in the Rangely
earthquake experiment. The Rangely earthquake experiment was performed at an oil field in
Rangely, Colorado, with the goal of investigating the effects of changing fluid pressure on

seismicity.

There are three main mechanisms that have been suggested to explain the triggering of
induced seismicity. The first, and most commonly accepted mechanism of triggering
injection-induced earthquakes (lIE) is the subsurface pore pressure increase due to
injection. The theoretical framework for the effect of pore pressure on earthquake initiation
was established by the effective stress law of Hubbert & Rubey (1956). As pore pressure
increases, the effective normal force to the fault plane is decreased. According to the
Mohr-Coulomb failure model, slip can be initiated when the shear stress exceeds the critical

shear strength (Tcrit)’ defined as:



T =(§ - ptand (D

crit

where S is the component of total stress that is normal to the fault plane, with units of
megapascals, p is the pore fluid pressure in megapascals, and ¢ is the angle of internal
friction. As shown in Equation 1, the critical stress can be as low as zero if S is equal to p.
Triggering by pore pressure increase is a fundamental assumption of the McGarr (1976)

relationship, where seismic moment release is linearly related to injected volume.

The second possible mechanism to explain IIE is the poroelastic effect. The theory of
poroelastic stress changes was established by Biot (1941). In the context of induced
seismicity, when fluid is injected into the subsurface, the volume change creates a stress
that is propagated through the subsurface medium poroelastically. This stress change may
trigger IIE if the fault plane is oriented in such a way that the stress change pushes the fault
closer towards failure. Several other researchers have postulated poroelastic effects to
explain IIE that have occurred before an increase of pore pressure would have been
expected (Li et al., 2021; Yu et al., 2019; Zhai et al., 2019). In theory, the poroelastic stress
change can travel at the wave propogation speed in the medium, while pore pressure

changes can only travel at the rate of diffusion.

A third mechanism used to explain the existence of IIE is fault lubrication. This mechanism
has been observed in laboratory settings (Dou et al., 2020), but is not commonly accepted

as a triggering mechanism for in-field IIE.

1.2 Regional Geological Setting

The study area is located in the Western Canada Sedimentary Basin (WCSB). The WCSB is

the foreland basin associated with orogeny in the Canadian Cordillera (Porter et al., 1982),



and overlays Precambrian crystalline rocks of the North American craton (Price, 1994). The
thickness of the WCSB varies from 0 km to approximately 5 km (Price, 1994). The WCSB is
composed of seven main geological features. These include the Montney and Duvernay
formations, the Alberta Deep Basin, Williston Basin, Liard Basin, Horn River Basin, and the

Cordova Embayment (Figure 1.2).

Alberta Deep Basin 7

5 illiston Basin
] ova Embayment 3
<& Liard Basin
Horn River Basin

BN Montney Formation

-

________

Figure 1.2: Major geological features in the WCSB.
The specific formation that the HF operation in this study targets is the Montney formation,
located in northeastern British Columbia and Alberta. The Montney formation roughly
extends from Hinton, Alberta, to Fort Nelson, British Columbia. The Montney formation is
formed of Triassic age sediments, and has a maximum thickness of 350 m. The Montney
and Duvernay formations are the main target formations for unconventional oil and gas
operations in the WCSB. The Montney formation is made up of three stratigraphic subunits.
These are the Upper, Middle, and Lower Montney subunits. The Middle Montney formation
can be further subdivided into Upper Middle and Lower Middle Montney subunits. The Lower
Middle Montney formation has been found by Wang et al., 2022 to be more seismogenic

than the other subunits.



1.3 Induced Seismicity in British Columbia

IIE have been observed in northeastern British Columbia (NEBC) as early as the 1980s
(Horner et al., 1994). Approximately 28,000 oil and gas wells have been drilled in NEBC
since the 1950s, according to the BC Energy Regulator

(https://www.bc-er.ca/what-we-regulate/oil-gas/). Since 2005, most of the oil and gas

development activity in British Columbia has been associated with unconventional resources

where conventional vertical wells are not used to extract the hydrocarbons.

While the first IIEs were observed in the 1980s (Horner et al., 1994), it wasn’t until 2015 that
a link was established between HF and IIE in NEBC by Farahbod et al. (2015) in the Horn
River Basin. This link was expanded to the rest of NEBC in a study by Atkinson et al. (2016),
who found that 93% of the earthquakes greater than magnitude (M) 3 from 2010-2015 were
related to either WD or HF in the WCSB. In the same study, approximately 1.3% of
earthquakes in the WCSB from 1985 to 2009 were associated with oil and gas operations,
including WD and HF. From 2000 until the end of 2020, over 20,000 seismic events were
detected in NEBC (Visser et al., 2021). The studies by Farahbod et al. (2015) and Atkinson

et al. (2016) suggest that many of these detected events are IIE.

There are also many WD operations in NEBC (Figure 1.3). Despite the abundance of WD
operations, it has been found by many researchers (Atkinson et al., 2016; Wang et al., 2022;
Eaton & Schultz, 2018) that seismicity is less susceptible to triggering by WD than HF in
NEBC. In contrast to NEBC, IIE in the United States is predominantly triggered by WD

although some instances of HF-triggered IIE have been observed (Skoumal et al., 2018).
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Figure 1.3: WD (blue circles) and HF (orange stars) operations in NEBC from 2013 to 2022.

1.4 Tower Lake Project

The Tower Lake Project is a partnership among Natural Resources Canada, Innovation
Solutions Canada, BC Energy Regulator, and two private companies, Symroc and Ovintiv
Canada (British Columbia Energy Regulator, 2020). An array of 36 seismic stations was
deployed around a HF well near Tower Lake, BC (shown in Figure 1.4). This dense seismic
array was in operation from 2021-01-26 to 2021-06-06 and is the main data source for this

study. Each station was equipped with one three-component Symroc broadband



seismometer sampling at a rate of 1000 Hz. In order to increase the number of possible
observations, the data from 37 nearby stations belonging to 5 pre-existing regional and local
seismograph networks were incorporated, including the networks 1E, CN, EO, PQ, and XL.
Two selection criteria were used to determine which seismic stations to include in the
analysis. First, the station must have been located between 55.6 to 56.2 ° N, and 121.0 to
120.0 ° W, meaning that the furthest seismic station was approximately 50 km away from the
HF well. Second, the seismic station must have been active during the Symroc array
deployment timeline. A complete list of seismograph stations used in this study, including

their locations and sampling rates, is given in the supplemental spreadsheet of this thesis.

56.17°

56.00°

55.83°

-121.00° -120.83° -120.67° -120.50° -120.33° -120.17° -120.00°



Figure 1.4: Map of the study area and surrounding regions. The green circle is the location of
the study area, orange stars denote the locations of Symroc seismic stations, and blue stars
denote the locations of other seismic stations used in the analysis.

The Tower Lake HF operation targeted the Montney formation including, at various times, all
of the Lower, Middle, and Upper Montney. Injection operations were active from 2021-03-27

to 2021-04-18. An eight well HF configuration was employed. The closest B-ranked
(meaning that the stress azimuth measurement was accurate to within 20°) stress
measurement to the Tower Lake HF operation is a bore-breakout measurement at 0.60 km
depth (Heidbach et al., 2018). Bore-breakout measurements are performed by measuring
the deformation of a drilled borehole. The measured maximum horizontal compressive
stress direction (Sy.x) was 43° clockwise from north in this area. Several other stress
measurements in the area are consistent with this observation (Table 1.1).

Table 1.1: A selection of stress measurements from the World Stress Map (Heidbach et al.,

2018). The nearest four measurements to the Tower Lake HF well are listed. Quality
rankings are as described in Heidbach et al. (2018). S,..xis measured in degrees clockwise

from north.
Stmax (°) Latitude (°N) | Longitude Depth (km) Quality ID code
(°E)
43 56.528 -120.565 0.60 B wsm20786
42 55.992 -120.738 0.55 D wsm20929
40 56.224 -120.328 0.80 C wsm20888
55 56.107 -121.207 0.35 D wsm20891




2. Data and Methods

2.1 Determination of Earthquake Source Parameters

There are several parameters used to describe an earthquake that are useful for induced
seismicity research. These parameters include hypocentral location, origin time, and
magnitude. The methodology used to calculate these parameters is outlined in the following

sections.

2.1.1 Timing Correction

A one-second time offset relative to the regional stations was systematically observed in the
data from the Symroc array. This was caused by an issue with the satellite communication to
the Symroc array (Symroc personal communication, 2023). Specifically, the disruption in
satellite communication caused the Global Navigation Satellite System (GNSS) calibrated
timing information to be offset by one second. Fortunately, this timing offset was consistent
throughout the Symroc array. This timing error was corrected by shifting the timestamps of

the Symroc data by one second to match the timing of the regional stations.

2.1.2 Phase Picking

Measuring earthquake phase arrival times is an essential step towards calculating
earthquake source parameters. The EQTransformer machine learning model (Mousavi et al.,
2020) was employed for that purpose. An in-depth study was performed by Pita-Sllim et al.
(2023). That study found that the EQTransformer detector was highly sensitive to input
parameters, and that the model often made incorrect phase picks when secondary phases

were present. The parameters selected in this study were decided using extensive



experience with the EQTransformer model in routine operations. Additionally, due to the local
small scale of the study area, secondary phases are not commonly observed.
EQTransformer consists of two modules. In the first module, the entire waveform database is
scanned, and waveform segments with a high probability of containing energy from an
earthquake are identified. Once potential earthquake segments are identified in the
waveform dataset, these segments are analyzed to identify potential phase arrivals using the
second module of EQTransformer. This module outputs the probability of either a P- or
S-wave phase arrival, for the entire detection window. The phase prediction probabilities do
not necessarily represent the model confidence that a phase exists at a certain timestamp,
but rather the probabilities are related to the model output that attempts to recreate the
labels of the training dataset. The EQTransformer model used in this study was fine-tuned
for NEBC based on previous analyst-measured earthquake phase arrival times. In order to
ensure high-quality arrival time measurements, several different probability thresholds were
employed. For the event detection module of EQTransformer, the model must predict a
probability of 0.1 or greater for a waveform segment to be classified as an earthquake
detection. For the phase picking module of EQTransformer, the model must predict a
probability of 0.08 or greater for a waveform segment to be classified as a phase detection.
The timestamp with the greatest probability within the phase picking window is accepted as

the arrival time.

2.1.3 Phase Association

Once the seismic phase detection has been completed, it is essential to associate each
seismic phase with a seismic event. It is not immediately apparent which seismic event a
given seismic phase may be associated with, especially when multiple seismic events occur
close in time. However, using theoretical travel times calculated for different phases, it is
possible to identify which phases are likely associated with the same event. A coarse grid is
defined over the study area. This grid extends from 120.8° to 120.2°W, and 55.75° to

56.2°N. The grid spacing is 0.1° in both latitude and longitude and is also centered at 1 km

10



depth. Theoretical travel times are then calculated for each possible source and receiver
pair. The possible sources can be anywhere on the initial travel time grid, while the possible
receiver locations are the seismic station locations. The 1D velocity model of Mahani et al.
(2021) is used to calculate theoretical travel times. For each phase detected by
EQTransformer, all other P- and S-phases within a specified time window are selected. No
secondary phases were considered. This time window is calculated as the maximum
possible S-wave travel time in the area, plus 20 s. Then, for each grid node in the study
area, all arrival times for a given set of phases are back-projected using the theoretical travel
time grid. This yields an estimated origin time at each grid node for a given phase. If the
back-projected origin time of at least seven phases falls within a 4-s time window at any grid
node, this grid node is considered a preliminary solution. If several grid nodes exceed this

threshold, the grid node with the maximum number of associated phases is selected.

2.1.4 Location

The NonLinLoc algorithm (Lomax et al., 2000) was employed to perform the earthquake
location inversion. Solution space sampling is performed by the Oct-tree algorithm (Lomax &
Curtis, 2001) which is a way of recursively sampling the solution space, guided by the
probability density function of the earthquake location. A grid with 160 cells in each

horizontal direction, and 5 cells in the vertical direction is initialized for the Oct-tree algorithm.
The minimum node size is set to 1 X 10~ °°. The maximum number of nodes is 1.3 X 105,

and 1.0 X 10° scatter samples are drawn. The equal differential time location method (Font
et al., 2004) is employed, with travel time calculations performed using the Mahani et al.
(2021) velocity model. The equal differential time location algorithm is a method of
calculating the probability density function of the earthquake location on a grid, using
differential travel times between different seismic stations for a given event. Four phases
must be used in the earthquake location calculation for an earthquake location solution to be

selected.

11



2.1.5 Magnitude Calculation

Earthquake magnitudes are a useful parameter for induced seismicity research. In this thesis
amplitudes are measured from the earthquake waveforms. The amplitudes are then used to
calculate earthquake magnitudes. Because the amplitude measurements are made on the
earthquake waveforms, it is essential to have a reference point to make these
measurements. Each phase arrival time measurement is used as a reference point for
making an amplitude measurement. All amplitude measurements are made using
vertical-component seismic recordings. Several pre-processing steps were performed before
making the magnitude estimates. The time series data are first detrended by removing the
linear trend between the first and last sample of the seismic data. The mean of the data is
subtracted from the data, such that the new mean of the data is zero. Next, a highpass filter
with a corner frequency of 0.3 Hz and three corners is applied. This means that the filter is
applied both forwards and backwards three times, for a total of six applications of the filter. A
time window extending from 20 s before to 30 s after the phase pick is selected for
instrument response removal. The instrument response is then removed using the Obspy
(Beyreuther et al., 2010) instrument response removal functionality. The data after response
removal are in units of meters per second. A water level of 1 dB is applied during the
response-removal (deconvolution) process. Then, the instrument response of a
Wood-Anderson seismometer is simulated, in units of meters. The Wood-Anderson
seismometer response is chosen to be consistent with Mahani & Kao (2018). A short time
window is then selected around the phase pick. Both P- and S-phase measurements are
used to define the time window. For a P-phase arrival time measurement, a theoretical
S-phase arrival time estimate was made, and vice versa. The start of the window is

calculated as:

=t — i(ts - tp) (2)

12



where ts is the S-wave arrival time, and tp is the P-wave arrival time. The end time of the

window is calculated as:

t =t +2><(t5—tp) (3)

end start

The minimum length of the window is 2 s. If the calculated time window is less than 2 s, the
window is calculated as the P-phase arrival time plus 2 s. In addition, the time series data
must have an absolute value of less than 0.5 mm at some point in the time window for a
magnitude measurement to be made. This is to ensure that there is at least one
zero-crossing in the data, and is a way of checking that the data are valid. The amplitude is
calculated as the maximum absolute value of the data in the time window. To calculate
magnitude values from amplitude measurements, Equation 3 from Mahani and Kao (2019) is
used, with the parameters derived from that study. The median value of the magnitude
estimates from all stations for a given earthquake is used for the earthquake’s magnitude.
The standard deviation about the mean of all magnitude estimates for an earthquake is
calculated to estimate uncertainty. Earthquake magnitude results are considered further in

Sections 3.2, 3.4, and 4.2.

2.1.6 Focal Mechanism Calculation

Earthquake focal mechanisms provide information on both the earthquake fault rupture, as
well as the regional stress field of the area that an earthquake occurred. In order to calculate
a focal mechanism, first motion earthquake phase polarity measurements must be made at a
number of seismic stations surrounding the epicenter. In this thesis, first motion
measurements were made manually. In order to facilitate the measurement of phase
polarities, the Snuffler (Heimann et al., 2017) software was employed. Due to the large
number of seismic events recorded, it was not feasible to measure first motion polarities for

the entire earthquake catalog, so a subset of earthquakes was selected to be analyzed. Our

13



selection criteria for making first motion polarity measurements were that an earthquake
must have recorded phase arrivals at a minimum of 45 seismic stations, and the earthquake
must have occurred after the commencement of the Tower Lake injection operations. In
order to make accurate and precise first motion polarity measurements, several
pre-processing steps were employed. First, the instrument response was removed. Then, a
bandpass filter with a low corner frequency of 1 Hz and a high corner frequency of 25 Hz
was applied. The Symroc stations had a 180° polarity reversal in the 1 Hz to 10 Hz
frequency band (Dr. Hongyu Yu, personal communication, Nov 6, 2023). To correct for this,
the sign of the first motion polarity measurements was reversed for the Symroc stations. The
first motion polarity measurements were then inverted for a double-couple moment tensor
using the Bayesian Earthquake Analysis Tool (Vasyura-Bathke et al., 2020). The custom
velocity model of Mahani et al. (2021) was used in the inversion. The focal mechanism

results will be considered further in Section 3.4.

2.2 Double Difference Tomography and Hypocentral Relocation

In order to acquire high-precision earthquake locations, the double difference tomography
and hypocentral relocation software TomoDD (Zhang & Thurber, 2006) was employed.
Double difference relocation represents a significant improvement over conventional
earthquake location techniques. Instead of simply using absolute arrival time measurements,
double difference techniques use the difference in travel times between event pairs. It is
required that the distance between events in the event pair is much smaller than the
distance between the event pair and the receiver, so that the inversion is sensitive to
differences in earthquake location, rather than variations in earth properties along the
seismic ray path. Combined with absolute travel time measurements from the initial catalog,
double difference techniques can provide extremely high precision earthquake locations. In
addition, TomoDD also inverts for perturbations to the initial velocity model used to

determine earthquake locations. Because earthquake location estimates depend on the

14



velocity model used for location, improving the velocity model can increase the accuracy of

earthquake locations.

Several steps were required to prepare the data for TomoDD. The first step was earthquake
selection. All events that had passed the location quality control criteria were considered for
analysis. Only the vertical components were used for calculating cross-correlation differential
times. A window around the P-phase arrival time was selected, starting 0.2 s before the
P-phase arrival and ending 0.8 s after the arrival. Because the cross-correlation
measurements were made between waveforms from the same seismic station, the
instrument response was not removed from the waveforms, assuming that the instrument
response of the seismometer does not change over time. A bandpass filter from 1 Hz to 10
Hz was applied. In order for a cross-correlation time delay to be used in the analysis, the
cross-correlation value must be greater than 0.6, and less than 0.98. This has the effect of
removing low quality measurements, as well as a type of false detection where one event is
detected as multiple duplicate events. The TomoDD algorithm also requires absolute travel
time measurements from the initial earthquake catalog. These are derived directly from the
phase arrival time measurements in the initial catalog. The maximum allowable separation
between hypocenters for each event pair was 3 km. Observations at at least eight seismic
stations were required for an earthquake pair to be considered for further analysis, with a
maximum of 35 observations. The TomoDD results will be considered further in Sections 3.2

and 3.3

15



3. Analysis and Results

3.1 Initial Earthquake Catalog

The initial earthquake catalog was produced by Ryan Visser, with further iterations being

completed by the author. This initial catalog contained 3377 events, as shown in Figure 3.1.

The largest estimated magnitude was 2.6, while the smallest was —0.5. The earthquake

catalog spans the dates from 2021-01-26 to 2021-06-05. Note that many events seem to be

located along the study area boundaries. These events are likely caused by false detections

from the EQTransformer software that pass our quality control measures, and are removed

from further analysis.

2021-05-25

2021-05-02

2021-04-09

2021-03-17

2021-02-22

2021-01-30

Depth [km]
N o

o
L

56.1 1

56.0

Time
Latitude

55.8

55.7

55.6 1

IS
L

e Earthquakes
° ®oon odf*bol 0o VW< T V00, B &  ce%e o vommuiiygen A Stations
° 'Y %% %ecxcm He oo °
> o o %0 & HE e o . . ° - .
o e® Ta%, . o0 o .
L Ll L]
-«
..
o®
o8
°s
. e g0, BOIWPC @ ,;.. - ° . D™ o woe : o;
- o, ¢ e . G e o ° .
°* e o . . H 5 o *
. A o e ° Do e LS . 8
FOUNAGL e DT A
8 :’o"o‘ ﬂ& D S ° » e .'! © .. %
° . o \
‘e we * 4 .’A * . Y ° I : ":.: ® e 2.
. 8 .f;.°o . AA . . o ,:“ '.:.: :“:
Oqe . o
Yol al “6.:‘. twrs gy oo ¢ f-'--":h‘ &
L4 R ° N © 2 el
R B el i i R . hee wejer B
o ° o ' A ¥ LR RO
.. . .‘:\f. . N e A H é : 5
% & 8
'S ‘s A o° ¢ %% . %e® Ad 1 H
. ° . t.':' i .o e, .n., g .8
° ° ° o
.. ° ‘... .. ‘ : ’.)' . ‘ ! : . ° .?
. ® oo *% ° . $°8  JE
ss. . . . SR RN
o N . . .. . . L oo ©
® . <. ° o . o H $
°e [ ] [ L] [
. o . S e ) ° 2
.‘ ... L b4 l
L] L ]
. .
. ‘ L] ° :
L] [ ] °
(] I 13
° o e cwe § ]
-121.0 -120.8 -120.6 -120.4 —-120.2 —-1200 5
Longitude Depth [km]

Figure 3.1: Initial earthquake catalog. Events are colored by time of occurrence, as indicated
by the color bar. Seismic stations are indicated by black triangles.
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There are several parameters that indicate the quality of the earthquake catalog. The
greatest number of phases used for earthquake location was 124. The smallest number of
phases was 4, which was the minimum required for a solution to be accepted. The smallest
RMS residual was 0.0018 s, while the largest RMS residual was 0.91 s. The mean RMS was

0.09 s, and the standard deviation of the RMS was 0.06 s.

3.2 High Precision Earthquake Relocations

Of the 3377 earthquakes in the original catalog, 2193 earthquakes were successfully
relocated. This reduction in events is likely caused by the quality control measures required
for relocation, rather than events being relocated outside of the study area. For a given event
pair, at least eight double difference travel time measurements are required. A number of
events in the initial catalog do not meet this threshold. Further, 29 events were removed from
the joint earthquake and tomography inversion due to their relocated positions falling outside
of the study area. The largest event in the initial catalog was successfully relocated, while
the smallest event that was successfully relocated was magnitude —0.48. The magnitude
estimates were taken from the initial catalog, without adjusting for the shift in location in the
relocated catalog. The mean shift in the east-west, north-south, and depth directions was
69.7, 77.9, and 167.5 m, respectively. Thus, the change in magnitude due to shifts in

location should be negligible.
The earthquake catalog was modeled as a Gutenberg-Richter (G-R) distribution in order to
provide an estimate of how well small earthquakes were recorded in the dataset. The G-R

distribution is a linear relationship between the logarithm of the frequency of seismic events

and the earthquake magnitudes, as defined by the following equation:

logitN(M) = a — bM (4)
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where N(M) is the number of events above magnitude M, and a and b are empirical
parameters. The G-R model assumes that all events that occurred are actually recorded.
The magnitude of completeness (MOC) is an estimate for the smallest magnitude above
which all earthquakes that occurred are included in the catalog. Events below the MOC are
not included in the G-R modeling. The b-value parameter is the absolute value of the slope
of the cumulative magnitude curve. The b-value provides information on how the number of
events in an earthquake catalog is dependent on earthquake magnitude. For catalogs with a
high b-value, the earthquake occurrence rate drops more sharply with increasing magnitude
than a catalog with a low b-value. Typically, b-values for induced seismicity catalogs are

greater than one, with a value of 1.37 reported by Mahani (2021) for the Montney formation.

In order to focus on the b-value for earthquakes triggered by the Tower Lake operation, only
events within the area bounded by 55.96 - 56.04°N and 120.45 - 120.70°W were selected.
The resulting catalog contained 1318 events. Two different methods were used to calculate
the G-R parameters. The first method used was the maximum curvature (MAXC) method of
Wyss et al. (1999). The MAXC method estimates the MOC by taking the derivative of the
log1oN(M) curve (black dots in Figure 3.2), and selecting the maximum value of this
derivative. Then, the G-R parameters are determined by a linear fit of log,(N(M) curve for

magnitudes greater than the MOC. The results of this method are shown in Figure 3.2.
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Figure 3.2: The frequency magnitude distribution of the catalog. The blue histogram
represents the number of events within a 0.1 magnitude bin. The red dashed line represents
the MOC, as determined by the MAXC method. The green dashed line shows the slope of
the line corresponding to the a- and b-values estimated by the MAXC method. Black dots
and the right Y-axis correspond to the logarithm of the number of events above a certain
magnitude value.

The resulting MOC is 0.02, and the b-value is 0.85.

The second method that was used to calculate the b-value and MOC was the goodness of fit
test (GFT) method of Wiemer & Wyss (2000). The GFT method models the G-R distribution
for various values of a, b, and MOC. The parameters for the model with the best fit to the
log:,N(M) data are accepted as the solution. The results from using this method are much
more consistent with expectation (Figure 3.3). The resulting MOC is 0.0, and the b-value is

0.9.
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Figure 3.3: The frequency magnitude distribution of the catalog. The blue histogram
represents the number of events within a 0.1 magnitude bin. The red dashed line represents
the MOC, as determined by the GFT method. The green dashed line shows the slope of the

line corresponding to the a- and b-values estimated by the MAXC method. Black dots and
the right Y-axis correspond to the logarithm of the number of events above a certain
magnitude value.

There are several clusters of seismicity, visible in map view in Figure 3.4. These clusters are
all associated with industry activities in the area, and are primarily associated with HF

operations rather than WD.
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Figure 3.4: Map view and depth projections of relocated seismicity with industry activities
plotted. All HF wells active from 2021-01-26 to 2021-06-05 are shown, and all WD wells from

1990-01-01 to 2021-05-06 are shown.

The mainshock in the catalog had a magnitude of M 2.6. This event was located only 161 m

away from the nearest HF stage (Figure 3.5) and occurred during a time period when the

Tower Lake HF operation was actively injecting fluids. Hence it is highly likely that the

mainshock was triggered by the Tower Lake HF operation.
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Figure 3.5: Magnified map view and depth projections of the mainshock.

The occurrence of the mainshock did not appear to affect the rate of seismicity in the
following time period (Figure 3.6). This is likely due to the influence of the HF operations,
which causes the seismicity following the mainshock pattern to deviate from the modified
Omori decay curve of Utsu (1961). The modified Omori decay curve is a mathematical
model that predicts the exponential decay of aftershock frequency with time after a large
earthquake. Because the earthquake magnitudes do not follow the Omori law decay pattern,
further analysis on this subject is not performed. The HF operations continued after the
mainshock, which is likely why there is a higher rate of seismicity than predicted by the

Omori decay curve.
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3.3 Tomography

Because the earthquake location problem (Section 3.2) depends on both the phase time
measurements and seismic velocity model, the P-wave velocity model is inverted for in the
joint earthquake relocation and tomography. This provides greater accuracy in the relocation,
as well as providing information about the subsurface structure. In total 3,470,712
observations were used for the inversion, which is 93.4% of the original dataset. The main
feature visible in the tomography results is a distinct low-velocity zone (LVZ). This LVZ
occurs in very close proximity to the HF wells (Figure 3.7), which extend from approximately
0.5 km to 2.5 km in depth (Figure 3.8). Figure 3.7 also shows a high-velocity spike at 2.75
km depth in the northeast corner of the study area, and a low-velocity spike at 3.50 km depth

in the west of the study area. Both of these spikes occur away from the center of the array,
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and are likely artifacts resulting from the non-uniqueness of the velocity model solution

recovered by tomographic inversion.
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Figure 3.7: Depth cross-sections of the tomographic model. The velocity anomaly is

Vp change [%]

represented as the percent change from the average velocity of each layer in the inverted

model. Black triangles represent seismic stations. Purple lines represent HF wells.
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Figure 3.8: Map view and vertical cross-sections of the tomographic model. HF stages are
plotted as black X’s in the cross-section. Seismic stations are plotted as black triangles in the
map view plot. The map view plot is included to show the cross-section traces with respect
to the seismic networks.

In order to provide a qualitative estimate of the sensitivity of the model to subsurface velocity

variations, the derivative weighted sum (DWS) values are plotted (Figure 3.9). The DWS is
calculated for each grid node by taking the partial derivative of the earthquake phase travel
times with respect to the model parameters (Equation 10 from Thurber and Eberhart-Phillips,
1999). The DWS is analogous to raypath density. Areas with a large DWS value are
crossed by many raypaths, and are likely to be well resolved by the model. In Figure 3.9, the
DWS value is large in the center of the seismic array, and corresponds to the apparent LVZ

in Figures 3.7 and 3.8. The correlation between the large DWS values and the LVZ will be

discussed in Section 4.4.
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Figure 3.9: DWS values for horizontal slices of the tomographic model. The DWS is

represented by color, and red triangles represent seismic stations.

3.4 Focal mechanisms

The results from Section 2.1.6 are presented in this section. All of the calculated focal

mechanisms were for events in close proximity to the Tower Lake HF operations. Only the

double couple components of the moment tensor were considered, in order to avoid

over-interpreting any non-double couple components retrieved from this first motion polarity

analysis.
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Figure 3.10: Focal mechanisms with lineations depicted. Three different lineations are
depicted using a red line. Black crosses represent HF stage locations. The colored boxes
represent areas that events were extracted from for Figure 3.14.

In this region, the azimuth of the maximum horizontal compressive stress direction (Synax) IS

estimated to be 43.0° (Heidbach et al., 2018). The focal mechanisms are generally
consistent with this stress field, as the compressional axes of the focal mechanisms tend to
be aligned with the S« (Figure 3.10). The Sy..x for the region fell within the compressive

quadrant of all 78 focal mechanisms. All of the calculated focal mechanisms have a

dominant strike-slip component, which is expected given the regional stress field.

A particular concern for HF operators is the possibility of previously unmapped faults that
may be susceptible to triggering by HF operations. For example, the 2021 Luxian
earthquake in the Sichuan Basin was an induced event that occurred along a previously
unmapped fault (Zhao et al., 2023). Faults may be identified by microseismicity patterns,
allowing HF operators to alter their operation plans, and avoid triggering the rupture of these

faults.
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In order to identify potential faults, a combination of the relocated earthquake catalog and
focal mechanisms was used. Lineations in the relocated earthquake catalog indicate
potential faults. If focal mechanisms can be calculated for several earthquakes in these
lineations, further evidence of a fault may be available. When the possible fault planes of the
earthquakes align, this is further evidence that the lineation may be caused by
microseismicity occurring along a fault plane. This is especially true if the focal mechanisms

are consistent with the regional stress field.

There are three clusters that are readily apparent in Figure 3.10. These clusters contain five
lineations. These lineations all meet three criteria. The first criterion is that at least five
earthquakes must be included in the lineation, The second criterion is that the focal planes
from at least three of the calculated focal mechanisms must be within 30° of the strike of the
lineation. The final criterion is that the sense of fault slip that the lineation suggests must be
consistent with the local stress field. A magnified view of each of the clusters is provided in

Figures 3.11, 3.12, and 3.13.

55.9900°

_ ]

~120.5950° _120.5900° _120.5850°

Figure 3.11: Cluster A from Figure 3.10 in greater detail. The mainshock location is depicted

as a red dot. The lineations are labeled A1 and A2.
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Figure 3.13: Cluster C from Figure 3.10 in greater detail.
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Figure 3.14 shows the time evolution of events in each cluster. In cluster A from Figure 3.11,
several events occurred on these lineations preceding the M 2.6 mainshock. A similar
pattern also appears in cluster B from Figure 3.12, which includes the second largest event
in the catalog, at M 2.5. A different pattern occurs for cluster C from Figure 3.13, with the
largest event in the cluster occurring before most of the seismicity in this area. A gap in
seismicity is observed in Figure 3.14. This is likely due to a pause in HF operations. There is
a slight lag time in the decrease in seismic activity, compared to the pause in injection
operations. This is likely because the pore pressure remains elevated for a short period of
time, before the pore pressure increase has become so dispersed that earthquakes can no

longer be triggered.
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Figure 3.14: The evolution of seismicity with time in each of the clusters from Figure 3.10.
Colors correspond to the area in Figure 3.10 that events in this figure were extracted from.
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Assuming the lineations are strike-slip faults, the expected magnitude for a full rupture was
calculated for each fault using the circular crack model (Eshelby, 1957). The seismic

moment of a circular crack rupture is given by:

16 3
MO =—"Ac-r (5)
where Ao is the stress drop, and r is the radius of the circular crack. In order to estimate the

moment magnitude from the seismic moment, the equation of Hanks and Kanamori (1979)

was used.

M =-log (M)~ 10.7 (6)

where MW is the moment magnitude, and M0 is the seismic moment in dyne - cm. In

Equation 5, the stress drop is an unknown parameter. Magnitudes of potential earthquakes
along the lineations are estimated using two assumed values of stress drop: a large value of
10 MPa and a small value of 1 MPa. This provides an upper and lower bound on the

estimated magnitudes.
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Table 3.1: Estimated magnitudes for each lineation, with both large and small stress drops.

Lineation Stress Drop (MPa) Estimated Lineation Length (m)
Magnitude

A1 1 24 250
A1 10 3.1 250
A2 1 24 245
A2 10 3.0 245
B1 1 25 267
B1 10 3.1 267
B2 1 1.5 87
B2 10 2.1 87
C 1 2.9 455
C 10 3.6 455

Due to the dense seismic station pattern, and good azimuthal coverage, the focal
mechanisms are generally well constrained. In Figure 3.15, the focal mechanism with the
lowest standard deviation in strike is displayed. This focal mechanism has a high number of
observations compared to the other focal mechanisms. This explains why the standard
deviation in strike is so low, as the model is well constrained by the observations. Figure
3.16 shows the focal mechanism with the highest standard deviation in strike. The focal

mechanism for this event is poorly constrained.
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Figure 3.15: A high quality focal mechanism.
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Figure 3.16: A low quality focal mechanism.

3.5 Comparison of Seismicity with Injection

Several injection parameters were made available to use. These parameters include
injection pressure, rate and volume. These parameters were sampled once per second. In
order to calculate the cumulative injected fluid volume for each well, the injection rate was
integrated over time. Based on cumulative injected fluid volume, there are two distinct
phases among all the wells. The transition between phases occurred on 2021-04-09. The

injection rate displayed similar patterns between each of the phases (Figure 3.17).
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Throughout each phase, injection rates increased. The maximum injection rates of each

phase were similar.
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Figure 3.17: Injection parameters over time for all wells in the Tower Lake HF operation.
Slurry is the combination of all HF fluids. Seismicity is also plotted as red x’s. The red line
denotes the change between the first and second phases of the HF operation. The blue line
denotes the time of the mainshock.

The highest hourly rate of seismicity occurred during the first phase of operations. The
largest magnitude event occurred during the beginning of the second phase. The injection

pressures varied throughout the operation, with no obvious trends. Maximum pressures in

both phases were similar (Figure 3.17).
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The cumulative injected volume (Figure 3.17) is significantly different from the injected
pressure and injection rate. The wells in the first phase of operations have slightly higher

injection volumes than wells in the second phase of operations.

It is interesting to note that as the cumulative injected fluid volume increases during the first
phase of operations, the seismic activity also increases. This is consistent with the McGarr
(2014) interpretation of seismicity triggered by injected fluids, where the cumulative moment

release (ZMO) is linearly related to injected volume as:

_ 2u(3A+26)
M, = S AY (7)

where y is the coefficient of friction, A is Lamé’s first parameter, G is the modulus of rigidity,
and AV is the change in subsurface volume due to injected fluids. In order to estimate the

moment release expected for a given volume, some assumptions must be made. Following

the methodology of McGarr (2014), we assume that G = 3 X 10" Pa,A = G,and p = 0.6.
We also used the b-value of 1.4 determined by the GFT method. Using these values, the
expected moment release is equivalent to a magnitude 3.9 earthquake. This is significantly
larger than the largest detected event of M 2.6. The cumulative seismic moment released by
all the earthquakes in the catalog is equivalent to a magnitude 3.2 earthquake. This value is
still lower than the value predicted by the McGarr relationship. This is expected, as the

McGarr relationship represents an upper bound to the released seismic moment.

It is also interesting to note that the rate of seismicity increases with injected volume (Figure
3.17). This is consistent with the observations made by Schultz et al. (2018) in the Duvernay
play. The Schultz et al. (2018) study considered multiple HF well pads targeting the

Duvernay play, creating a robust link between injected volume of HF operations and the rate

of seismic activity. Our study investigates a single HF well pad targeting the Montney
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formation. Despite the difference in study areas, these two studies suggest that the physical

mechanism of HF-induced earthquakes may be similar.

3.6 Earthquake Migration Patterns

The migration of earthquakes through space and time can provide valuable information on
subsurface fluid dynamics, as well as the induced earthquake triggering mechanism.
Specifically, earthquake migration patterns can identify any events that may not have been
triggered by pore pressure diffusion, as pore pressure diffusion is limited by the diffusivity of
the subsurface. In order to analyze the earthquake migration pattern, the earthquake catalog
was separated into two sections. The first section was composed of events that occurred
before 2021-04-08, while the second section was composed of events that occurred after
2021-04-10, corresponding to the two main phases of injection operations. The first event in
each section was assumed to be the diffusion initiation point. The time difference and
distance from this point was calculated for all earthquakes in each section. Each section was
broken into four-hour time windows, and the 95" percentile of distance was calculated for
each window. Following the methodology of Shapiro et al. (1997), the maximum diffusion

front distance is estimated as:

r = +[4mDt (8)

where r is the distance away from the initiation point, D is the diffusivity, and t is the elapsed
time after the fluid flow initiation. Following the method of Yu et al. (2019), the diffusivity was
estimated by performing a non-linear least squares fit between the 95" percentile distances
and Equation 8, with diffusivity as a free parameter. For the first section of earthquakes, the
diffusivity was estimated to be 0.86 m?/s, while for the second section it was estimated to be
1.08 m?/s. Most events fall within these theoretical diffusion fronts, although there are events

that exceed the theoretical diffusion front (Figures 3.18 and 3.19). In order to compare the
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measured diffusivity to other possible values of crustal diffusivity, theoretical diffusion fronts
are also shown on Figure 3.18. A large value of 10 m?/s was used to estimate a fast diffusion
front, as this is one of the larger diffusivities observed for the earth’s crust by Scholz (2002).
A low value of 0.2 m?/s was selected, as this was the value observed by Yu et al. (2019). In
addition, diffusivity values were calculated using a curve fit to the 100th percentile of the
distances, and the 90th percent of the distances. For the first section of earthquakes, the
diffusivity calculated using the 100th percentile of distances was 1.3 m?%s, and the diffusivity
calculated using the 90th percentile of earthquakes was 0.7 m?/s. For the second section of
earthquakes, the diffusivity calculated using the 100th percentile of distances was also 1.3

m?/s, and the diffusivity calculated using the 90th percentile of earthquakes was 1.0 m%/s.

—— Theoretical Diffusion Front
Cluster 1
Cluster 2

Distance from Initiation Point

Date

Figure 3.18: Seismicity migration of the Tower Lake earthquake catalog. The first section of
earthquakes is colored in blue, while the second section is colored in orange. Theoretical
diffusion fronts for each section are also plotted. The gray dashed lines show calculated
diffusion fronts for an extremely high diffusivity of 10 m?/s and a more typical value of 0.2

m?/s. The black dashed lines show the calculated diffusion fronts for the estimated diffusivity

values for the Tower Lake earthquake catalog. The red lines show a diffusivity curve fit to the
100th percentile of the distances, and the 90th percentile of the distances.
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Figure 3.19: Events that occurred before the theoretical diffusion front reached their location.

The colors correspond to clusters identified in Figure 3.18.
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4. Discussion

4.1 Seismicity Clusters

As shown in Figure 4.1, there are several large scale clusters of seismicity in the earthquake
catalog. Investigating these clusters can provide valuable information about the triggering
mechanisms of the seismicity, as well as potential seismogenic structures. Each of these
clusters correlates with a specific industry operation in both space and time. The main Tower
Lake operation has a large seismicity cluster in close proximity, which is almost certainly due
to the injection operations. All of these clusters appear to correlate with HF operations,
rather than WD operations. This is expected for the WCSB, as WD generally has a lower

likelihood to trigger IIE in this area (Atkinson et al., 2016).

The calculated diffusivity values of 0.86 m?/s and 1.08 m?/s are relatively high compared to
the value of 0.2 m?/s observed by Yu et al. (2019). One possible hypothesis for this disparity
is that there are several high permeability pathways in the area of the Tower Lake HF
operations. The faults identified through analyzing earthquake locations and focal
mechanisms could possibly function as a high permeability pathway, causing an increase in

the observed diffusivity.

In our study, the spatial extent of the seismicity was similar to the spatial extent of the HF
wells. Because the injection point of the well changes with each HF stage, the assumption of
a fixed point source injecting fluids into the subsurface may not be valid. In some cases, the
change in location of each stage could possibly exceed the distance that could have been
reached by the pore pressure diffusion front. This would have the effect of artificially inflating
our diffusivity estimates. However, it is likely that the actual value of diffusivity in the Tower

Lake area is higher than Yu et al.’s (2019) value of 0.2 m?/s, as almost every event occurs
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before the theoretical arrival of pore pressure increase predicted by a diffusivity of 0.2 m?/s

(Figure 3.18).

Several events also occur before the pore pressure diffusion is expected to reach their
location, even with the large values of diffusivity observed (Figure 3.18). Two distinct
behaviors are observed in events that occur outside of the theoretical diffusion front (Figure
3.19). The first behavior is observed in Cluster 1. These events occur near the toe of the HF
well. It is likely that these events were triggered by the poroelastic effect, rather than pore
pressure increase. No other wells were active in the area before the events in Cluster 1
occurred, so it is not possible that these events were triggered by pore pressure increase
from another well. The events in Cluster 1 also occur well before the pore pressure increase
is expected to arrive at their location. Even with an extremely large diffusivity value of 10
m?/s, several events in Cluster 1 occur before the estimated increase in pore fluid pressure
(Figure 4.1). A possible explanation for these events is that they were triggered by the

poroelastic effect.
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Figure 4.1: Events that occur before the estimated pore pressure increase, calculated using
a diffusivity of 10 m?/s.

The second behavior is observed in Cluster 2. These events occur near the heel of the HF
well. It is likely that these events are triggered by the pore pressure increase from the first
phase of injection, but due to the pore pressure diffusion delay they occurred during the

second phase of HF operations.

4.2 Spatial Lineations of Seismicity

Several lineations appear in the map view of the relocated seismicity catalog (Figure 3.10).
These lineations, along with the focal mechanism dataset, strongly suggest the presence of
crustal faults. Knowledge of crustal faults can provide information on seismic hazards, as

well as earthquake behavior and triggering mechanisms.

There are five distinct lineations in Figure 3.10. Magnitudes were calculated for a theoretical
strike-slip earthquake rupturing the entire length of the lineation. In clusters A and B, the
estimated magnitudes ranged from M 1.5 to M 3.1, depending on the length of the lineation
and the stress drop. The larger estimated magnitudes are quite close to the observed
magnitudes of the largest event in each cluster, which are M 2.6 for Cluster A, and M 2.5 for
Cluster B. This suggests that the M 2.6 and M 2.5 events ruptured a significant portion of
each lineation, if not the entire lineation. Clusters A and B also displayed two sets of
lineations each, suggesting a conjugate fault system. If these lineations are faults, both pairs

of lineations would be consistent with the local stress field.

The lineation in Cluster C is much longer than the lineations observed in Clusters A and B,
with an estimated magnitude varying from M 2.9 to 3.6. The largest observed event in
Cluster C was M 2.1, which is significantly smaller than the predicted size if the entire
lineation had ruptured. Based on this information, there may be faults near the Tower Lake

HF operation that could host an M 3 or greater earthquake, if a sufficient stress perturbation
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is applied. Such an earthquake has the potential to cause damage to the infrastructure
nearby, and would likely be felt by residents in the immediate neighborhood (British

Columbia Oil and Gas Commission, 2012) .

The rate of earthquakes through time on each lineation presents an interesting pattern. In
Clusters A and B, many smaller earthquakes occur along the lineation before the largest
event in each cluster occurs. This precursory seismic activity indicates that several
earthquakes along the lineation were triggered by the pore pressure increase from the HF
operation. These earthquakes illuminate the fault structure in the area, and in this case
provide information about the location and magnitude of the largest earthquake in the
sequence. However, Cluster C does not exhibit this behavior. The largest earthquake occurs
near the beginning of the sequence, and is followed by smaller events. No precursory
activity is observed for this sequence. Given these examples, no reliable indicator of future
earthquakes can be identified. However, if lineations of earthquakes are observed for other
HF operations, this may be a sign that a fault is being re-activated by the HF operations, and
that a larger earthquake might be possible, such as in the cases of Clusters A and B, Figure
3.14. This does not mean that future earthquakes can be predicted based on the faults being
illuminated by seismicity. However, a fault being illuminated by seismicity is a potential

warning sign that a larger event may occur in the future.
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Figure 4.2: Seismicity, with the NW to SE lineament highlighted in red. The Tower Lake well
head is depicted by the red X symbol.

There is also a large-scale NW to SE lineament visible to the NW of the Tower Lake HF
operation (Figure 4.2). The seismicity along this lineament could be caused by fluid
transport, with the fault acting as a high permeability conduit. However, all the seismicity
along the lineament occurred before the start of the Tower Lake operations. Therefore the
seismicity cannot be associated with the Tower Lake well. If this lineament is a fault, it would
be well oriented for a large thrust event. However, this lineament is not well suited to host a
strike-slip event. Using the same method as in Section 3.4, we estimated the potential
magnitude if the lineament ruptured. The length of the lineament is 8.5 km. For this length,
and a stress drop of 1 MPa, the estimated magnitude is M 5.5. For a stress drop of 10 MPa,
the estimated magnitude is M 6.1. While we cannot confirm if this structure is a fault, the

potential seismic risk from this feature may be significant. Unfortunately, none of the
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earthquakes in this lineament had enough phase measurements to compute an accurate
focal mechanism. Several significant induced thrust events have occurred in the WCSB,
such as the 2018 M4.5 Fort St. John earthquake (Salvage and Eaton, 2022), and the 2022

M5.6 Peace River earthquake (Schultz et al., 2023).

4.3 Correlation of Injection with Seismicity

It is difficult to delineate which injection parameter had the greatest effect on seismicity. The
Tower Lake HF operation was characterized by two phases of injection activity. The first
phase had a higher cumulative volume, pressure, and injection rate compared to the second
phase. The first phase was associated with a greater earthquake rate. In addition, the
injection wells of the different phases are separated spatially. Generally, wells in the first
phase are located to the SW of wells in the second phase. In a zoomed-in plot of seismicity
(Figure 4.3), several dense clusters appear near the wells of the first phase. This suggests
that there may be some structural features in this area that are particularly sensitive to

triggering from injection operations of the first phase.
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Figure 4.3: Magnified view of seismicity and HF stage locations. The different colors
represent the different wells of the Tower Lake HF pad. Red circles represent the toe of the
well, and red X’s represent the borehole locations of each well. Seismicity is represented by

gray dots. All HF stage locations from the Tower Lake operation are plotted.
It has been well established by McGarr (1976, 2014) that the cumulative seismic moment is
linearly related to injected volume in the subsurface. The constant of proportionality of this
line is dependent on Lamé’s elastic parameters, as well as the coefficient of friction, as given
in Equation 7. The cumulative seismic moment is dependent on two factors: the number of
earthquakes and their magnitudes. When injection is initiated, both the rate of
seismogenesis and the magnitude of earthquakes may increase to accommodate the
change in volume in the subsurface. In the Tower Lake earthquake catalog, the largest
magnitude event accounted for roughly 12% of the cumulative seismic moment. The largest
10 events accounted for approximately 50% of the cumulative seismic moment. In the

nearby Duvernay formation, another study clearly observed an increase in seismicity rate

due to an increase in HF injection volume (Schultz et al., 2018). Our results, as well as
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Schultz et al. (2018), provide evidence that the McGarr relationship is applicable to HF

scenarios in the WCSB.

The injection pressure shows some correlation with increased seismicity; however, it is not
possible to separate the effect of injection pressure from other variables, as injection rate
and cumulative injected fluid volume are correlated. A previous study by Wang et al. (2022)
investigated the effects of different HF operational parameters, and found that the maximum
and average treatment pressure did not have a significant correlation with either the rate or
magnitude of induced seismicity. However, Wang et al. (2022) did find that the breakdown
pressure, which is the pressure at which the target formation begins to fracture, had some
correlation with induced seismicity. Wang et al. (2022) also found that the instantaneous
shut-in pressure, which is the pressure at which fractures close after the HF operation, was
correlated with induced seismicity. Breakdown pressure and instantaneous shut-in pressure
can only be measured once per injection stage. Because of this fact, we did not investigate
the breakdown pressure or instantaneous shut-in pressure, as the number of injection
stages in this study was limited. In order to truly delineate the effects of injection pressure,

further research is needed, ideally with an experiment that isolates changes in pressure.

Another parameter that was investigated was the target formation depth. Amini et al. (2022)
found that the target formation had some influence on the likelihood of triggering induced
seismicity, with the Middle Montney having a higher percentage of wells that triggered
earthquakes. The Tower Lake operation targeted all three of the Upper, Middle, and Lower
Montney. In both phases of the HF operations there are wells targeting all three
sub-formations concurrently (Figure 4.4), and so no dependence on target formation can be

identified.
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Figure 4.4: Seismicity and well target formations.

4.4 Seismic Imaging of HF Operation

There is one prominent LVZ in close proximity to the Tower Lake HF operation in the

F2.0

=
w
Magnitude

1.0

r0.5

tomographic image (Figures 3.7, 3.8). There are several possible interpretations of this LVZ.

Because many of the earthquakes in the Tower Lake earthquake catalog are located close to

the HF wells, the area around the HF wells has the greatest ray path density. Very few

raypaths intersect with cells outside of the injection area, as shown in Figure 3.8. This

suggests that the inversion is not sensitive to the subsurface anywhere outside of the area of

injection operations. Because of this lack of sensitivity, the LVZ surrounding the Tower Lake

HF operation may well be an artifact. A likely explanation for the LVZ is that the actual

subsurface velocities are somewhat lower than the input model, and the actual subsurface
velocities are represented in the LVZ, while the rest of the estimated model is only slightly

changed from the input model. In order to test this hypothesis, a synthetic test was

performed. A synthetic velocity model was derived from the initial model used for the original
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inversion, with 10% lower velocities. Then, synthetic double difference travel time

measurements were calculated using the synthetic velocity model, with the same sources

and receivers as the original inversion. Then, an inversion was performed using these

synthetic measurements, using the same parameters and initial velocity model as the

original

the synt

inversion. The results of this test are shown in Figure 4.5. The tomographic results of

hetic inversion are very similar to the tomographic results of the original inversion.

This suggests that the LVZ observed in the original tomographic model is likely an artifact.

z=-0.25 km z=2.00 km
56.04
At At
i A _ A
26.02 A‘AAAA A‘AAA
56.00{ A A o " a4 A A {1 AA L T4 A A
A A A ad A Lo A a R 4
A A A A A A A A A A
55.98 1 A , A A A T A , A A A
A A A A
55.96 A, A ] A, 4
z=0.50 km z=2.75 km
56.04 L2
A A —
J A A 4 | A A 4, o
36.02 A A A, A A A o~
56.00 - “AAAAA A . “AAAAA A -
' A, A A AA A, A A AA )
A A A A A A A A A A (@)]
55.98 1 A , AA A A ] A , AA A A o C
55.96 - A, 4 1 A, 4 _rcU
T T T T U
z=1.25 km z=3.50 km o
56.04 S
A A
56.02 AAAA A - AAAA A L >
A A A A
56.00{ A A o " 4 A A {1 AA 4, T A A
A L, A a ad A L A a e
55.98 4 N A A A " A AA | A N A A A A A AA
A, A A, A
55.96 - A, A 1 A, 4 _a
& [N o) 0 g ® o) <0
Q- Q- Q- Q- Q- Q- Q- Q-
A A P AP AV b A A

Figure 4.5: Tomography results of the synthetic inversion. The velocity anomaly is
represented as the percent change from the average velocity of each layer in the inverted
model. Black triangles represent seismic stations. The HF wells are omitted for clarity.

Body wave tomography will always be limited by the number and location of earthquake

sources

clustere

in the dataset. In many cases, the seismicity caused by subsurface injection will be

d around the injection operations. This means that the raypath density near the

49



injection operations will be relatively high, while raypath density in areas away from the
injection operation will be low. This may be a distinct disadvantage if features away from the
main injection operation are of interest. This disadvantage also hinders the comparison of
features that are near the injection site with features that are far from the injection site.
Other methods, such as the ambient noise tomography that does not depend on earthquake
sources, may be much better suited to monitoring the change of seismic properties

associated with injection operations.
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5. Conclusions

In this thesis, a HF operation near Tower Lake, BC, was studied using the techniques of
observational seismology. An earthquake catalog was produced, double difference
earthquake relocation and tomography were performed, focal mechanisms were calculated,
and injection information was analyzed for correlations with seismicity. Seismic and injection

data with an unprecedented level of resolution were made available for this project.

The earthquake catalog was produced using state of the art machine learning techniques.
The resulting catalog included 3377 events that passed our quality control criteria. While
there were observed to be some false detections in the earthquake catalog, these were

easily removed.

In order to analyze earthquake patterns, a high-resolution earthquake relocation was
performed using the TomoDD software. Of the 3377 earthquakes in the original catalog,
2193 earthquakes were successfully relocated. The MOC of the relocated catalog was
estimated to be 0.8, using the GFT technique. The b-value was found to be 1.4, which is
higher than most global seismic catalogs, but consistent with other induced seismicity
earthquake catalogs. The largest earthquake in the catalog was M 2.6. One main cluster of
earthquakes was identified and associated with the Tower Lake HF operation. However,
many other clusters of seismicity were also detected and associated with other HF
operations in the area. The migration patterns of the induced seismicity were investigated. A
large value for diffusivity was required to explain the rate of earthquake migration,

suggesting that the subsurface in the Tower Lake area is highly fractured.

A tomographic inversion was also performed. A 3-D velocity model was extracted that
covered all of the seismic stations, and extended to 4 km depth. A prominent LVZ was

observed in the vicinity of the HF wells, but it is likely that this LVZ is an artifact caused by
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the lack of resolution in the tomographic model. Ambient noise tomography may be more
suitable for monitoring subsurface injection, as the resolution is not dependent on

earthquakes being triggered by the injection operation.

Focal mechanisms were also manually calculated for this dataset. In total, 78 focal
mechanisms were calculated. Due to the good azimuthal coverage of the seismic stations,
the focal mechanisms were well constrained. The focal mechanisms were predominantly
strike-slip, and all were consistent with the S,,.« in the area. Several clear lineations were
visible in the earthquake catalog. Using these lineations and the focal mechanism dataset,
some small-scale faults were identified. Estimates for the magnitude of potential
earthquakes on these faults were made. In Clusters A and B, the faults were at least partially
ruptured by induced events. The lineation in Cluster C could potentially host an M3.0 or
larger earthquake. Clusters A and B produced several small-scale earthquakes before larger

events occurred on the lineations.

The high-resolution injection dataset provided an unique opportunity to investigate the

correlation between injection parameters and seismicity. It was found that injection pressure
and injection rate had a minimal effect on seismicity, while the cumulative volume was highly
correlated with seismic activity. This is generally consistent with the McGarr hypothesis, with

the McGarr relationship bounding above all the events in the earthquake catalog.

This study provided several developments to the understanding of induced seismicity. One
particularly important observation was the detection of several foreshocks along identified
faults. In this case, the foreshocks provided information about the following mainshocks from
each fault. Characterizing faults and monitoring seismic activity during injection operations
could allow oil and gas operators to preemptively modify their operations to avoid triggering
larger seismic events. Evidence for a highly-fractured target formation was also observed.

The diffusivity estimated in this study ranged from 0.86 m?/s to 1.05 m%s. This is significantly
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higher than typically observed in tight shale formations. Our findings also support the
observations of Yu et al. (2019), which suggested that the Montney formation is highly
fractured. A high diffusivity value allows for earthquakes to be triggered by pore pressure
diffusion further away, and much sooner than expected for mediums with a more typical
diffusivity value. We also found that most of the earthquakes in the Tower Lake catalog were
likely triggered by pore pressure diffusion, rather than the poroelastic effect. This
corroborates the findings of several other studies suggesting that pore pressure diffusion is
the most likely triggering mechanism for induced seismicity in the Montney formation. This is
also consistent with analysis of the injection information, as the cumulative injected fluid

volume was linearly related to the amount of seismic moment released.
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Appendices

Appendix A: Supplemental Table of Seismograph Stations
Used In This Study

net sta lat lon elev sampling_rate
Sy 1 55.992671966 | -120.5710830 | 768.77941894 | 1000
5527 68847 5312
Sy 2 55.999286651 | -120.5580291 | 756.33416748 | 1000
6113 74804 0468
Sy 3 56.009578704 | -120.5442123 | 737.86029052 | 1000
8339 41308 7343
Sy 4 56.007259368 | -120.5710983 | 749.15905761 | 1000
8964 27636 7187
Sy 5 56.014282226 | -120.5574645 | 762.12219238 | 1000
5625 99609 2812
Sy 6 55.999862670 | -120.5872192 | 749.68450927 | 1000
8984 38281 7343
Sy 7 55.985443115 | -120.5578079 | 777.56890869 | 1000
2343 22363 1406
Sy 8 55.992408752 | -120.5450897 | 766.29418945 | 1000
4414 21679 3125
Sy 9 56 -120.5263214 | 765.97326660 | 1000
1562
Sy 10 55.995185852 | -120.5187301 | 786.31927490 | 1000
0507 63574 2343
Sy 11 55.985698699 | -120.5356903 | 776.98815917 | 1000
9511 07617 9687
Sy 12 55.977943 -120.543327 733.07702636 | 1000
7187
Sy 13 56.007083892 | -120.5974578 | 753.11096191 | 1000
8222 85742 4062
Sy 14 56.015068054 | -120.6077346 | 779.23870849 | 1000
1992 80175 6093
Sy 15 56.014575958 | -120.5840911 | 775.42742919 | 1000
2519 86523 9218
Sy 16 56.022434234 | -120.5960769 | 801.67797851 | 1000
6191 65332 5625
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Sy 17 56.022994995 | -120.5713882 | 775.23370361 | 1000
1171 44628 3281

Sy 18 56.028934478 | -120.5840682 | 777.99194335 | 1000
7597 98339 9375

Sy 19 55.971977233 | -120.5575180 | 689.15533447 | 1000
8867 05371 2656

Sy 20 55.963542938 | -120.5647048 | 618.71105957 | 1000
2324 95019 0312

Sy 21 55.977718353 | -120.5709533 | 709.09155273 | 1000
2714 6914 4375

Sy 22 556.971317291 | -120.5883255 | 690.4921875 | 1000
2597 00488

Sy 23 55.963321685 | -120.5941467 | 681.95812988 | 1000
791 28515 2812

Sy 24 55.958225250 | -120.5840835 | 640.77270507 | 1000
2441 57128 8125

Sy 25 55.985446929 | -120.5838470 | 761.56225585 | 1000
9316 45898 9375

Sy 26 55.979969024 | -120.5957107 | 718.73583984 | 1000
6582 54394 375

Sy 27 55.974967956 | -120.6097488 | 697.62957763 | 1000
5429 40332 6718

Sy 28 55.993309020 | -120.5951919 | 778.69818115 | 1000
996 55566 2343

Sy 29 55.984336853 | -120.6081237 | 784.03454589 | 1000
0273 79296 8437

Sy 30 55.977573394 | -120.6265563 | 717.91644287 | 1000
7753 96484 1093

Sy 31 56.000045776 | -120.6096954 | 761.80310058 | 1000
3671 3457 5937

Sy 32 55.991546630 | -120.6205368 | 776.56671142 | 1000
8593 04199 5781

Sy 33 55.984947204 | -120.6364517 | 767.58612060 | 1000
5898 21191 5468

Sy 34 56.003609 -120.622604 763.17272949 | 1000

2187

Sy 35 55.994331359 | -120.6421737 | 811.92578125 | 1000
8632 67089

Sy 36 56.002529144 | -120.6330947 | 777.95977783 | 1000
2871 87597 2031
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CN BCBC 52.372 -126.755 0 100
CN BLBC 52.044 -119.2439 2357 100
CN BMBC 56.0449 -122.1336 1092 40

CN BMTB 56.0451 -122.1332 1099 100
CN DLBC 58.4372 -130.0272 978 100
CN EDM 53.223 -113.3497 727 100
CN FNBB 58.8903 -123.0099 618 40

CN FNSB 58.8061 -122.7328 440 100
CN FSB 54.4767 -124.3283 747 100
XL MGO1 56.0548 -120.638 721 100
XL MGO02 55.8668 -120.084 642 100
XL MGO03 556.9122 -120.4414 697 100
XL MGO04 55.9914 -120.338 682 100
XL MGO05 55.8951 -120.3019 795 100
XL MGO06 55.8721 -120.0415 639 100
XL MGO07 55.7836 -120.4024 749 100
XL MGO08 55.8412 -120.8731 722 100
XL MGO09 55.7442 -120.7796 795 100
XL MG10 55.7229 -120.0633 798 100
XL MG11 55.86168 -120.11468 657 100
1E MONT1 55.9102 -120.5865 697 100
1E MONT2 56.0197 -120.047 642 100
1E MONT3 56.0058 -120.4539 783 100
1E MONT4 57.3184 -122.7057 1110 100
1E MONTS 57.0269 -122.336 1097 100
1E MONT6 56.1103 -121.017 650 100
1E MONT7 56.3079 -122.0316 797 100
1E MONTS8 56.0673 -120.7774 695 100
1E MONT9 55.8039 -120.5388 832 100
1E MONTA 56.1043 -121.07 651 100
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PQ NAB1 56.76629 -121.25867 754 100
PQ NAB2 58.59503 -119.16559 646 100
PQ NBC1 59.65594 -123.82371 421 100
PQ NBC2 59.77346 -122.48776 486 100
PQ NBC3 59.63716 -120.66875 452 100
PQ NBC4 55.6873 -120.6602 815 100
PQ NBC5 57.52311 -122.67763 1161 100
PQ NBC6 58.58389 -121.33392 445 100
PQ NBC7 56.2678 -120.8426 676 100
PQ NBC8 56.57308 -122.40441 709 100
XL RUO1 56.1451 -120.48004 612 100
XL RU02 56.13199 -120.18819 611 100
XL RUO03 55.8074 -121.1345 795 100
XL RU04 55.9614 -121.0388 892 100
XL RU05 56.1806 -120.7334 606 100
XL RU06 55.9896 -120.5269 773 100
EO KSMO01 56.020911 -120.553634 773 200
EO KSMO02 55.88666 -120.440672 730 200
EO KSMO03 55.839984 -120.138032 652 200
EO KSM04 55.77394 -120.64416 705 200
EO KSMO05 55.79272 -120.2098 759 200
EO KSMO06 55.950124 -120.712872 752 200
EO KSMO07 56.001695 -120.920995 803 200
EO KSMO08 56.020422 -120.130554 718 200
EO KSMO09 56.167275 -120.279663 644 200
EO KSM10 56.082567 -120.784632 715 200
EO KSM11 55.950124 -120.451232 677 200
EO KSM12 55.872636 -120.667808 706 200
EO KSM13 55.978668 -120.318704 683 200
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