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Abstract. Recent seismicity in Alberta and north-east British
Columbia has been attributed to ongoing oil and gas develop-
ment in the area, due to its temporal and spatial correlation.
Prior to such development, the area was seismically quies-
cent. Here, we show evidence that latent seismicity may oc-
cur in areas where previous operations have occurred, even
during a shutdown in operations. The global COVID-19 pan-
demic furnished the unique opportunity to study seismicity
during a long period of anthropogenic quiescence. Within
the Kiskatinaw area of British Columbia, 389 events were
detected from April to August 2020, which encompasses a
period with very little hydraulic fracturing operations. This
reduction in operations was the result of a government-
imposed lockdown severely restricting the movement of peo-
ple as well as a downturn in the economic market causing in-
dustry stock prices to collapse. Except for a reduction in the
seismicity rate and a lack of temporal clustering that is often
characteristic of hydraulic fracturing induced sequences, the
general characteristics of the observed seismicity were simi-
lar to the preceding time period of active operations. During
the period of relative quiescence, event magnitudes were ob-
served between My —0.7 and My 1.2, which is consistent
with previous event magnitudes in the area. Hypocentres oc-
curred in a corridor orientated NW-SE, just as seismicity had
done in previous years, and were located at depths associated
with the target Montney formation or shallower (< 2.5 km).
A maximum of 21 % of the detected events during lock-
down may be attributable to natural seismicity, with a further
8 % potentially attributed to dynamic triggering of seismicity
from teleseismic events and 6 % related to ongoing saltwa-
ter disposal and a single operational well pad. However, this
leaves ~ 65 % of the seismicity detected during lockdown
being unattributable to primary activation mechanisms. This

seismicity is unlikely to be the result of direct pore pressure
increases (as very little direct injection of fluids was occur-
ring at the time) and we see no patterns of temporal or spatial
migration in the seismicity as would be expected from direct
pore pressure increases. Instead, we suggest that this latent
seismicity may be generated by aseismic slip as fluids (re-
sulting from previous hydraulic fracturing injection) become
trapped within permeable formations at depth, keeping pore
pressures in the area elevated and consequently allowing the
generation of seismicity. Alternatively, this seismicity may
be the result of fault and fracture weakening in response to
previous fluid injection. This is the first time that this latent
seismicity has been observed in this area of British Columbia
and, as such, this may now represent the new normal back-
ground seismicity rate within the Kiskatinaw area.

1 Introduction

The number of recorded instances of injection-induced seis-
micity has risen dramatically over the past decade, in part
due to increased operations in hydraulic fracturing, wastew-
ater disposal and enhanced geothermal systems around the
globe but also due to enhanced monitoring, meaning that
we are better able to detect smaller events (e.g. Atkinson
et al., 2016; Ellsworth, 2013). In western Canada, the West-
ern Canadian Sedimentary Basin (WCSB) is the focus of
such activity, where a number of distinct resource plays are
located including the Montney and the Duvernay. Despite an
apparent flurry of larger magnitude seismic events associated
with these operations — e.g. My, 4.5 near Fort St. John, British
Columbia, in November 2018 (Babaie-Mahani et al., 2019;
Pefia Castro et al., 2020); My, 4.1 near Fox Creek, Alberta,
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in January 2016 (Eyre et al., 2019b) —, very few hydraulic
fracturing operations (0.8 %) are actually linked to seismic
activity with My, > 3 (Ghofrani and Atkinson, 2020).

The Montney Play, which is Lower-Middle Triassic in
age, is formed of extensive fine-grained siliciclastic units
(inter-bedded sand, silt and mudstones) and stretches from
west-central Alberta to north-east British Columbia (Eaton
and Schultz, 2018; Dixon, 2000; Armitage, 1962). Over
5600 multistage horizontal hydraulically fractured wells had
been completed within the Montney by December 2018
(Nieto et al., 2018). In recent years, north-east British
Columbia has experienced an increasing number of felt seis-
mic events during active development within the Montney
play. This led the British Columbia Oil and Gas Commis-
sion to implement a special order in 2018 within the area
now known as the Kiskatinaw Seismic Monitoring and Mit-
igation Area (KSMMA), which required operators to under-
take a pre-assessment of the seismic hazard, fully inform res-
idents in the area of upcoming operations and undertake real-
time seismic monitoring before, during and after completion
(BC Oil and Gas Commission, 2018). Of particular impor-
tance was the introduction of the threshold for the suspen-
sion of operations following events with > M3 within the
KSMMA, which is lower than the > M4 threshold that is
standard elsewhere in British Columbia (e.g. Babaie-Mahani
and Kao, 2020).

Prior to the introduction of oil and gas extraction, west-
ern Canada was generally seismically quiet except for the
Mackenzie Mountains and the North American plate bound-
ary off the west coast of British Columbia (Lamontagne
et al., 2008). Consequently, seismicity detected within the
KSMMA has been assumed to be directly related to ongo-
ing oil and gas operations due to its temporal and spatial
correlation with active wells. However, there are a number
of examples of seismicity thought to be related to hydraulic
fracturing that generate events months after operations have
ceased (e.g. Eyre et al., 2020). We call this latent seismic-
ity, i.e. seismicity that appears after an unusually long delay
following a primary activation processes, but has no obvious
trigger (e.g. enhanced pressurization at the onset of seismic-
ity) and cannot be explained by other sources (e.g. natural or
dynamic triggering processes).

Here, we investigate seismicity generated within the
KSMMA during the unprecedented period of quiescence that
resulted from the global COVID-19 pandemic. The slowing
of operations in the area and the reduction in seismic noise
as businesses shut down and people stayed indoors, com-
pounded by a downturn in the energy market, gave us the
unique opportunity to study latent seismicity in an area where
it would usually go undetected. This study is highly unusual
considering that this was a near-complete shutdown of op-
erations in the area, rather than one dictated by a short sus-
pension in operations within a specific area (under the traffic
light system in the KSMMA following an event of > M3)
or the cessation of seismicity following reservoir depletion.

Solid Earth, 12, 765-783, 2021

Given that prior to the development of the Montney play this
area was relatively quiet in terms of natural seismicity (Lam-
ontagne et al., 2008), the detection of latent seismicity over
~ 4 months suggests lingering changes in the stress field to
allow for its generation.

2 COVID-19 and the reduction of noise globally

The year 2020 was highly unusual due to the global pan-
demic that caused the shutdown of many businesses and
severely restricted the movement of people worldwide. This
reduction in ground motion has been accurately measured
by a drop in seismic ambient noise in many places and cor-
related with a decrease in population mobility (e.g. Lecocq
et al., 2020a; Dias et al., 2020). The noise level at a seismic
station can be estimated using the probabilistic power spec-
tral density (PPSD) of its records (McNamara and Buland,
2004). Following the methodology of Lecocq et al. (2020a),
we compute the PPSD from 30 min windows with 50 % over-
lap so that a single value is gained for each window, calcu-
lated using Welch’s method (Welch, 1967) for the vertical
component at different seismic stations. We use the vertical
component since a number of public stations (including sta-
tion R25AC; Fig. 1) are single component seismometers, en-
abling us to compare the reduction in noise across a num-
ber of sensors. This method reduces numerical noise in the
power spectra at the expense of reducing the frequency res-
olution because of frequency binning, but this effect is mini-
mized with a robust smoothing parameterization. The 30 min
time series are then converted to an average daily PPSD and
the RMS of the time-domain displacement is extracted. An-
thropogenic cultural noise typically concentrates at high fre-
quencies (> 1-10 Hz; McNamara and Buland, 2004), but is
strongly diurnal (e.g. stronger during the day than at night
and stronger during the weekdays compared to the weekends;
Lecocq et al., 2020a). To capture this noise but avoid mete-
orological signals, in particular to avoid focusing on oceanic
microseisms (which typically manifest below 1 Hz), we use
the frequency band of 4-14 Hz to investigate seismic noise
during the pandemic.

Figure 1 shows the reduction of seismic noise in the
frequency band 4-14 Hz in Gastown, Vancouver, British
Columbia, during the global pandemic. A clear reduction
in noise is observed following the closure of schools (black
line) and businesses (red line). During Phase I of the pan-
demic, i.e. between the closure of businesses and the par-
tial reopening of the city on 5 May 2020 (blue line, red
background colour), noise levels remain lower than previ-
ously recorded. Following the re-opening of some businesses
in May and June 2020, the increase in noise is interpreted
as the increased movement of people, although it remains
lower than pre-pandemic levels. To verify that these varia-
tions do not occur on an annual basis, we undertook the same
noise analysis for the year 2019 and found no such fluctua-
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Figure 1. Filtered (4-14 Hz) ambient seismic noise displayed as displacement from station R25AC (vertical component) located in Van-
couver, British Columbia. Thirty minute average PPSD (dark grey) with rolling mean (window size = 92 h) shown in green. The timing of
different lockdown scenarios for British Columbia are shown as vertical dashed lines. Background colours represent different lockdown sce-
narios: green represents before and after lockdown scenarios, red is the first lockdown scenario with the closure of schools and restaurants,
and yellow is the second lockdown scenario where some businesses re-opened. A clear reduction in the average ground motion is observed
following initial lockdown conditions in March 2020. The large peak in noise in September is thought to be meteorological, rather than a
sudden increase in anthropogenic activity. Figure courtesy of codes developed by Thomas Lecocq and Fred Massin.

tions during the corresponding months. In fact, the average
ground displacement remained between 20 and 30 nm at sta-
tion R25AC for the entirety of 2019.

3 Seismicity in the KSMMA

With increasing unconventional oil and gas operations within
the KSMMA over the past decade, the number of pub-
lic monitoring stations has also increased. Prior to 2020,
nine public sensors maintained by Natural Resources Canada
(NRCan), the British Columbia Oil and Gas Commission,
the British Columbia Seismic Research Consortium and the
Geological Survey of Canada existed within the KSMMA
boundary, along with six co-located accelerometers poised
to better capture higher levels of ground motion from larger
seismic events. In early 2020, 13 additional broadband seis-
mic stations (Trillium T120 seismometers with Taurus digi-
tizers; sampling rate of 200 Hz) and two Titan accelerometers
(sampling rate of 200 Hz) were installed within the KSMMA
(expanding the EON-ROSE (EO) network) as part of a joint
project between the University of Calgary, Nanometrics,
Geoscience BC and a number of universities in South Ko-
rea to monitor ongoing seismicity associated with hydraulic
fracturing operations (Fig. 2). Sensors were installed at ex-
isting well sites through the support of four companies and
placed just below the surface (to a depth of 30 cm) to enhance
coupling and decrease noise. The primary aim of the instal-
lation in 2020 was to expand monitoring capabilities within
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the KSMMA, in particular in the north-east and south-west
of the area where prior public monitoring was sparse. The
sites of the accelerometers were chosen due to their proxim-
ity to the most recent seismicity in the area, in particular a
number of felt events that have occurred close to Tower Lake
and Farmington. Further details of the installation of this ar-
ray can be found in Salvage et al. (2021).

The catalogue of seismic events detected in the KSMMA
is based on the newly installed array and available public
stations in the area. Events were detected from the incom-
ing continuous seismic data using an STA/LTA triggering
algorithm, followed by a template-matching algorithm. The
template-matching algorithm uses previously detected events
from its own catalogue, as well as historical seismicity in the
area to identify seismic events from seismic noise and conse-
quently remove unwanted signals. A machine-learning tech-
nique was then used to identify phase arrivals within sus-
pected events, using historical seismicity (from both public
and private arrays) as a training database. By converting the
waveforms into over 250 features (e.g. frequency content, P—
S timings), machine learning enabled the association of such
features with P and S phases (or, conversely, with noise), al-
lowing accurate automatic phase picking of detected events
(Salvage et al., 2021). We take the catalogue of event times
and P and S phases to cut waveforms from the continuous
seismic data. Data are band-passed filtered between 1 and
80 Hz (zero-phase), converted to displacement by removing
the instrument response and de-trended using both the mean
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Figure 2. Spatial locations of seismicity concentrations within the KSMMA. A higher density of seismic events is indicated by brighter
colours, a lower density by darker colours and no seismicity by grey. Densities displayed in (a) and (b) are directly comparable, i.e. the
absolute seismic density is the same in both subplots. The outline of the KSMMA boundary is shown in yellow, public seismic monitoring
stations as blue triangles, the newly installed EO network as yellow triangles and co-located accelerometers as hexagons. FSJ1 and FSJ2 are
also part of the EO network but were installed in 2018. FSJ1 was decommissioned on 26 August 2020 but is shown for completeness as
it was used in seismic analysis prior to this. The largest measured magnitude event within the KSMMA boundary for each year is marked.
(a) Seismic events reported by NRCan between 1 January and 31 December 2018 (inclusive) (Visser et al., 2020). Note: although the new
dense array was not installed at this time, it is shown on the map for reference. The largest event in 2018, occurring on 30 November north of
Tower Lake, is shown (M1, 4.5). (b) Seismic events recorded by the newly installed EO network (and incorporating data from public stations)
from 1 January to 31 December 2020 (inclusive). The largest magnitude event, occurring on 11 September 2020, is indicated (M, 3.4, Hutton
and Boore, 1987; My, 3.1, Babaie-Mahani and Kao, 2020). Figure courtesy of Thomas H. A. Swinscoe, University of Calgary and developed
using QGIS (https://qgis.org/en/site/about/index.html, last access: 15 February 2021).
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of the waveform and fitting a linear function to the wave-
form with a least squares. We then determine hypocentre
locations using NonLinLoc (Lomax et al., 2009, 2000), a
probabilistic, global-search non-linear algorithm that gener-
ates the maximum likelihood hypocentre location based on
the estimated posterior probability density function for each
event. A 1D velocity model was used for location analysis,
specifically calibrated for the KSMMA from compressional
and shear sonic logs, formation tops and ground truth lo-
cations of previous seismicity (available directly from the
British Columbia Oil and Gas Commission). Events were
then re-located using HypoDD, a double-difference algo-
rithm, whereby the residual between the observed and calcu-
lated travel-time difference (or double-difference) between
two earthquakes observed on a single station are related to
differences in their relative hypocentre locations and origin
times (Waldhauser and Ellsworth, 2000). To calculate mag-
nitudes we use a form of the Richter (1935) magnitude for-
mula that has been modified to better reflect local attenua-
tion characteristics within the KSMMA (Babaie-Mahani and
Kao, 2020). In line with calculations conducted by NRCan,
we calculated My, using the maximum amplitude from the
vertical component simulated on a Wood—Anderson (WA)
seismometer, rather than the horizontal component, which
has been used elsewhere.

Historically, seismicity within the KSMMA appears to oc-
cur within spatially distinct regions that fall within a corridor
orientated NW-SE. Figure 2 shows the detected seismicity
within the KSMMA in 2018 (Fig. 2a; Visser et al., 2020)
compared to 2020 (Fig. 2b; Salvage et al., 2021). We are un-
able to compare the seismicity from 2019 since these data
are not yet published. In both years, the largest magnitude
event occurred in an area away from the densest occurrence
of seismicity. Since the largest event in 2020 did not occur in
the same cluster as the largest event of 2018, it appears that
the occurrence of My, 3+ events, i.e. those that may be felt,
is not necessarily confined to a single region. Temporally,
seismicity within the KSMMA occurs in distinct clusters, at-
tributed to ongoing development activity in the area (Fig. 3).
In 2018, heightened periods of seismicity were observed in
April, May, July and August (Fig. 3a). Similar periods of
heightened seismicity were observed in 2020 in March, Au-
gust and September (Fig. 3b). The majority of seismicity de-
tected within the KSMMA is M1, < 2 and consequently goes
unfelt.

3.1 Pre and post-lockdown: 2020

In March 2020, the Province of British Columbia introduced
measures aimed at slowing the spread of COVID-19, in-
cluding the closure of schools and childcare facilities on
17 March and the closure of many businesses (in particular
those that included daily human interaction) on 21 March.
Although these closures did not include a government en-
forced closure of hydraulic fracturing activities, the stalling
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economy led to stock prices of operators within the KSMMA
plummeting to record lows and as such the suspension of
most activities (Stu Venables, British Columbia Oil and Gas
Commission, personal communication, January 2021). Up
until this point in 2020, similar patterns of seismicity to
other years were observed in the KSMMA (Fig. 3). A to-
tal of 4268 events were detected from the onset of data col-
lection (22 January 2020) from the updated EO array (yel-
low triangles; Fig. 2) to 1 April. Following the initial clo-
sure of businesses on 21 March, there is evidence of ongo-
ing hydraulic fracture operations for ~ 10 d, with associated
heightened seismicity (Fig. 3b). This reflects the continuation
of planned operations by companies within the KSMMA,
following which no new operations were initiated due to
the diminishing economy. Magnitudes of recorded seismicity
prior to lockdown at the end of March range from My, —0.7
to My, 2.9.

At the beginning of April, a period of relative seismic qui-
escence began in the KSMMA (Fig. 3b; grey background).
The COVID-19 pandemic not only limited the movement
of people and shut businesses, but also caused an economic
downturn in the energy sector, leading to the cancellation of
many operations. Seismicity since the resumption of activi-
ties in the later summer months, ~ 4 months after the lock-
down began, is once again temporally clustered, with a total
of 3176 events being recorded from 6 August 2020 to 1 Jan-
uary 2021. The largest magnitude event of 2020 occurred on
11 September at 22:37 UTC with an estimated My, of 3.1 (us-
ing Babaie-Mahani and Kao, 2020; previously estimated as
My, 3.4 using Hutton and Boore, 1987), after which proximal
operations were suspended in line with the traffic light pro-
tocol introduced for the KSMMA (BC Oil and Gas Commis-
sion, 2018). Seventy-three precursory events occurred over
approximately 4 h prior to the My, 3.1 event, with events lo-
cated within a small spatial extent (~ 300 m x 150 m), prob-
ably directly related to ongoing operations in the area due
to the correlation in space and time of events and fluid in-
jection. Events within this precursory sequence had magni-
tudes between M1, 0.2 and My 2.6 and were all located at
depths of approximately 2.05 km. Moment tensor results for
the My 3.1 event suggest a focal mechanism dominated by
strike-slip (Salvage et al., 2021).

3.2 Evidence of reduction in seismic noise: 2020

A clear reduction in the number of seismic events was
observed during the lockdown period from April to Au-
gust 2020 in the KSMMA (Fig. 3b; grey background). Over
the ~ 4 months of relative quiescence, only 389 events were
detected using the EO network and available public stations
in the area. For comparison, 344 events were detected on this
network over a single week from 8 to 15 February when op-
erations were fully underway. On average during this period,
the magnitude of events were smaller than during time peri-
ods when activity was driven by ongoing operations.

Solid Earth, 12, 765-783, 2021
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A reduction in seismic noise and therefore ground mo-
tion is also evident in the KSMMA following the introduc-
tion of government restrictions and the subsequent economic
downturn in March 2020 (Fig. 4). Unfortunately, the most
central seismic stations in the EO array were not installed
until immediately before and immediately after the end of
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lockdown (March and May, respectively) and therefore could
not be used to analyse the long term changes in seismic
noise. We chose station KSMOS, located in the east of the
KSMMA, approximately 14 km due north of the settlement
of Rolla, due to the long, uninterrupted seismic data recorded
at this station, as well as its proximity to recent dense clusters
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of ongoing seismicity (Fig. 2). The recent seismicity close
to KSMO08 suggests that a number of wells in the vicinity
were active prior to the economic downturn related to the
COVID-19 pandemic and government-imposed lockdowns
in March 2020. Heightened seismic ground motion is evident
at KSMO8 through January to March, as operations are ongo-
ing (Fig. 4). A significant decrease in average seismic ground
motion is observed following the government restrictions in
late March 2020, with the average displacement sitting well
below the daytime mean calculated prior to lockdown. As re-
strictions ease, we see a large increase in ground motion fol-
lowing the reopening of businesses in May 2020, although
this once again tails off through June and July. The decrease
in average ground motion in the late summer is observed at
all of the stations in the network, to varying degrees, and is
believed to be related to the downturn in the industry (as a
result of the COVID-19 pandemic) during which operations
were suspended by companies in response to the COVID-
19 pandemic (Stu Venables, British Columbia Oil and Gas
Commission, personal communication, January 2021). The
re-introduction of operations in August is clear from an in-
crease in ground displacement and seismic noise, which has
remained elevated ever since (although not as high as pre-
lockdown levels).
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3.3 Latent seismicity during relative quiescence: 2020

Seismicity occurring during the period of quiescence from
April to August 2020 within the KSMMA exhibits a num-
ber of characteristics indicative that it is a (latent) conse-
quence of previous operations in the area. Figure 5 shows
the temporal and spatial evolution of seismicity during this
period. Firstly, perhaps unsurprisingly, seismicity does not
occur in a distinct temporal pattern that exhibits clustering
(Fig. 5a). A small number of events (about five) occur each
day throughout the 4 month period. Event magnitudes also
reveal no discerning patterns with time, with all events reg-
istering My, —0.7 to My, 1.2. Furthermore, the frequency in-
dex (FI) suggests no temporal patterns during the period of
relative quiescence. The FI is a proxy for the spectral content
of each waveform based upon the ratio of energy in low- and
high-frequency windows (Buurman and West, 2010), calcu-
lated at a single station. We show our analysis for station
KSMO06 (Fig. 2) due to its proximity to the majority of the
ongoing seismicity during this period of relative quiescence,
although all stations within the EO network suggested no
temporal patterns in the FI. A negative FI means the wave-
form is dominated by low-frequency energy (in this case 1—
40Hz); a positive FI demonstrates a majority of energy in
the high-frequency band (40.1-80 Hz). Overall, the seismic-
ity detected during the period of relative quiescence within
the KSMMA shows no discerning temporal characteristics.
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Figure 5. Temporal and spatial evolution of 389 events detected in the KSMMA during the cessation of almost all operations from April
to August 2020. (a) Upper: daily event count and cumulative event counts. Middle: My, determined using the formula of Babaie-Mahani
and Kao (2020). Lower: Frequency index (FI) detailing the ratio of high-frequency energy to low-frequency energy within each detected
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to F (active in early March); one active SWD well is shown as the grey star. Figure generated using GMT v.6 (Wessel et al., 2019).
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Figure 6. Frequency—magnitude distribution of events (n = 389)
detected in the KSMMA during quiescence from 28 March to 6 Au-
gust 2020. Event counts in magnitude bins of 0.1 are shown as black
columns; the cumulative event value per bin is shown as a red dot.
The magnitude of completeness (M) is 0.4 and the estimated b
value is 1.96 (Gutenberg and Richter, 1944). Local magnitudes were
calculated following Babaie-Mahani and Kao (2020).

Spatially, seismicity detected during the COVID-19 lock-
down period exhibits characteristics that are similar to the
previously detected seismicity in the KSMMA (Fig. 5b).
Most events occur in a corridor orientated NW-SE, sim-
ilar to the spatial distribution of seismicity prior to lock-
down. Some spatial clustering is evident (e.g. in May in
the south; shown in yellow), but given the limited number
of events this is difficult to determine with certainty. Most
events during the quiescence period occur at focal depths
of ~ 0—4 km, which is similar to events prior to lockdown
within the KSMMA, if potentially slightly shallower. Target
formations for hydraulic fracturing within the KSMMA (Up-
per and Lower Montney) typically sit between 2 and 2.5 km
(total vertical depth), with saltwater disposal (SWD) inject-
ing at shallower depths (Michelle Gaucher, British Columbia
Oil and Gas Commission, personal communication, Novem-
ber 2020). This suggests that events detected during the qui-
escence were generated in formations similar to those that
occur when active hydraulic fracturing and SWD was ongo-
ing.

4 Discussion
4.1 Characteristics of observed seismicity

Seismicity generated during this period of quiescence ap-
pears to share many characteristics with seismicity generated
during hydraulic fracturing operations within the KSMMA.
Although low in number, the event rate per day remains
fairly constant throughout the ~ 4 month period of limited
hydraulic fracturing operations, with no apparent temporal
decay (Fig. 5a). This contrasts the usual pattern of seismicity
during active hydraulic fracturing operations, which is highly
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temporally (and spatially) clustered around the wells operat-
ing (Fig. 3) (e.g. Skoumal et al., 2015). Figure 3b also sug-
gests no change in the recorded magnitudes of events pre-
and during lockdown. Furthermore, no discernible changes
in the FI are observed during the lockdown period (Fig. 5a).
In volcanic environments (for which the FI was developed),
a low FI is thought to be indicative of the presence of fluid
moving through the system directly influencing the genera-
tion of seismicity (e.g. Lahr et al., 1994; Chouet, 1996; Sal-
vage et al., 2018). However, in volcanic environments, low
FI values typically contain energy of < 5Hz, with high FI
values focused up to 15Hz. The waveforms observed here
contain much higher frequency energy than this, which is a
common trait of seismicity generated in hydraulic fracturing
environments (e.g. Eaton, 2018). Zoback et al. (2012) have
suggested that events dominated by low-frequency energy in
hydraulic fracturing environments may be indicative of slow-
slip or aseismic deformation. Therefore, the low-frequency
nature of the events identified here may be indicative of ei-
ther aseismic deformation or the presence of fluids within the
system, however discerning between the two processes and
their relative importance is still an area of active research.
The estimated magnitude of completeness (M. ) during the
lockdown period is ~ 0.4 (Fig. 6). We calculate M. using the
maximum-curvature method of Wiemer and Wyss (2000).
Given the reduction in noise during the period of quiescence
(Fig. 4), it is perhaps no surprise that a low M, is identified.
However, the M. for 2020 (M. ~ 0.4; Fig. 3b) cannot di-
rectly be compared to the M. for 2018 (M. ~ 1.0; Fig. 3a)
since different methods were used in their magnitude cal-
culations (Hutton and Boore, 1987 vs. Babaie-Mahani and
Kao, 2020). The lowering of M. between these years is fun-
damentally related to an increase in the monitoring capacity
and detectability of small seismic events within the KSMMA
(Salvage et al., 2021). The estimated b value (Gutenberg
and Richter, 1944) of 1.96 (Fig. 6; calculated using a least-
squares linear regression for events with magnitudes > M)
is similar to b values estimated from seismicity associated
with hydraulic fracturing experiments in western Canada,
suggesting an abundance of lower magnitude events (Igo-
nin et al., 2018; Eaton et al., 2014). The fact that no large
magnitude events were detected during the period of quies-
cence (no events > My 1.5) directly influences the estimated
b value in this case. Interestingly, higher b values (as in this
case) have typically been attributed to seismicity generated
in normal faulting regimes (Schorlemmer et al., 2005; Amini
and Eberhardt, 2019). The KSMMA is strongly influenced
by the Fort St. John Graben complex, an asymmetrical half
graben that has also undergone significant strike-slip and ro-
tational movement upon reactivation of the basement faults
in the area (Barclay et al., 1990), which may also be directly
influencing the estimated b value. Furthermore, in hydraulic
fracturing environments, b values of > 2 have been associ-
ated with the stimulation of natural fractures at depth, with
smaller b values associating with large-scale tectonic faults
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(Wessels et al., 2011; Eaton and Maghsoudi, 2015). In our
case, this would suggest that the seismicity being generated
may be related to both complex natural fracture systems and
large-scale faults in the area, since the b value lies close to 2.

Seismicity during the quiescence appears to be spatially
concurrent with previous seismicity in the area (Figs. 5b
and 2). However, there appears to be very little correlation
between the spatial extent of seismicity and the most recent
hydraulic fracturing activity in the area (active in March 2020
prior to lockdown; green squares in Fig. 5b). Seismicity dur-
ing the quiescence appears in two planar elongated features
extending in a NW-SE direction with lengths of up to 30 km
(eastern segment), if assumed to be one feature. These fea-
tures are not coincident with any known large-scale faults in
the area (e.g. Furlong et al., 2020). Seismicity recorded dur-
ing this period of quiescence is generally located at a simi-
lar depth to the target formations of the Montney (~ 2 km),
as well as in the formations above. This suggests hydrauli-
cally connected pathways above the injection zone, perhaps
within mechanically stronger lithologies, as has been previ-
ously suggested by Eyre et al. (2019b) in the Fox Creek re-
gion of Alberta (another area undergoing intensive hydraulic
fracturing operations).

The generation of induced seismicity has often been suc-
cessfully correlated to a number of injection parameters, in-
cluding the injected volume of fluid (e.g. Yu et al., 2019;
Ellsworth, 2013) and/or the pumping rate (e.g. Goebel et al.,
2017). Temporally, data are too sparse to draw conclusions
as to whether any of these parameters directly influence the
generation of latent seismicity within the KSMMA, although
given that hydraulic fracturing operations during our period
of interest were extremely limited, we know that almost all
of this seismicity cannot be a direct response to this type
of fluid injection. Only one well pad was operated during
this period of quiescence, from 19 to 24 July (Stu Venables,
British Columbia Oil and Gas Commission, personal com-
munication, January 2021), and only four events have both
temporal correlation (i.e. occurred during this time window)
and spatial correlation (i.e. occurred within 5 km of this well
pad). However, there is evidence that a small number of seis-
mic events identified from April to August 2020 may be as-
sociated with SWD. Within the KSMMA, only eight SWD
wells were active in 2020, compared to hundreds of hydraulic
fracturing wells. Of these, only one well was active during
our period of investigation (Fig. 5b). We infer that the seis-
micity occurring on 13 April 2020 (Fig. 5a; upper panel),
where over 20 events were registered on the same day (sig-
nificantly above the background rate of seismicity during this
quiescence), may be due to SWD, accounting for ~ 6 % of
the detected seismicity during this period of quiescence. In
this case, ongoing sustained SWD occurred ~2km away
from these events. This offset is not unusual for SWD and
associated seismicity; Schultz et al. (2014) found an offset
of ~ 3.5km between SWD and associated seismicity in Al-
berta.
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4.2 Estimation of noise

PPSD is one of the most common methods used to character-
ize ambient seismic noise. However, the level of smoothing,
the size of the data window used in analysis and the method-
ology itself may all influence the PPSD calculation and dis-
tort features of interest (Anthony et al., 2020). Smoothing
is primarily undertaken in order to reduce the uncertainty
associated with the PPSD estimates and means that short
spikes in noise (e.g. due to wind gusts or seismic activity)
do not dominate the spectrum. In our case, the reduction in
ground motion is much easier to determine from the average
of the PPSD rather than individual estimates (Figs. 1 and 4;
green vs. grey lines). Although we use a period smoothing of
0.025 octaves, this is likely to provide adequate spectral res-
olution of spectral peaks, as shown by Anthony et al. (2020)
and therefore impacts our results minimally. We also use a
window of 30 min (overlapping by 50 %) to try to reduce
spectral leakage and variance when calculating the PPSD.

Earthquakes, and other transient signals, are likely to im-
pact the estimation of ambient noise by generating large
spikes in the data. However, the removal of seismicity
from datasets is generally accepted as not necessary since
they are low-probability occurrences within generally high-
probability ambient seismic noise (McNamara and Buland,
2004). Only teleseismic earthquakes appear to have any real
affect upon PPSD calculations (Anthony et al., 2020). A
number of teleseismic events were detected during the period
of quiescence analysis (e.g. a M, 7.8 event on 20 July 2020,
99 km off the coast of Alaska) that may influence our calcu-
lation of PPSD. However, since we see no peak in the aver-
age ground motion at these times (e.g. no substantial peak in
July 2020; Fig. 4), we suggest that teleseismic events are not
majorly influencing our results.

One signal that does clearly influence our PPSD results
in Figs. 1 and 4 is wind and other meteorological phenom-
ena. Poor weather conditions (with wind gusts exceeding
80kmh~!, Government of Canada, 2020) were reported in
the KSMMA at the end of April 2020 during an otherwise
quiet time period when there were limited hydraulic fractur-
ing operations and limited movement of people due to lock-
down measures. Since the noise generated from wind gusts
penetrates a wide frequency band, we are unable to com-
pletely filter it out. Using a filter between 4 and 14 Hz tries to
eliminate some of these transient signals mostly associated
with meteorological and oceanic conditions.

4.3 Generation of latent seismicity

The suspension of almost all operations within the KSMMA
in the summer of 2020 gives us unique insight into seis-
micity that cannot be directly correlated with injection,
which has always been the inferred triggering mechanism
for most (if not all) of the seismicity within the KSMMA.
The characteristics of the seismicity generated during this
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period suggest no fundamental differences in terms of tem-
poral or spatial patterns or magnitudes to previous seismic-
ity within the KSMMA that can be correlated with injection.
In fact, many of the characteristics appear to be equivalent
to events detected prior to lockdown. Prior to the develop-
ment of the Montney play, low magnitude natural seismicity
within the KSMMA was undetectable, given the limitations
of the available seismic networks in place. The Canadian
National Seismograph Network (CNSN) recorded 20 earth-
quakes (My, 2.5-Mp, 4.3) from 1984 to 2008 within the
KSMMA, which are assumed to be a mixture of natural
events (Halchuk, 2009) and those associated with early an-
thropogenic activities in the area. Three clusters of events
in November to December 1984 (M, 2.2—My 2.8), January
to February 1992 (M, 2.5-My, 3.5) and December 1992 to
January 1993 (M 2.5-My, 4.1) have been associated with
oil extraction and fluid injection (water) in the Eagle West
and Eagle fields, just north of Fort St. John (Horner et al.,
1994). One additional natural event occurred with a signifi-
cantly larger magnitude in March 1986 (M, 5.4) north-east
of Prince George, British Columbia (Halchuk, 2009), still a
significant distance away from the study area.

In order to investigate the likelihood that this detected seis-
micity during the period of quiescence is natural seismic-
ity, we calculate the expected recurrence rates of seismicity
within the KSMMA greater than My, 2.5 from historical data,
which is the magnitude of completeness used for the deter-
mination of seismic hazard maps in Canada due to detection
thresholds from the Canadian public seismic network. The
total number of earthquakes detected by the national network
from 1984 to 2008 within the KSMMA was 20 (Halchuk,
2009), suggesting a recurrence interval of 0.83 events per
year. It is not unsurprising that during the period of quies-
cence, no events greater than My, 2.5 were detected, given
this calculated recurrence interval. Following the Gutenberg—
Richter formula (Gutenberg and Richter, 1944), it stands that
there should be a 100-fold increase in the event rate to es-
timate the number of events > M, 0.5 (assuming a b value
of 1.0), suggesting an event count of 83. We use a b value
of 1.0, rather than our calculated b value of 1.96 (Fig. 6),
since this is the expected b value for an area dominated by
natural seismicity (e.g. Frohlich and Davis, 1993; Godano
et al., 2014). Therefore, a maximum of 21 % of events de-
tected during the period of relative quiescence might be at-
tributable to natural seismicity, in addition to the 6 % at-
tributable to SWD and one fluid injection well. However, this
leaves ~ 65 % (a further 8 % may be attributable to dynamic
triggering effects; see below) of seismicity generated during
this period of relative quiescence that is difficult to explain
by either of these mechanisms and we suggest is more likely
produced as a remnant to previous operations and therefore
directly related to previous states of stress. With events being
generated over 4 months since the almost complete cessation
of operations, the state of stress at depth must be near-critical
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for an extended period of time in order to generate this latent
seismicity.

It is widely reported that earthquakes can be generated
by transient stress changes related to the passage of seis-
mic waves (i.e. dynamic triggering) (e.g. Wang et al., 2015;
Van der Elst et al., 2013; Hill and Prejean, 2007). In some
cases, this dynamic triggering can also be delayed by days
or weeks following a teleseismic event, potentially related
to the re-distribution of pore fluid from the passing seis-
mic waves (Brodsky and Prejean, 2005) or through initial
aseismic slip on faults triggering seismicity (Shelly et al.,
2011). During the period of quiescence (28 March to 6 Au-
gust 2020), 43 earthquakes of > M6 were reported by the
United States Geological Survey (2020) that may have the
potential to cause dynamic triggering. We follow the method-
ology set out by Wang et al. (2015), whereby we first se-
lect only the teleseismic events that generated an estimated
peak ground velocity of greater than 0.2 cm s~ at any station
within the KSMMA, as defined by Lay and Wallace (1995),
whereby

log Axg = M — 1.66log6 — 2, 1)
and

2w A
PGV ~ ”T 20 @)

where Ajg is the peak waveform amplitude when filtered at
20s, M is the magnitude, § is the epicentre—station distance
(in degrees) and T is the surface wave period (assumed to
be 20s). This method identified 40 events from the original
list of teleseismic events. We then calculated the 8 statistic
(Matthews and Reasenberg, 1988) by

Ny — E(N2)
Jvar(Na)

which is a quantitative measure of the level of dynamic trig-
gering, representing the standard deviation in the background
seismicity rate after a remote event. N1 and N, are the num-
ber of earthquakes detected before (¢1) and after (#,) the re-
mote event, respectively. Here, we take #; and #, to be 12 h.
E(N;) = N1 x t/t1 is the expected number of earthquakes
after the main shock based on the background seismicity rate.
If no earthquakes occur in #; (i.e. before the main shock),
N is set to 0.25 based on the equivalent range of the proba-
bility density function (Matthews and Reasenberg, 1988; Hill
and Prejean, 2007). When 8 > 2, there is sufficient statistical
evidence (at a 95 % confidence level) that there is a signifi-
cant increase in the seismic event rate following the remote
event (Hill and Prejean, 2007).

We identify seven remote earthquakes that generate a
B value > 2 (Fig. 7), including the largest event to have oc-
curred in 2020 located 99 km SSE of Perryville, Alaska, on
22 July at 06:12 UTC with My, 7.8 (United States Geological
Survey, 2020). The increase in event count in the KSMMA

B(N1, N2, t1,12) = 3
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following this remote event is difficult to determine unless
the above statistical analysis is performed, as it is difficult
to see an increase in seismicity when daily event counts are
used. In some cases, however, such as following the My, 6.1
event on 31 May 2020, 43km W of Lampa, Peru, a sig-
nificant increase in the number of events detected in the
KSMMA is clear. Our analysis therefore suggests that a max-
imum of 8 % of the seismicity detected during this period of
relative quiescence may be attributed to dynamic triggering,
in particular the events on 31 May 2020. This rudimentary
calculation does not take into account the potential spatial
migration of events in response to the teleseismic event, only
that if a significant increase in event count following the tele-
seismic event in the next 12 h is observed, all events within
this 12h window are determined to be related to dynamic
triggering. However, ~ 65 % of the detected seismicity can-
not be attributed to primary activation mechanisms such as
this and, therefore, in our opinion are the result of latent on-
going processes.

Understanding how the stress field has evolved in time
and space within the KSMMA, in particular with respect to
the development of unconventional oil and gas operations in
the area, is an extensive ongoing research topic. Very limited
data regarding the state of stress prior to unconventional re-
source development in the area are available, since natural
seismicity was almost non-existent (e.g. Lamontagne et al.,
2008) and details of such seismicity are often incomplete
with large associated errors (e.g. Halchuk, 2009). Further-
more, the sparse nature of regional recording systems prior
to unconventional development means that detailed under-
standing of the source characteristics of identified seismic
events, which may allow insight into the state of stress, is not
possible. Farahbod et al. (2015) investigated the changes in
background regional seismicity within the Horn River Basin,
British Columbia, before and after hydraulic fracturing oper-
ations became prominent in the area. The Horn River Basin is
similar to the KSMMA in the fact that it is dominated by un-
conventional resource operations. Their study suggests that
background seismicity dramatically increases following the
introduction of hydraulic fracturing, correlating in time and
space with ongoing operations, in a similar manner to what
we have observed in the KSMMA. However, their study fails
to detail how the seismicity responds when hydraulic fractur-
ing operations stop completely and whether there is a long-
term change in the overall background rate of seismicity. If
found to be true, this would indicate that the state of stress
has changed at depth to allow for such an increase.

Further evidence for a true change in stress at depth may
be observed through changes in the principal stress axes. The
World Stress Map suggests an average Sgmax orientation of
~ 40° in the area close to Fort St. John, taken from bore-
hole breakouts (Heidbach et al., 2018). Babaie-Mahani et al.
(2020) calculated Spmax from focal mechanism analysis of
66 events with magnitudes between 1.5 and 4.6 within the
KSMMA associated with hydraulic fracturing and found the
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value to be ~ 22 to ~ 33°, significantly rotated relative to
the estimate from the World Stress Map. This would suggest
that there is complexity in the stress distribution within the
KSMMA, particularly spatially, possibly related to the struc-
tural complexity in the area as a result of the Fort St. John
Graben complex (Barclay et al., 1990). The dominance of
this tectonic feature throughout the KSMMA influences the
identified source mechanisms of seismicity, which are ex-
tremely varied within a small spatial extent, suggesting a
complex and heterogeneous stress regime (Babaie-Mahani
et al., 2020; Salvage et al., 2020; Amini and Eberhardt, 2019;
Berger, 1994). As a consequence, determining a permanent
change in the principal stress axes before hydraulic fracturing
began, during the dominance of hydraulic fracturing opera-
tions and after the investigated period of quiescence requires
further investigation.

The analysis presented here provides a rare opportunity
to study seismicity in a period of relative quiescence during
a time when the cessation of hydraulic fracturing operations
within the KSMMA is not temporally or spatially limited (for
example, as is the case when a seismic event > M3 occurs)
nor is it due to the depletion of the entire reservoir when oper-
ations cease indefinitely. Instead, operations were suspended
for ~ 4 months across a wide area due to an economic down-
turn as a result of the COVID-19 pandemic which has once
again seen an uptake in activity since August 2020 when the
market recovered (Fig. 3b). We are interpreting this identified
seismicity as latent (i.e. long-lived with no obvious direct pri-
mary activation source) and suggest that it may be a response
to previous fluid injection in this area, despite its long-lived
nature. This may well represent a new normal background
rate of seismicity in this area, since pore pressures at depth
are presumably higher (in particular within less permeable
formations) due to previous injected fluid, thus reducing the
effective normal stress at depth, or may be the result of fault
weakening with time due to previous operations. However,
until operations within the KSMMA cease permanently we
will be unable to accurately measure this new background
rate of seismicity or determine whether the rates of seismicity
observed here continue for sustained time periods (i.e. years).

The generation of seismicity in response to hydraulic frac-
turing is typically attributed to either fluid migration models,
poroelastic phenomena or potentially aseismic slip (e.g. Bao
and Eaton, 2016; Langenbruch and Zoback, 2016; Shapiro
and Dinske, 2009; Segall and Lu, 2015; Eaton, 2018; Goebel
and Brodsky, 2018; Eyre et al., 2019a). In the fluid migration
model, pore fluid pressures are significantly increased upon
fluid injection reducing the effective normal stress within
a fault zone, which is sufficient to trigger seismicity (e.g.
Pena Castro et al., 2020; Bao and Eaton, 2016). Given the
temporal and spatial correlation between seismicity and hy-
draulic fracturing operations within the KSMMA, this ap-
pears to be a likely cause of some seismicity. Under this
model, the seismicity rate is usually observed to be propor-
tional to the pore pressure and is assumed to track the injec-
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Figure 7. Teleseismic events (dotted vertical lines) that statistically (95 % confidence level) generated dynamic triggering of seismicity
within the KSMMA during a period of quiescence from April to August 2020. Daily event counts are shown as black bars. Statistical
analysis (B statistic following Matthews and Reasenberg, 1988) performed in the 12 h prior to the teleseismic event and 12 h after.

tion rate (Langenbruch and Zoback, 2016). Consequently, a
slow and steady decrease in the rate of seismicity over time
would be expected to occur, as fluid pressure leaks into the
surrounding formations (Eyre et al., 2020) before seismicity
returns to the background (i.e. natural) rate. Since seismicity
during the period of quiescence is long-lived, shows no decay
and cannot be attributed to increased fluid injection, another
process must be involved in its generation. Furthermore, if
pore fluid pressure and relaxation as a direct consequence of
immediate injected fluid was the trigger of the seismicity dur-
ing this period of quiescence, we would expect the seismicity
to spatially migrate directly outwards from the most recently
injected wells. We see no evidence of this (Fig. 5b), suggest-
ing direct pore fluid migration cannot be held responsible for
the triggering of this sequence.

Seismicity triggered by pore pressure diffusion can be es-
timated by determining the propagating pore pressure fluid
front (r) related to the hydraulic diffusivity in a homoge-
neous isotropic saturated poroelastic medium (Shapiro and
Dinske, 2009; Parotidis et al., 2003) by

re =4 Dt, “)

where D is the hydraulic diffusivity and ¢ is time since injec-
tion. If the triggering front (r) closely follows the maximum
distance of seismicity through time, then pore pressure diffu-
sion is thought to play a central role in the triggering of this
seismicity (e.g. Shapiro and Dinske, 2009; Parotidis et al.,
2003). Diffusivity (D) is generally assumed to range in the
Earth’s crust between 0.1 and 10m2s~! (Scholz, 2019), al-
though in areas affected by hydraulic fracturing it is thought
to generally be in the range of 0.1 to 2m?s~! (e.g. Goebel
etal., 2017; Shapiro and Dinske, 2009; Parotidis et al., 2003).
Yu et al. (2019) suggested similar diffusivity values deter-
mined from seismicity related to hydraulic fracturing in the
Montney formation to the north-west of the KSMMA, al-
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though others have speculated that much smaller diffusion
values would be expected in shale formations (Eyre et al.,
2020; Guglielmi et al., 2015b). Higher values of diffusivity
in hydraulic fracturing scenarios are believed to be the re-
sult of faults and fractures at depth acting as fluid corridors
(e.g. Riazi and Eaton, 2020; Caine et al., 1996). However,
the seismicity generated in the KSMMA during the period of
quiescence shows no coherence with a triggering front from
the most recently active injection wells (Fig. 8), suggesting
that pore pressure diffusion is not the dominant mechanism
responsible for triggering these earthquakes.

Other models proposed for the generation of seismicity
in response to hydraulic fracturing suggest that both pore
pressure and poroelastic effects are jointly responsible (e.g.
Segall and Lu, 2015; Goebel and Brodsky, 2018). In these
instances, the increased pore pressure due to injection is
thought to load the surrounding rock matrix, altering the
stress field, often at great distances from the original injec-
tion site if the region is well hydraulically connected. Again,
however, these models suggest that seismicity is generated as
a response to injecting fluid into the Earth, which was occur-
ring only on a very minor scale at the time of this seismic-
ity. Given that the stress field is unlikely to be sustained at
critical following the cessation of fluid injection, we would
also expect a decay in seismicity with time (e.g. Utsu, 1961).
We do not observe this. Alternatively, the trapping of fluids
within a fault zone with only minor fluid migration along the
fault, could result in slow changes to the effective stress due
to changes in pore pressure (Sibson, 1992). In this scenario,
seismicity should migrate spatially outwards from this fault
zone as the effective stress migrates. We also see no evidence
of this spatial migration (Fig. 5b).

Recently, it has been suggested that aseismic slip may play
an important role in the generation of seismicity associated
with hydraulic fracturing at distances extending beyond the
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Figure 8. Time—distance plots of latent seismicity from 28 March
to 6 August 2020. (a) Distance of measured events from Well A
(Fig. 5b) and time zero taken as the last day of injection at this
well prior to lockdown (27 March 2020). (b) Distance of mea-
sured events from Well B (Fig. 5b) and time zero taken as the last
day of injection at this well prior to lockdown (27 March 2020).
Representative diffusion curves associated with hydraulic fracturing
and wastewater injection (Goebel et al., 2017; Shapiro and Dinske,
2009) are shown. The events during quiescence in the KSMMA can-
not be successfully modelled using pore pressure diffusion suggest-
ing it cannot be a primary mechanism for generating this seismicity.

fluid-pressurized zones through the transmission of an elas-
tic stress perturbation (e.g. Eyre et al., 2019a; Bhattacharya
and Viesca, 2019; Guglielmi et al., 2015a; Cappa et al., 2018;
Wei et al., 2015). For hydraulic fracturing regimes in Canada,
Eyre et al. (2019a) suggested that distal unstable regions of
a fault may be loaded by aseismic slip that initiated due to
an increase in pore pressure within a stable zone, leading to
the generation of seismicity. Once slip is initiated, far-field
intraplate stresses may repeatedly reload unstable regions of
the fault, leading to relatively steady seismicity rates, which

Solid Earth, 12, 765-783, 2021

may continue for long periods of time. They suggest the
driving stresses of such behaviour are most likely to be el-
evated pore pressures (as a result of ongoing hydraulic frac-
turing in the area) becoming trapped within fault zones due
to low permeabilities within many formations, sustained by
tectonic forces. Cappa et al. (2018) suggested that far-field
aseismic deformation may also be sustained by fault weak-
ening, which may accelerate with time. Fault weakening may
be further enhanced due to degradation of slip surfaces from
chemical and hydrothermal fluid-rock interactions, as sug-
gested in geothermal reservoirs by Vavrycuk and Hrubcova
(2017).

Given that in the absence of the cessation of operations
the detection of latent seismicity is extremely difficult, there
are few examples of long-lived seismicity associated with
hydraulic fracturing operations that may offer insight into
the generation of such activity. One recent example comes
from a long-lived seismic swarm in Alberta, where seismic-
ity was observed over 10 months after injection ceased and
was interpreted as being driven primarily by aseismic slip
(Eyre et al., 2020). The authors suggest that the steady seis-
micity rate over a number of months (swarm-like behaviour
of seismicity rather than a typical mainshock—aftershock se-
quence) and a lack of hypocentre migration cannot be eas-
ily explained by a fluid-migration model (which is often the
most favoured model in hydraulic fracturing environments)
and is instead better explained by an aseismic slip model
(Eyre et al., 2019a).

We favour this interpretation of aseismic slip playing an
important role in the initiation of this seismicity since on-
going hydraulic fracturing operations are not required to
generate ongoing seismicity (as is the case in the fluid-
migration model); instead, the trapping of fluids that have
been previously injected within fault zones may be enough
to sustain the generation of seismicity. The latent seismic-
ity identified here is persistent over ~ 4 months, lacks ev-
idence of hypocentre migration and shows no evidence of
a mainshock—aftershock type sequence as the magnitude
distribution remains constant (i.e. is swarm-like in its be-
haviour). In addition we see no evidence of a propagating
pore pressure fluid front and detected events are dominated
by lower frequencies, all of which appear to be characteristic
of the aseismic slip model (Eyre et al., 2019a, 2020; Bhat-
tacharya and Viesca, 2019; Guglielmi et al., 2015a). Geode-
tic methods (e.g. GPS, InSAR) may be able to measure such
aseismic deformation (e.g. Shirzaei et al., 2013; Biggs and
Wright, 2020; Gualandi et al., 2017), however, at this time
no data of this nature are available for the KSMMA.

5 Conclusions

Seismicity generated in the KSMMA has been attributed to
oil and gas recovery since production began in the area, pri-
marily due to its temporal and spatial correlation to opera-
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tions. However, during the COVID-19 pandemic in the sum-
mer of 2020, almost all hydraulic fracturing operations in the
KSMMA were suspended. Despite this pause in industrial
activity, 389 seismic events were recorded by our seismic
network. These events occurred within the spatial extent of
previous events in the area (a corridor orientated NW-SE)
and had similar magnitudes to previously recorded seismic-
ity (~ My —0.7 to M, 1.2). The magnitude of complete-
ness (M. ~ 0.4) suggests that small events during this pe-
riod of quiescence could be detected. The b value of detected
seismicity (~ 1.96) is similar to previous estimates within
areas dominated by hydraulic fracturing. Unlike during ac-
tive hydraulic fracturing operations, events showed no tem-
poral clustering, but instead were generated in a persistent
swarm-like manner over the ~ 4 months of quiescence. No
spatial correlation between the most recently active wells in
the area and seismicity could be determined; however, the
fact that seismicity occurred at the depths of previous injec-
tion (i.e. within the target formations) suggests that the area
is likely to be hydraulically linked.

Since there is no temporal or spatial evidence that these
events are a direct consequence of the most recent hydraulic
fracturing in the area (i.e. an aftershock sequence driven by
pore pressure diffusion or poroelastic relaxation), and since
the area is typically naturally relatively quiescent (a maxi-
mum of 21 % of the detected events may be attributable to
natural seismicity rates), we suggest that most of these events
may be an indirect response of the increased pore pressures
at depth that are causing aseismic slip on already pressurized
fault zones or could be the result of fault weakening, as a re-
sult of previous fluid injection in the area. A number of events
may be the result of dynamic triggering from remote events
with My, > 6 (up to ~ 8 %); however, this process cannot ac-
count for the majority of the seismicity observed (~ 65 %).
We suggest that the prior fluid injection in the area has al-
tered the state of stress and caused fluids to become trapped
in fault and fracture zones at depth and in close proximity to
the original injection points. This allows seismicity to be pri-
marily generated by aseismic slip, loading unstable regions
of these pressurized zones at depth. Once slip has initiated,
far-field tectonic stresses may repeatedly reload these unsta-
ble zones, leading to the relatively stable seismicity rate that
is observed. The detected seismicity here during the period
of quiescence may represent a new (heightened) background
rate of seismicity in the KSMMA; however, whether this is
the case will only become apparent once operations cease
permanently in the area.

Code and data availability. Continuous seismic data, station
information and associated metadata for the EO network
(https://doi.org/10.7914/SN/EO) (University of Calgary, 2018)
are available through the Incorporated Research Institutions for
Seismology (IRIS) (http://ds.iris.edu/ds/nodes/dmc/, last access:
21 February 2021) (IRIS, 2021) using Network Code EO, follow-
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ing a 91d embargo period. The velocity model used for location
analysis is available directly from the British Columbia Oil and Gas
Commission. Seismic noise analysis (Figs. 1 and 4) was envisaged
by Thomas Lecocq and Fred Massin and can be found here:
https://doi.org/10.5281/zenodo.3820046 (Lecocq et al., 2020b).
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