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Introduction

Over the past decade, hydraulic fracturing and wastewater

disposal operations have significantly increased in the

Western Canada Sedimentary Basin (WCSB) due to devel-

opment of a number of distinct resource plays, including

the Montney. Due to the temporal and spatial correlation of

increased seismicity with increased operations in this area,

this trend is generally attributed to anthropogenic causes,

although very few hydraulic fracturing operations (0.3%)

are actually linked to seismic activity with moment magni-

tudes (MW) >3 (Rivard et al., 2014; Atkinson et al., 2016).

In recent years, northeastern British Columbia (BC) has ex-

perienced an increasing number of felt seismic events dur-

ing active development within the Montney play. This led

the British Columbia Oil and Gas Commission (BCOGC)

to implement a special order in 2018 (BC Oil and Gas

Commission, 2018) within the area now known as the

Kiskatinaw Seismic Monitoring and Mitigation Area

(KSMMA; Figure 1). This order required operators to un-

dertake a pre-assessment of the seismic hazard, fully in-

form residents in the area of upcoming operations and mon-

itor seismic activity in real-time before, during and after

completions. Of particular importance was the introduction

within the KSMMA of the cessation of operations follow-

ing an event with a local magnitude (ML) of � 3.0 (BC Oil

and Gas Commission, 2018), which is lower than the

ML 4.0 threshold that is standard elsewhere in BC (e.g.,

Babaie Mahani and Kao, 2020).

Although the KSMMAis heavily monitored for seismic ac-

tivity by individual companies undertaking resource devel-

opment, limited real-time public data were available to

better understand exactly how and why this area is so sus-

ceptible to induced seismicity, how faults are activated dur-

ing hydraulic fracturing operations and why low magnitude

events (ML <2) are often felt by residents. Although a num-

ber of larger felt events have occurred within the KSMMA

(e.g., November 30, 2018, near Fort St. John), the majority

of seismic events have magnitudes <2, meaning that they

were difficult to study with the sparse public seismic

monitoring networks. Consequently, in early 2020, 13 new

broadband seismometers and 2 accelerometers were in-

stalled within the KSMMA to enhance the monitoring ca-

pabilities of ongoing operations, improve risk assessments

and inform mitigation strategies (Figure 1). The installation

of such a dense monitoring network aims to enhance the un-

derstanding of the generation of felt seismicity due to fluid

injection, in particular, the physical processes governing

fault (re)activation and arrest, the role of aseismic pro-

cesses and the management of risk and mitigation strategies

related to such events. This is not only important for the op-

erators undertaking hydraulic fracturing experiments in

this area, but also for regulators and the general public so

that they can improve best practices for safer operations.
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Network Design and Installation

With increasing operations within the KSMMA over the

past decade, the number of public monitoring stations has

also increased. Prior to the installation of this new dense ar-

ray, nine public sensors maintained by Natural Resources

Canada (NRCan; Geological Survey of Canada) existed

within the KSMMA (Figure 1), along with six co-located

accelerometers poised to better capture higher levels of

ground motion from larger seismic events. Therefore, it

was important that the installation of the new dense array

complemented the locations of the existing stations. In par-

ticular, it was noted that most of the public stations were po-

sitioned within a corridor orientated to the northwest, with

large gaps in spatial coverage in the northern KSMMA

(close to the Site C dam), and in the central area near Tower

Lake and in the southwest near Farmington.

Ten broadband seismic stations (Nanometrics Trillium

T120 seismometers with Taurus digitizers) were loaned to

the University of Calgary for this project by a geothermal

research group in South Korea led by T.-S. Kang, S. Kim

and J. Rhie. Nanometrics Seismic Monitoring Services

(Nanometrics) upgraded the existing firmware on these

systems and provided solar power, communication systems

and interconnect cables to ensure all systems were fully op-

erational. Furthermore, Nanometrics provided an addi-

tional three broadband sensors and two accelerometers

(Nanometrics Titan) for the project, as well as undertaking

the installation and maintenance of the network. Installa-

tion began in January 2020, with four broadband stations

and an accelerometer being successfully installed. The re-

maining stations were installed in March and May 2020.

This dense array network adds to two previously installed
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Figure 1. Installed seismic monitoring stations within the Kiskatinaw Seismic Monitoring and Mitigation Area (KSMMA; yellow border),
northeastern British Columbia. Yellow stations denote those from a new Earth-System Observing Network–Réseau d’Observation du
Système Terrestre (EO) dense array network installed for this project; blue stations are previously installed public stations, managed by
Natural Resources Canada (Geological Survey of Canada) and the University of Calgary. Stations FSJ1 and FSJ2 are also part of the EO
network but were installed in 2018. Station FSJ1 was decommissioned on August 26, 2020, but is shown for completeness as its data has
been used in seismic analyses. Elevation data from Shuttle Radar Topography Mission (U.S. Geological Survey, 2014). WGS 84/ Pseudo-
Mercator, World Geodetic System 1984 datum.



stations by the University of Calgary in 2018 in the EON-

ROSE (Earth-System Observing Network–Réseau

d’Observation du Système Terrestre [EO]) seismic network

in this area.

Sensors were installed at existing well sites (Figure 2)

through the generous support of four independent compa-

nies. The primary aim of the network was to expand moni-

toring capabilities in the KSMMA, in particular in the

northeastern and southwestern parts of the area where prior

public monitoring was sparse. However, difficulties relat-

ing to the availability of suitable sites (i.e., sites not associ-

ated with active well pads and/or having good telecommu-

nication strength) and actual accessibility to sites meant

that it was not possible to place sensors in a truly optimum

spatial array. In particular, it was not possible to place sen-

sors close to the Site C dam, an area of sparse coverage. For

this reason, a decision was made to place two sensors out-

side of the KSMMA (KSM04 and KSM09, Figure 1) to op-

timize the aperture of the array, even though these sensors

are at a greater distance from ongoing operations than is

ideal. Stations KSM01 and KSM10 are centrally located

and both have a co-located accelerometer alongside the

seismometer. The sites of the accelerometers were chosen

due to their proximity to the most recent seismicity in the

area, in particular a number of felt events that have occurred

close to Tower Lake and Farmington (Figure 3).

Continuous seismic data from the EO network can be

downloaded directly from the Incorporated Research Insti-

tutions for Seismology (IRIS) website (https://ds.iris.edu/

ds/nodes/dmc/) following an initial 91 day embargo period

reserved for researchers at the University of Calgary and

the project partners. Data are released on a 24-hour basis

for all stations within the network.

Data Processing

Nanometrics is providing continuous data acquisition, ar-

chiving and standard data processing of data from the EO

network, as well as incorporating data from the existing

public stations in the area. This represents a significant in-

kind contribution to this project to produce an accurate and

well-maintained catalogue of seismic events during the re-

cording period. The Nanometrics workflow includes event

detection, event location analysis and determination of

magnitudes, both automatic and through manual inspection

by a trained analyst. In March 2020, Nanometrics further

supplemented this workflow by deploying AI Analyst ad-

vanced processing techniques to augment the automatic

processing of data. The full catalogue, including phase pick

information and waveform data, as well as the continuous

seismic data are provided to researchers so that they can un-

dertake their own analysis of the seismicity.

Firstly, seismic events are detected from the incoming con-

tinuous seismic data using a simple short-term average over

long-term average (STA/LTA) triggering algorithm,

followed by a separate template-matching algorithm using

continuously retrained modules that classify noise from

events and remove unwanted signals. Then, the AI Analyst

uses the support vector machine (SVM)-learning technique

to identify phase arrivals in continuous real-time waveform

streams. These phase arrivals are identified by training an

SVM model on historical data, as it is a supervised ma-

chine-learning approach. By converting the waveforms
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Figure 2. a) Example of the footprint of a single seismic monitoring
station, showing solar power panels and the top of the short bore-
hole containing the seismometer (Nanometrics Trilium T120). The
digitizer (Nanometrics Taurus) and other electronics (e.g., cables,
modem, etc.) are housed within the light grey box halfway up the
solar panel pole. b) Example of the depth of borehole (~30 cm) con-
taining the buried seismometer. Sensors were buried just below
the surface to reduce surface noise (e.g., meteorological, traffic,
etc.).
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into over 250 features using quantities such as time and

band-normalized spectrograms, a model is generated that

can associate the features with P and S phases (or con-

versely, with noise). These can then be extracted from real-

time waveforms, provided the model is applied to a net-

work of very similar topology and geographic area for

which it was trained. Additionally, the phase extraction

from real-time data can be used to derive confidence mea-

sures in the phases/events detected, as well as to identify

and exclude regional events. Once phases have been identi-

fied, a beamforming grid-search approach is used to iden-

tify event locations and times based on the highest likeli-

hood P-S separation times observed at all contributing

stations.

Event locations are further refined using a double-differ-

encing algorithm (Figure 4) to produce high-precision lo-

cations. This uses parameters such as a one-dimensional (1-

D) velocity model for the area and cross-correlation spe-

cific thresholds, and some parameters relating to event

pairing. It reduces errors associated with the velocity model

and pick placement by relocating events to minimize a) the

travel time differences between co-located event pairs and

b) the pick time differences between cross-correlated

waveforms from co-located event pairs. A precision esti-

mate is then derived by bootstrapping the input catalogue

and quantifying the resultant hypocentre distribution. The

1-D velocity model used has been specially derived for the

KSMMA (provided by the BCOGC) based on sonic logs

(compressional and shear) and formation tops, and cali-

brated using events detected on local networks from a

number of operators within the KSMMA.

Local magnitudes (ML) are calculated using a form of the

Hutton and Boore (1987) magnitude formula, which was

developed for events in southern California that are de-

tected on stations with up to 100 km epicentral distance.

This scale is based upon the Wood-Anderson conversion of

seismic sensors using the peak S-wave amplitude measure-

ment.
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Figure 4. Spatial cluster of 2098 seismic events occurring over ~10 days at the end of March 2020 in part of the Kiskatinaw Seismic Monitor-
ing and Mitigation Area. This example of preprocessing conducted by Nanometrics Seismic Monitoring Services shows the difference be-
tween a) their calculated standard locations of seismic events and b) their calculated high-precision locations of seismic events using a
double-differencing algorithm. High-precision locations clearly denote linear features, which appear to correlate temporally with ongoing
hydraulic fracturing operations in the area. Latitude and longitude values are not shown in order to preserve the location of this specific
seismicity.

Figure 3. Spatial locations of seismicity concentrations within the
Kiskatinaw Seismic Monitoring and Mitigation Area (KSMMA).
Higher density of seismic events is indicated by brighter colours;
lower density by darker colours; and no seismicity by grey. a) Seis-
mic events recorded by Natural Resources Canada between Janu-
ary 1 and December 31, 2018 (data from 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, occur-
ring on November 30 north of Tower Lake, is shown (ML 4.50).
b) Seismic events recorded on the newly installed Earth-System
Observing Network–Réseau d’Observation du Système Terrestre
(EO) network (and incorporating data from public stations) from
January 22 to September 30, 2020 (data from Nanometrics Seis-
mic Monitoring Services, 2020). The largest magnitude event in
2020, occurring on September 11 east of Farmington, is indicated
(ML 3.41). Stations FSJ1 and FSJ2 are also part of the EO network
but were installed in 2018. Station FSJ1 was decommissioned on
August 26, 2020, but is shown for completeness as it was used in
seismic analysis prior to this. Elevation data from Shuttle Radar To-
pography Mission (U.S. Geological Survey, 2014). WGS 84/
Pseudo-Mercator, World Geodetic System 1984.



Overview of Recorded Seismicity

The first data from the EO network were received on Janu-

ary 22, 2020. At that time four stations had been installed;

the remaining stations were installed in the spring. At the

time of writing (October 1, 2020), a total of 7216 events had

been detected in the KSMMA using the EO network and

available public stations, with 7057 events reporting high-

precision relocations. All events were automatically de-

tected but have been manually verified by an expert at

Nanometrics. Figure 5a (upper) shows the temporal evolu-

tion of detected seismicity from January 22 to October 1,

2020, both daily and cumulative. Distinct heightened peri-

ods of seismicity can be observed, particularly in February,

March, August and September. This reflects ongoing oper-

ations in the area during these times. A clear period of qui-

escence is observed from April until August, representing

the unprecedented situation that occurred in 2020 with the

lockdown of people, businesses and cities due to the

COVID-19 pandemic.

Spatially, seismicity in the KSMMA appears to occur

within a band orientated to the northwest-southeast (Fig-

ures 3, 5c). Seismicity in 2020 appears to occur within a

more spatially distinct region than it did in 2018 (Figure 3b

versus 3a), but this may be due to the fact that there have

been significantly fewer operations in 2020 due to the

COVID-19 pandemic. Interestingly, the largest event in

2018 (ML 4.50, November 30) occurred to the north of

Tower Lake, away from the densest cluster of seismic

events (Figure 3a). To date, the largest event of 2020 oc-

curred on September 11 (ML 3.41) in the southern area of

the KSMMA (Figure 3b), but again away from the densest

cluster of events. Assuming this seismicity is associated

with ongoing hydraulic fracturing operations, this suggests

that the largest magnitude events do not necessarily occur

near the densest activity. Moreover, given that the largest

event in 2020 did not occur in the same cluster as the largest

event of 2018, it appears that the occurrence of ML 3–4+

events is not confined to a single region.

Distinct clusters of seismicity are also seen in focal depth

plots (Figure 5c), with the majority of events occurring be-

tween 1 and 2 km deep, although a number of smaller

events do extend down toward the basement (which lies at

an average depth of 4 km across the KSMMA). Target for-

mations for hydraulic fracturing within the KSMMA (e.g.,

upper and lower Montney Formation) typically sit between

2000 and 2500 m (total vertical depth), suggesting the ma-

jority of seismicity occurs within or just above these forma-

tions. A deepening of seismicity toward the east likely indi-

cates a deepening of the target formations or target zones in

this direction.

As well as detailing the target formations at depth, the spa-

tial evolution of seismicity allows the detailing of fault and

fracture growth in near real-time (Figure 4). High-preci-

sion locations (using double-differencing techniques)

reveal clear planar features associated with active hydrau-

lic fracturing operations. Figure 4 shows a spatial cluster of

2098 seismic events occurring over ~10 days at the end of

March 2020. In Figure 4a, events appear scattered spatially,

although there is some degree of order to the events tempo-

rally, with the oldest events occurring to the northwest. Fol-

lowing relocation using double-differencing methods (Fig-

ure 4b), clear planar features are evident, which appear to

‘grow’ with time toward the southwest. Two distinct popu-

lations are identified, which appear to be simultaneously

active. The largest planar feature in the southeast is approx-

imately 3 km in length, allowing a better understanding of

the extent of ongoing operations in the area, in lieu of

having detailed injection data from individual operators.

The installation of the majority of seismic sensors in the EO

network in March is clearly evident with the reduction in

the minimum detected magnitude at this time (Figure 5a,

lower panel). With four stations installed in January (in ad-

dition to the public sensors in the area), the minimum de-

tected magnitude was close to ML 0. In March 2020, this

was significantly reduced, with the EO network (when

combined with available public stations) now recording

some events close to ML –1. This was partly due to the in-

stallation of stations creating a denser network, but also re-

flects the introduction of the AI Analyst processing tool by

Nanometrics, which incorporated machine-learning tech-

niques to further refine ML for detected events. The current

estimated magnitude of completeness (Mc) is 0.074, sug-

gesting that all events larger than this are detected (Fig-

ure 5b). This is significantly lower than the estimated Mc of

0.6 that was postulated in the funding proposal to Geo-

science BC and is in part due to the optimized network

design.

Seismicity directly relating to hydraulic fracturing (opera-

tionally induced seismicity) has been shown to have a

higher b-value (~2; Maxwell et al., 2009; Wessels et al.,

2011), indicating the dominance of many small earth-

quakes in comparison to large events. In comparison, b-val-

ues for natural seismicity in the northern hemisphere sit

around 1 (El-Isa and Eaton, 2014). The estimated b-value

for events detected in KSMMA, from the EO network and

available public station data, is 1.13 (Figure 5b), which

suggests that the seismicity has characteristics relating to

natural fault systems. Schorlemmer et al. (2005) suggested

that the b-value is greatly influenced by the tectonic stress

regime, and that a value close to 1.1 is indicative of normal

and strike-slip regimes. The KSMMA is strongly influ-

enced by the Fort St. John graben complex, an asymmetri-

cal half graben that has also undergone significant strike-

slip and rotational movement upon reactivation of the base-

ment faults in the area (Barclay et al., 1990), with a number

22 Geoscience BC Summary of Activities 2020: Energy and Water



Geoscience BC Report 2021-02 23

F
ig

u
re

5
.E

v
o

lu
ti
o

n
o

fs
e

is
m

ic
it
y

d
e

te
c
te

d
s
in

c
e

in
s
ta

lla
ti
o

n
o

ft
h

e
E

a
rt

h
-S

y
s
te

m
O

b
s
e

rv
in

g
N

e
tw

o
rk

–
R

é
s
e

a
u

d
’O

b
s
e

rv
a

ti
o

n
d

u
S

y
s
tè

m
e

T
e

rr
e

s
tr

e
(E

O
)
n

e
tw

o
rk

w
it
h

in
th

e
K

is
k
a

ti
n

a
w

S
e

is
m

ic
M

o
n

it
o

ri
n

g
a

n
d

M
it
ig

a
ti
o

n
A

re
a

(K
S

M
M

A
)
fr

o
m

J
a

n
u

a
ry

2
2

u
n

ti
lO

c
to

b
e

r
1

,
2

0
2

0
,
7

2
1

6
e

v
e

n
ts

in
to

ta
l.

a
)
T

im
e

s
e

ri
e

s
o

f
e

v
e

n
ts

d
e

te
c
te

d
.
U

p
p

e
r
p
a

n
e

ld
e

n
o

te
s

e
v
e

n
t
c
o

u
n

t
p

e
r
d

a
y

a
n

d
th

e
c
u

-
m

u
la

ti
v
e

e
v
e

n
t
c
o

u
n

t
th

ro
u

g
h

ti
m

e
;
lo

w
e

r
p
a

n
e

ld
e

n
o

te
s

lo
c
a

lm
a

g
n

it
u

d
e

(M
L
)
o

f
e

a
c
h

e
v
e

n
t.

D
is

ti
n

c
t
te

m
p

o
ra

lp
a

tt
e

rn
s

a
re

o
b

s
e

rv
e

d
w

it
h

p
e

ri
o

d
s

o
f
h

e
ig

h
te

n
e

d
s
e

is
m

ic
it
y

in
F

e
b

ru
a

ry
,
M

a
rc

h
,

A
u

g
u

s
ta

n
d

S
e

p
te

m
b

e
r.

T
h

e
s
e

ti
m

e
p

e
ri

o
d

s
a

ls
o

c
o

n
ta

in
e

v
e

n
ts

w
it
h

s
e

e
m

in
g

ly
h

ig
h

e
r
m

a
g

n
it
u

d
e

e
v
e

n
ts

.b
)
F

re
q

u
e

n
c
y
-m

a
g

n
it
u

d
e

d
is

tr
ib

u
ti
o

n
o

fa
ll

e
v
e

n
ts

w
it
h

in
th

e
c
a

ta
lo

g
u

e
(n

=
7

2
1

6
).

T
h

e
m

a
g

n
it
u

d
e

o
f
c
o

m
p

le
te

n
e

s
s

(M
c
)
is

e
s
ti
m

a
te

d
to

b
e

0
.0

7
4

,
a

n
d

th
e

e
s
ti
m

a
te

d
b

-v
a

lu
e

is
~

1
.1

3
.
T

h
e

la
rg

e
s
t
m

a
g

n
it
u

d
e

e
v
e

n
t
in

th
e

s
e

q
u

e
n

c
e

is
M

L
3

.4
1

.
c

)
S

p
a

ti
a

le
v
o

lu
ti
o

n
o

f
s
e

is
m

ic
it
y,

w
h

ic
h

a
p

p
e

a
rs

in
d

is
ti
n

c
t
s
p
a

ti
a

lc
lu

s
te

rs
.
T

h
e

m
a

jo
ri

ty
o

f
s
e

is
m

ic
e

v
e

n
ts

h
a

v
e

a
fo

c
a

ld
e

p
th

o
f
1

–
2

k
m

.
K

n
o

w
n

n
o

rm
a

lf
a

u
lt
s

w
it
h

in
th

e
K

S
M

M
A

a
re

s
h

o
w

n
,
ta

k
e

n
fr

o
m

F
u

rl
o

n
g

e
t
a

l.
,
2

0
2

0
.
A

b
b

re
v
ia

-
ti
o

n
s
:

C
u

m
.,

c
u

m
u

la
ti
v
e

;
D

C
,

D
a

w
s
o

n
C

re
e

k
;

F
S

J
,

F
o

rt
S

t.
J
o

h
n

.



of normal faults associated with the extension of the graben

falling within the KSMMA (Furlong et al., 2020;

Figure 5c).

The largest magnitude event of 2020 at the time of writing

(October 1, 2020) occurred on September 11 at 22:37 UTC

with an estimated ML of 3.41, following which operations

in the area were shut down in accordance with the

BCOGC’s traffic light protocol introduced for the KSMMA

(BC Oil and Gas Commission, 2018). Due to the COVID-

19 pandemic in 2020, operations only restarted in the

KSMMA at the beginning of August, following approxi-

mately four months of almost total quiescence (Figure 5a).

The event on September 11 occurred quickly following this

resurgence of activity. A total of 73 precursory events oc-

curred over approximately four hours, with events locating

within a small spatial extent (~300 by 150 m). These events

are probably directly related to ongoing operations in the

area based on the correlation in space and time of events

and injection. Events within this precursory sequence had

magnitudes between ML 0.2 and 2.6, and were all located at

depths of approximately 2.05 km. The mainshock was

located at a similar depth of 2.01 km.

Ongoing Research

Seismic data is analyzed in near real-time by Nanometrics

to provide an accurate and up-to-date catalogue of seismic-

ity. Using this as a base, the University of Calgary, in col-

laboration with other institutions, is undertaking further re-

search into the seismic sequences that are occurring within

the KSMMA, in particular, the characteristics of the source

of the events, spatio-temporal clustering of events, and

fault and fracture dynamics at depth.

Understanding the source characteristics of an earthquake

is fundamental to better discerning the physics behind

source rupture processes and the kinematic behaviour of

the source, and consequently understanding why seismic

activity manifested in the first instance (e.g., Kanamori and

Brodsky, 2004; Abercrombie, 2015). This is important for

the determination of hazards in the area. Characterization

of an earthquake source in terms of the deformation the rup-

ture produces is fundamental to understand the evolving

stress field and growing fracture network within a given en-

vironment (e.g., Eyre and van der Baan, 2015). One com-

mon method for calculating this is the moment tensor inver-

sion (MTI), which aims to calculate the magnitude and

orientation of fracture planes often based on body-wave

polarities, amplitude ratios or waveform inversions.

A fully nonlinear Bayesian centroid moment tensor (CMT)

inversion, based on the Bayesian earthquake analysis tool

(BEAT; Vasyura-Bathke et al., 2020) software, was carried

out for the September 11, 2020, ML 3.41 event (Figure 6).

Data from 12 stations were processed in units of velocity

and a 3rd order Butterworth filter between 0.07 and 0.2 hertz

was applied after instrument-response removal. Data in-

cluded waveforms from an array in the Dawson-Septimus

area (Roth et al., 2020). After rotation into radial, trans-

verse and vertical components, only components with a

pulse-like waveform were retained. Green’s functions were

computed with QSEIS software (Wang, 1999) for a 1-D ve-

locity model that is representative of the Western Canada

Sedimentary Basin (Wang et al., 2016). The inversion ap-

plies a lune parametrization (Tape and Tape, 2015) and in-

cludes a Bayesian implementation of the cut-and-paste

(CAP) algorithm (Zhao and Helmberger, 1994) to account

for potential 3-D velocity structure that is not included in

the 1-D velocity model. Whereas the original CAP algo-

rithm infers optimal time shifts, the Bayesian method fully

accounts for uncertainty of these time shifts within a

window of ±3 s.

The CMT results show a focal mechanism dominated by a

strike-slip mechanism (Figure 6a). The fault strikes at 246°

with uncertainty between 245 and 249°. The auxiliary

plane strikes at 86° with uncertainty between 82 and 87°.

The centroid is located at 2.6 km depth with low uncer-

tainty. The centroid epicentre is shifted 0.4 km west and

0.5 km north compared to the catalogue location. The

mechanism (Figure 6a) is predominantly a double-couple

solution (72.7–85.4%). However, 2.4–9.3% of the source is

explained by an isotropic component and 6.4–22.4% by a

compensated linear vector dipole (CLVD). Such isotropic

and CLVD components are not uncommon and are typi-

cally ascribed to theory errors in the inversion. For exam-

ple, the fault plane may not be perfectly planar, and Green’s

functions may include errors. It is also noted that CMT de-

composition is intrinsically based on assumptions and it is

more rigorous to consider these source trade-offs with the

lune diagram (Figure 7), which illustrates the uncertainty in

terms of the colour scale. The results are consistent with

other studies of source mechanisms within the KSMMA,

which suggest mechanisms are dominated by strike-slip

faulting, with some evidence of thrust faulting (Wang et al.,

2018; Babaie Mahani et al., 2020).
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Figure 6. Bayesian centroid moment tensor inversion results for
the local magnitude 3.41 seismic event on September 11, 2020, in
the Kiskatinaw Seismic Monitoring and Mitigation Area. a) Cen-
troid moment tensor (CMT) decomposition indicating a predomi-
nantly double-couple (DC) focal mechanism with small isotropic
and compensated linear vector dipole (CLVD) contributions. The
blur in the focal mechanisms quantifies uncertainty. The fault dips
near vertical and exhibits strike-slip motion. b) Observed wave-
forms (solid dark grey) are fit well by predictions (colour scale) that
capture most data features. Fits for vertical, radial and transverse
components are shown. All waveforms are shown in velocity (m/s)
and specific velocity values are shown on the right axis of each
panel. Station names and components are given in the top left with
epicentral distance and back azimuth. Histograms in the top right
of each panel show the range of variance reductions (VR)
achieved by the ensemble of models produced by the inversion.
Bottom-left histograms on each panel are for the time shifts for
each seismogram component.
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Observed waveforms and prediction fits, CAP time shifts

and variance reduction are shown in Figure 6b. Note that

agreements are excellent overall but some of the largest am-

plitudes are not fit well. The CAP time shifts required are

negative for vertical and radial components and notably

positive or neutral for the transverse component. This dif-

ference may suggest some degree of crustal anisotropy.

Since CMT estimates disagree with catalogue values, the

hypocentre depth and magnitude were recalculated inde-

pendently using seismic phase picks provided in the cata-

logue. A focal depth of ~2.75 km was calculated, which

closely agrees with the centroid depth but is deeper than the

hypocentre depth of ~2 km in the catalogue. Similarly, a

smaller magnitude of ~ML 3.1 (compared to ML 3.41) was

calculated. Both of these estimates agree with the CMT in-

version. The discrepancy in the calculated and the original

magnitude is due to the use of a different formula for calcu-

lation—a form of the Richter (1935) magnitude formula

that has been modified to better reflect local attenuation

characteristics of the KSMMA (Babaie Mahani and Kao,

2020) was used. In line with calculations done by NRCan,

the ML was calculated using the maximum amplitude from

the vertical component, simulated on a Wood-Anderson

(WA) seismometer, rather than the horizontal component,

which is more common elsewhere. Plans are being made to

extend the work to include events prior to this mainshock to

understand the evolution of stress with time.

The year 2020 was unusual due to the COVID-19 pan-

demic, which caused the shutdown of many businesses and

severely restricted the movement of people. A related re-

duction in ground motion has been accurately measured by

a drop in seismic noise worldwide (e.g., Lecocq et al.,

2020), which is also evidenced in the KSMMA. Over the

approximately four months of quiescence, when operations

within KSMMA ceased due to government regulations

(April to August, Figure 5a), only 389 events were detected

using the EO network and available public stations in the

area. For comparison, 344 events were detected on the EO

network over a single week, from February 8 to 15, when

operations were in full flow. The seismicity that occurred

during the quiescence is being investigated: Is it latent seis-

micity left over from operations in wells in the KSMMA? If

so, is this from very recent operations or is it from more

long-term operations? Or does it represent a natural seis-

micity that is now evident in the area due to changes to

stress brought about by anthropogenic activity in the area?

The unprecedented period of quiet allows the authors to

better constrain the seismicity, since it cannot have been

induced by ongoing operations in the area.

Preliminary investigations into spatio-temporal clustering

of seismicity and interevent triggering within the KSMMA

are being undertaken. There appears to be some evidence of

interevent triggering, but correlation with injection param-

eters for individual wells is still required and the degree to

which this influences spatio-temporal clustering remains

unclear. There is also an interest in better understanding lo-

cal site effects for hazard analysis, in particular, investigat-

ing spectral peaks due to resonance effects and their possi-

ble seasonal variation and amplification of seismic waves

within the KSMMA. This may lead to a better understand-

ing of why the report rate of seismic events varies spatially

across the KSMMA, and why a number of residents are re-

porting feeling strong shaking with only very moderate

magnitude events (ML <2). Monahan et al. (2019) con-

cluded that site amplification conditions within the

KSMMAare varied, with Site Class D conditions (high am-

plification of seismic ground motions) being widespread.

Analysis of the ambient seismic noise field, and in particu-

lar the horizontal to vertical spectral ratio (HVSR), will al-

low the determination of the fundamental site response fre-

quency at different sites within KSMMA. Both of these
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Figure 7. Bayesian centroid moment tensor (CMT) inversion re-
sults for the local magnitude 3.41 seismic event on September 11,
2020. The lune representation of the CMT more clearly shows that
the event can be predominantly explained by slip on a planar fault,
where the colour scale presents the probability. Lighter colours in-
dicate low probability; darker colours indicate high probability. Ab-
breviations: CLVD, compensated linear vector dipole; DC, double
couple; ISO, isotropic; LVD, linear vector dipole.



studies aim to better constrain the hazard from ongoing

seismicity within the KSMMA, detecting ‘weak’ zones

where seismicity is prevalent and could potentially cause

alarm for the public due to amplification of the seismic

wavefield.

High-precision locations of events suggest distinct planar

features that develop in regions are related to ongoing hy-

draulic fracturing operations (e.g., Figure 4). Therefore, an

analysis is being undertaken to better understand the

spatio-temporal evolution of the rupture process of such

planar features, using finite-fault source inversions and

Bayesian analysis to better constrain the uncertainties asso-

ciated with such analysis. It is hoped that this will provide a

better understanding of fault nucleation, propagation and

arrest, which is essential knowledge for operators and

regulators.

Finally, the detailed monitoring within the KSMMA may

allow the authors to better constrain a long-standing prob-

lem linked to induced seismicity: Are there diagnostic dif-

ferences in the characteristics of seismicity induced by hy-

draulic fracturing and seismicity induced from wastewater

disposal? Are the source mechanisms and rupture pro-

cesses similar or different? In Canada, the majority of in-

duced seismicity is associated with hydraulic fracturing

(e.g., Rivard, 2014; Atkinson, 2016), however, in some ar-

eas of the United States seismicity is strongly associated

with wastewater disposal (e.g., Ellsworth, 2013). Within

the KSMMA, there are both unconventional reservoirs and

wastewater disposal wells, which provides a unique oppor-

tunity to study both in detail. Currently a spatio-temporal

analysis of events associated with both types of wells is be-

ing undertaken, as well as comparisons of magnitudes and

source parameters, including MTI and stress changes, to

better understand whether it is possible to discriminate be-

tween these two types of seismicity, and if so, learn about

each of their fundamental characteristics. The objective is

to gain a better understanding of the characteristic seismic-

ity of each of these types of operations, which will enable

the characterization of incoming seismicity in near real

time. It will also be possible to provide insights on seismic-

ity generation and evolution under different stress

conditions to all those involved in the oil and gas industry

and regulatory bodies.

Conclusions

In January 2020, the installation of a new dense seismic

monitoring network began within the Kiskatinaw Seismic

Monitoring and Mitigation Area (KSMMA), to better un-

derstand the relationship between ongoing hydraulic frac-

turing and wastewater injection operations and seismicity,

in particular seismicity which is unexpected (either in terms

of its location or magnitude), and seismicity that is felt by

the general population. With the installation of a dense ar-

ray network, the hope is to better capture seismicity in the

KSMMA at smaller magnitudes, and thereby generate a

more complete catalogue of events. This catalogue will be

used to better characterize the faulting and fracture mecha-

nisms within this area, the site amplification effects and the

spatial and temporal relationship between seismicity and

operations, which will lead to a better understanding of the

area’s susceptibility to larger magnitude events. This can all

aid regulatory practices and promote safer operations by

the oil and gas industry within British Columbia.

The unique nature of this project means close collaboration

with partners in both industry and academia to enhance the

likelihood of success. By providing an evolving event cata-

logue (event timings, locations, magnitudes), Nanometrics

Seismic Monitoring Services are significantly helping to

accelerate the research within the KSMMA. To date, over

7200 events have been detected within the KSMMA using

the new network and available public station networks,

down to local magnitudes of –1. The installation of the new

network has significantly reduced the magnitude of com-

pleteness of events detected in this area, meaning that a

more complete picture of ongoing seismicity within the

KSMMA has been achieved. Events appear very tempo-

rally and spatially clustered, probably related to ongoing

operations in the area. Spatially, seismicity is following a

similar pattern to previous years, where events cluster

within a central band extending northwest to southeast.

Clustering of events at depths around 2 km indicates a

likely correlation between hydraulic fracturing and seis-

micity, as this is the average target depth of geological for-

mations within the KSMMA. Having high-resolution loca-

tions may allow the authors to better constrain this

relationship, and in particular the relationship between in-

dividual stages of operations and the temporal nature/spa-

tial nature/magnitude of seismicity. The largest event to

have occurred so far in 2020 (September 11) suggests a

mechanism dominated by strike-slip movement. Using the

generated seismic catalogue from the new network and

available public stations, the analysis is being extended to

better understand the processes at the sources of seismicity

within the KSMMAand provide better constraints on faults

and fractures in this area, especially their activation and

development in relation to ongoing operations.
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