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Introduction

Northeastern British Columbia (NEBC; latitude 55–60°N,

longitude 120–125°W) has hosted major hydrocarbon pro-

duction since the early 1950s (National Energy Board et al.,

2013). With the advancement in horizontal drilling and hy-

draulic fracturing (also known as fracking) in the mid

1990s, unconventional resources of natural gas have been

developed within the Montney play and Horn River Basin

of NEBC (BC Oil and Gas Commission, 2012b).

The relationship between fluid injection and occurrence of

earthquakes has been studied extensively in the past (e.g.,

Davis and Frohlich, 1993; Ake et al., 2005; Shapiro and

Dinske, 2009; Keranen et al., 2014; Dieterich et al., 2015;

Hornbach et al., 2015). Injected fluid increases pore fluid

pressure and reduces the effective normal stress on a frac-

tured mass of rock. This effect causes shear slip on the pre-

existing fault planes that are critically stressed (Davies et

al., 2013; Holland, 2013). It should be noted that the fluid

injected into a well need not travel the entire distance from

the injection point to a fault to change the stress condition

on the fault plane, as the increased pore pressure can be

transmitted to greater distances than the fluid itself (Rubin-

stein and Babaie Mahani, 2015).

The continuous increase in the number of hydraulic fractur-

ing completions in recent years and the occurrence of new

clusters of seismicity have motivated the BC Oil and Gas

Commission (BCOGC) to regulate oil and gas operations in

NEBC. A fundamental goal of these regulations is to pre-

vent the emergence of seismic hazards from larger magni-

tude events. Current permit conditions (traffic light system)

require the immediate reporting of seismic events that are

either felt or recorded with a magnitude of 4.0 and higher.

Felt events have initiated deployments of several dense

seismic networks and could lead to suspension of opera-

tions (BC Oil and Gas Commission, 2012a, 2014).

To improve the overall understanding of induced seismicity

in NEBC, the British Columbia Seismic Research Consor-

tium was initiated in 2012 with funding from Geoscience

BC and the Canadian Association of Petroleum Producers

and with technical support from Natural Resources Canada

(NRCan) and BCOGC. As the first step of this joint effort,

eight broadband seismograph stations have been estab-

lished in NEBC since 2013 to complement the monitoring

capability of the Canadian National Seismic Network

(CNSN) for induced seismicity (Salas et al., 2013; Salas

and Walker, 2014).

The aim of this paper is to evaluate the performance of the

regional seismic network in NEBC, which is done by calcu-

lating the minimum magnitudes (smallest earthquakes) that

can be detected by the network. For each seismic station,

the level of background noise (signals due to sources such

as traffic, wind, ocean waves), above which earthquake sig-

nals (primary [P], secondary [S], surface waves) can be dis-

tinguished, was analyzed and used for calculating the mag-

nitude of an event. Then at each station, the peak ground-

motion amplitude was simulated from earthquakes with

different magnitudes across NEBC. By calculating the ratio

of simulated ground motion to the background noise, maps

of the minimum magnitudes that can be detected by the re-

gional network were generated. The assessment of mini-

mum detectable magnitude is important for future develop-

ment of the regional monitoring network in areas with

significant shale-gas production.

Evaluation Method and Results

Figure 1 shows seismicity in NEBC between 1985 and

2015 from the NRCan earthquake catalogue (Natural Re-

sources Canada, 2015). Also shown on this figure are the

locations of regional broadband seismic stations. The two

stations BMBC and FNBB have been operating in this re-

gion since 1998 and 1999, respectively, whereas stations
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NBC1–6 were established in 2013. Stations NBC7 and

NAB1 were installed in 2014. In general, seismicity in

NEBC appears to be clustered within specific areas to the

east of the Rocky Mountains. These clusters coincide with

the location of hydraulic fracturing completions and long-

term disposal wells (Horner et al., 1994; BC Oil and Gas

Commission, 2012a, 2014; Farahbod et al., 2015). Note

that the earthquakes shown in Figure 1 were located using

all the available stations in NEBC and environs.

The performance of a seismic network depends on many

factors including sensor type, network geometry, instru-

mental and ambient noise level, and the condition of data

transmission. D’Alessandro et al. (2011a) proposed the

method of seismic network evaluation through simulation

(SNES) to evaluate the performance of seismic networks.

Based on the analysis of ambient noise level at each seismic

station, the method simulates the regional distribution of

ground motion to estimate variations in the source parame-

ters of a seismic event (epicentre, depth, magnitude) as well

as their uncertainties. The SNES method has been used to

evaluate a variety of different seismic networks including

those in Italy, Greece, Montana, Alaska, Romania and

Spain (D’Alessandro et al., 2011a, b, 2012, 2013a, b;
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Figure 1. Map of seismic events (red dots) in northeastern British Columbia from 1985 to
2015. Black triangles indicate the locations of regional seismic stations in this area.
Boundaries of the major shale gas plays are shown with black outlines. Abbreviations: CE,
Cordova embayment; HRB, Horn River Basin; LB, Liard Basin; MP, Montney play. The in-
set shows the location of the study area (red box) on the national map. Background image
from Lindquist et al. (2004).



D’Alessandro and Ruppert, 2012; D’Alessandro and Stick-

ney, 2012). In this study, the SNES methodology has been

followed to quantitatively evaluate the magnitude detec-

tion capability of the regional seismic network in NEBC.

Level of Ambient Noise

Evaluation of the ambient background noise is the first step

in the assessment of the performance of a seismic network.

It forms the baseline for detection of earthquake phases (P

and S) used in magnitude calculations and event location.

There are different sources of noise that can affect seismic

signals at different frequencies. Microseisms are ocean-

generated noise that can be observed at all stations world-

wide, although it is generally less at stations in the interior

of continents. The predominant frequency range of micro-

seisms is 0.06–0.25 hertz (Hz). On the other hand, cultural

noise due to traffic and machinery has higher frequency

content (1–10 Hz), which tends to attenuate quickly with

distance and depth (Havskov and Alguacil, 2004).

Conventionally, the noise level is represented by the power

spectral density (PSD) of ground acceleration for the fre-

quency range of interest. It is common to represent the units

of the PSD (originally in units of (m/s2)2/Hz) in decibels,

which is a logarithmic unit from a ratio of two values. The

noise level is therefore converted to decibels (Havskov and

Alguacil, 2004) as

10 log [PSD / (m/s
2
)
2
/ Hz] (1)

To obtain PSD, one year of continuous waveform data (be-

tween May 1, 2014 and April 30, 2015) was downloaded

from the Data Management Center of the Incorporated Re-

search Institutions for Seismology (Incorporated Research

Institutions for Seismology, 2015) for all newly established

stations in NEBC (NBC1–7 and NAB1). The waveform

data were then cut into one-hour segments. For each seg-

ment, PSD of acceleration were calculated using the PQLX

software of McNamara and Boaz (2011). Probability den-

sity functions (PDF) of each power bin (in decibels, as

given by the program) were then obtained at each fre-

quency to better analyze the variation of noise and its prob-

ability of occurrence for each station and the three compo-

nents of motion (two horizontal and one vertical; McNamara

and Buland, 2004). Figure 2a shows an example of the

noise PDF for the vertical component at station NBC7 in

Fort St. John. Also plotted are the global low and high noise

models of Peterson (1993) for comparison to the local

noise. Since the continuous data was not screened for dif-

ferent types of waveforms, earthquake signals, system tran-

sients and instrumental glitches are all included in the cal-

culated PSD. These signals, however, have low probability

of occurrence (pink lines) compared to the higher-probabil-

ity ambient noise (blue portion of the PDF, Figure 2a). For

the purpose of this study, the ambient noise level of the ver-

tical component for each station was extracted from their

noise PDF, and the results are shown in Figure 2b.

Simulation of Ground Motion

Ground-motion amplitudes were generated for different

earthquakes with a range of magnitude (0–4) and epicentral

distance (from the earthquake to seismic station; 0–

1000 km) values. The simulated values represent the veloc-

ity of ground motion in units of m/s (peak ground velocity,

PGV). To generate the ground-motion amplitudes, a sto-

chastic approach was followed for simulation of earth-

quake waveforms. In brief, this approach assumes that

earthquake ground motion is a band-limited, finite-dura-

tion, white Gaussian noise that can be adjusted by a theoret-

ical model of source (representing the shape and amplitude

of the source spectrum), path (representing wave attenua-

tion) and site (representing site amplification) to generate

high-frequency motions from an earthquake (Boore, 2003).

In this study, the stochastic simulation program SMSIM

(Boore, 2003, 2009) was used to produce PGV using input

models for western North America (Boore and Thompson,

2012, 2015).

The average level of ambient noise at each station was esti-

mated for the frequency band of 0.5–12 Hz from the verti-

cal components of PSD (Figure 2b). The frequency band of

0.5–12 Hz is used here because it represents the widest de-

tectable frequency band for regional earthquakes (At-

kinson and Kraeva, 2010). The PSD were converted from

decibel to ground velocity (in m/s) using the conversion

methods described in Havskov and Alguacil (2004). Spe-

cifically, the relationship between a spectral amplitude at a

given frequency to a time domain amplitude in a given

frequency band is defined as

a = 1.25aRMS = 1.25(P(f2–f1))
1/2

(2)

where a is the true average peak amplitude, aRMS is the root

mean squared amplitude, and P is the power spectrum in the

frequency range of f1 to f2. Here, P has the unit of m/s and is

obtained by converting the acceleration PSD in decibels to

their equivalent amplitude in m/s2, then divided by the

square of angular frequency. Equation (2) holds true under

the assumption that the power spectrum is indeed a constant

P if the frequency range of f1 to f2 is narrow (Havskov and

Alguacil, 2004). For stations BMBC and FNBB the aver-

age ambient noise was obtained based on the nearby

stations.

Theoretical Threshold for Locating
Earthquakes in NEBC

In this step, a theoretical 100 by 100 grid was generated for

the study area. By placing seismic sources of variable mag-

nitudes (0–4 with 0.2 increments) at each grid point, the

PGV was estimated at the location of each station using the

simulated values as obtained above. For each grid point–
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station pair, the ratio of simulated PGV to the average back-

ground noise was calculated for all magnitudes. The source

signal at any given station was considered identifiable if the

signal-to-noise ratio (S/N) exceeded 10. Figure 3a and b

show the number of stations with S/N ≥10 when the magni-

tude of the source was 1.6 and 2.6, respectively. For an

event to be considered locatable, it is required to have iden-

tifiable signals (i.e., S/N ≥10) at four or more stations. In

the case of magnitude 1.6, the event can be located only if

the source is within the areas that are well covered by the re-
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Figure 2. Noise spectra of seismic stations in northeastern British Columbia: a) Vertical component of probability density function (PDF) of
each acceleration power bin (in decibels [dB]) at station NBC7. The colour bar shows noise probability at each frequency. b) Median power
spectral density (PSD; vertical component) of all newly established stations (NAB1, NBC1–7) versus frequency. The two vertical lines mark
the frequency range used in simulation of ground-motion amplitudes and averaging of the ambient noise. Abbreviation: Hz, hertz.

Figure 3. Number of stations with signal-to-noise ratio of ≥10 for a) magnitude 1.6 and
b) magnitude 2.6. Black triangles indicate the locations of regional seismic stations in north-
eastern British Columbia. Boundaries of the major shale gas plays are shown with black
outlines. Abbreviations: CE, Cordova embayment; HRB, Horn River Basin; LB, Liard Basin;
MP, Montney play.



gional network. In contrast, a magnitude 2.6 event any-

where inside the study area can be detected and located as at

least four stations with identifiable signals are available.

Based on the same criterion, the variability of minimum de-

tectable magnitude of regional earthquakes in NEBC was

mapped and the results are shown in Figure 4. The mini-

mum detectable magnitude can be considered as the theo-

retical threshold for any seismic event to be located by the

regional seismic network. Overall, the theoretical magni-

tude threshold for NEBC is below 2.6 and it can be as low as

1.6 for areas of the Montney play and Horn River Basin that

are well covered by the regional network.

Future Improvement of the
Regional Network

The seismic network in NEBC plays a critical role in detect-

ing and locating seismic events that are potentially linked to

hydraulic fracturing or deep injection for the purpose of

wastewater disposal. The data of earthquake source param-

eters (e.g., epicentre, depth, magnitude) obtained from the

regional network are used for regulatory purposes. The un-

certainties in source parameters, however, make hazard

mitigation a challenging task. In this section, some options

are considered to improve the capability of the current re-

gional seismic network.

The improvement of the regional seismic network in NEBC

can be achieved from different approaches in order to re-

duce the uncertainties in the earthquake parameters. One of

the most straightforward ways is to increase the S/N at ex-

isting stations such that signals from smaller events can be

clearly identified. This is possible by replacing the near-

surface sensors with deep borehole ones or by relocating

noisy stations to places with better site conditions. Figure 5

shows the hypothetic results if the level of background

noise is reduced by 10, 25 and 50%. In comparison to the

current network configuration (Figure 4), an overall reduc-

tion of noise by 10% (Figure 5a) would lower the detection

threshold by ~0.2 magnitude unit for most of the Liard Ba-

sin, northeast of the Horn River Basin, southern Montney

play, and the area to the west of Montney play. For a 25%

noise reduction (Figure 5b), the magnitude detection

threshold could be improved to ~2.0 magnitude unit for al-

most the entire NEBC. The Horn River Basin and central

Montney play could have a value down to ~1.6 magnitude.

When the noise level is reduced by 50% (Figure 5c), the re-

gional network could detect seismic events with magnitude

≥1.8 for most of NEBC. The area with a magnitude detec-

tion threshold of ~1.6 would expand to cover the entire Horn

River Basin, most of the Liard Basin and the central Mont-

ney play (i.e., the Fort St. John area).

The performance of the regional seismic network in NEBC

can also be improved by installing additional stations at

critical locations. The exact location of new stations de-

pends on the expected goal of the earthquake monitoring.

Given the relatively higher injection activity in the Mont-

ney play in recent years, one desirable improvement is to

lower the local earthquake detection threshold for more ef-

fective monitoring and mitigation of seismic hazard. In Fig-

ure 6, the hypothetical scenarios of improvement are pre-

sented with up to four additional stations in the Montney

play. The area corresponding to the detection threshold of

~1.6 magnitude could expand significantly even with the

addition of just one station in the central Montney play

(Figure 6a versus Figure 4). Moreover, the addition of this

station might help to reduce the azimuthal gap between sta-

tions NBC5 and BMBC for events that occurred in the

northern and central Montney play. By adding stations to

the south and east of station NBC5 in the northern Montney

play (Figure 6b, c), the network’s monitoring capability

could be dramatically improved for the entire Montney

play from 1.6–2.2 magnitude to 1.2–1.8 magnitude. The re-

gional network would require four additional stations in the

central and northern Montney play to achieve an overall

magnitude detection threshold of ~1.2 magnitude (Fig-

ure 6d).
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Figure 4. Spatial distribution of the minimum detectable magni-
tude in northeastern British Columbia based on signal-to-noise ra-

tio of ≥10 at four or more stations. Black triangles indicate the loca-
tions of regional seismic stations in this area. Boundaries of the
major shale gas plays are shown with black outlines. Abbrevia-
tions: CE, Cordova embayment; HRB, Horn River Basin; LB, Liard
Basin; MP, Montney play.
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Figure 6. Spatial distribution of the minimum detectable magnitude in northeastern British
Columbia after addition of up to four hypothetical stations (red triangles): a) one station;
b) two stations; c) three stations; and d) four stations. Black triangles indicate the locations
of regional seismic stations in the area. Boundaries of the major shale gas plays are shown
with black outlines. Abbreviations: CE, Cordova embayment; HRB, Horn River Basin; LB,
Liard Basin; MP, Montney play.
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