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Introduction

Accurate determination of local magnitude (ML) for in-

duced earthquakes caused by fluid injection is a vital task

for regional seismograph network operators in the Western

Canada Sedimentary Basin (WCSB). Specific mitigation

measures are required by government regulations when the

induced events exceed a predefined ML threshold (Kao et

al., 2016). In case of an event with ML 4.0 or larger, regula-

tors in both British Columbia (BC) and Alberta issue sus-

pension orders to temporarily stop injection operations.

Richter (1935) proposed the first systematic measure of

magnitude using a small dataset from earthquakes in south-

ern California. It was based on the maximum zero-to-peak

horizontal amplitude of ground displacement, regardless of

the wave type, on the Wood-Anderson (WA) torsion seis-

mometer. This method of determining the magnitude is

given as

M A A SL = − +log( ) log( )0

(1)

where log (A) is the recorded WAamplitude, in millimetres,

whereas –log(A0) is the distance correction term for the re-

corded amplitude. In equation (1), S is a correction term for

each station, which is based on the average (over all events)

of deviations between ML at each station and event ML

(Richter, 1935). A positive value for S means that, on aver-

age, the station has a higher magnitude than the event mag-

nitude and vice versa. Richter (1935) obtained –log(A0) at

each distance by defining the zero magnitude at a distance

of 100 km. At this distance (ignoring the S term), the

ground-motion amplitude is 0.001 mm (log(A) of –3),

therefore –log(A0) would be 3. Since 1935, this method has

been extensively used around the globe. The aim of this

study is to preserve the method’s original configuration

(the type of sensor and the definition of zero-magnitude),

but amend it with region- and station-specific correction

terms (–log(A0) and S; Savage and Anderson, 1995; Bobbio

et al., 2009; Uhrhammer et al., 2011; Ottemoller and

Sargeant, 2013; Ristau et al., 2016). To preserve the origi-

nal sensor type, WA amplitudes are synthetically obtained

through deconvolution of the recording sensor’s instru-

ment response (non-WA sensors) from the recorded wave-

form and convolution with the WA-type instrument re-

sponse.

For WCSB, where widespread oil and gas activities have

caused a significant increase in the rate of seismicity in the

past decade (Atkinson et al., 2016; Babaie Mahani et al.,

2016), Natural Resources Canada (NRCan) follows the

original Richter approach to calculate the ML value of a

seismic event with two differences. First, NRCan uses the

vertical component instead of the horizontal components

(Ristau et al., 2003). Second, a window encompassing the S

phase is used and the maximum amplitude within this win-

dow is read from the synthetic WA seismograms (Ristau et

al., 2003). Even though the static magnification and damp-

ing ratio of WA sensors have been found by some research-

ers to be different than the ones assumed in Richter (1935),

NRCan uses the original values. Uhrhammer and Collins

(1990) showed that the damping ratio and static magnifica-

tion of WA sensors are 0.7 and 2080, respectively, which

are different than the values of 0.8 and 2800 reported by

Anderson and Wood (1925) and used by Richter (1935).

Using the static magnification of 2800 instead of 2080 will

result in a systematic overestimation of ML by an average of

0.13 unit (Uhrhammer and Collins, 1990; Bona, 2016). The

distance correction term was originally provided for the

epicentral distance range of 25–600 km (Richter, 1935), but

was later extended to 0 distance by Gutenberg and Richter

(1942). The problem with using the epicentral distance is

that it ignores the effect of focal depth, resulting in under-

and over-estimation at short and large distances (Boore,

1989), and therefore, hypocentral distance is a better

distance metric in the modification to the Richter’s distance

correction term for other regions.

For this study, several distance correction terms, which

were obtained for different regions including WCSB, are

compared. Using a database of WA amplitudes from

small-to-moderate earthquakes in northeastern BC and
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northwestern Alberta, a new distance correction term for

WCSB is also obtained to maintain NRCan’s magnitude

estimation routine.

Database and Methodology

The database used in this study includes the vertical com-

ponent of WA amplitudes from Visser et al. (2017), who

compiled a comprehensive earthquake catalogue for

WCSB for the period of 2014 to 2016. Over all, there are

4182 events from 39 stations with 18 918 WA amplitudes.

Figure 1 shows the distribution of events and seismograph

stations and Figure 2a and b shows the event and station ML

versus depth and hypocentral distance, respectively. In Fig-

ure 2, the event ML is the median of the station ML values.

The ML for each station was calculated from the vertical

component of WA amplitudes based on the Richter (1958)

distance correction term. For this study, the station ML val-

ues were not corrected for any site/station effect (S in

equation 1).

Although depth is a poorly constrained parameter in the re-

gional earthquake catalogues, the maximum depth of the

events is ~25 km. Therefore, events are all within the crust

(the crust thickness will be determined later in this section).

As observed by Yenier (2017) and shown in Figure 2b, the

station ML shows an increasing trend with distance pointing

out that the original distance correction term by Richter

(1958) is not suitable to account for the regional character-

istics of attenuation in WCSB. In Figure 2b the increasing

trend in station ML with distance can be visualized for an in-

dividual event: the August 17, 2015 induced event in the

northern Montney play of northeastern BC with moment

magnitude of 4.6 (star in Figure 2a; Babaie Mahani et al.,

2017). Visser et al. (2017) assigned a ML of 5 for this event.

Figure 3a shows comparison of –log(A0) versus hypocen-

tral distance from Richter (1958), Hutton and Boore

(1987), Brazier et al. (2008), Bona (2016) and Yenier

(2017). Whereas the Richter (1958) and Hutton and Boore

(1987) terms are for southern California, Brazier et al.

(2008), Bona (2016) and Yenier (2017) terms are for Ethio-

pia plateau, Italy and WCSB, respectively. These distance

correction terms were all obtained for the horizontal com-

ponent using hypocentral (Hutton and Boore, 1987; Bra-

zier et al., 2008; Yenier, 2017) and epicentral (Richter,

1958; Bona, 2016) distance metrics. Whereas Richter

(1958), Hutton and Boore (1987) and Bona

(2016) assumed a static magnification of 2800

for the WA sensors, Brazier et al. (2008) and

Yenier (2017) used a value of 2080. In Fig-

ure 3a, dots represent the observed WAampli-

tudes, which were normalized based on the

reference distance bin 90–110 km. For each

distance, amplitudes were divided by the geo-

metric mean of the amplitudes in the reference

bin. The data was then forced to pass through

0.001 mm (–log(A0) of 3 in Figure 3a) at

100 km distance.

Following Rezapour and Rezaei (2011), a

parametric equation for distance correction

term can be written as

( )− = × + × − +log( ) log ( ) .A n k RR
hypo

hypo
0

100
100 30

(2)

where Rhypo is hypocentral distance, and n and

k are the correction for geometrical spreading

and an elastic attenuation, respectively.

Equation (2) is written in such a way that for

the reference distance of 100 km, amplitudes

hold a value of 0.001 mm (–log(A0) of 3) to

maintain the consistency with the original

definition of Richter magnitude. From Fig-

ure 3a it is observed that Bona (2016) has the

highest correction for n whereas Brazier et al.

(2008) has the lowest (note the difference be-

tween the slopes of correction terms below
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Figure 1. Distribution of earthquakes and seismograph stations from Visser et al.
(2017) database used in this study. Stars are the earthquakes, triangles are the sta-
tions and squares are the cities and populated areas.



100 km distance). The n is 1.7 for Bona (2016) and 0.7 for

Brazier et al. (2008). The effect of n on the estimates of ML

can be seen from Figure 3b, which shows the average of the

difference between station and event local magnitudes (me-

dian from all stations) in equally log-spaced distance bins

versus hypocentral distance. Magnitudes were calculated

without the S term (equation 1). Except Brazier et al.

(2008), all other distance correction terms give low station

magnitudes at short hypocentral distance (<100 km) and

high station magnitudes at hypocentral distance >100 km

(Figure 3b). This is important for small-magnitude events

as these events are recorded at shorter distances than larger

events.

The result of combing and rearranging equations (1) and

(2) is

log( ) . log( ) ( )A n k R M SR
hypo L

hypo+ = − × − × − + − +∈30 100
100

(3)

where ∈ is the residual (observed minus predicted). The n,

k, ML and S parameters are obtained by constructing the lin-

ear inverse equation of d = Gm (Menke, 1984), where d is

observed data (log(A) + 3.0) and m is the model parameter

(n, k, ML, S) to be determined, G is the kernel matrix that re-

lates d to m. In solving for the model parameters, the correc-

tion term for each station (S), which repre-

sents the overall discrepancy in WA ampli-

tudes between stations located at different

site conditions, is obtained simultaneously.

Site effects are typically determined rela-

tive to a known site condition to avoid

trade-offs between source and site terms. In

this study, however, site conditions are un-

known for the recording stations. Thus,

correction factors are computed relative to

the average site condition by constraining

the S terms to attain zero when averaged

over all stations. This allows consistent ML

estimations with reduced overall scatter of

predictions across different stations

(Yenier, 2017).

In determination of –log(A0), the most im-

portant factor is the shape or functional

form of geometrical spreading attenuation,

which is characterized by n. Although at-

tenuation can be parameterized using a lin-

ear, bilinear or trilinear function, Babaie

Mahani and Atkinson (2012) found that al-

though the trilinear forms are statistically

preferred in many cases, the differences be-

tween the forms (linear, bilinear, trilinear)

are not sufficiently significant to prefer one

over another. For this study, a bilinear func-

tion was used to model the distance correc-

tion due to geometrical spreading. The bi-

linear function is simpler because one less

parameter needs to be determined in the inversion process

yet it is still complex enough to separate direct waves from

refracted or head waves travelling along the Moho

discontinuity.

Figure 4 shows the P-wave travel time versus epicentral

distance, which was obtained by manually picking the on-

set of the P-wave on the vertical component for selected

events with ML ≥3. Two wave types are shown in Figure 4.

The Pg is the direct P-wave, which travels within the crust

with velocity v0, whereas Pn is the head (refracted) P-wave,

which travels along the Moho discontinuity with upper-

most mantle velocity v1. From Figure 4, it can be seen that

the crossover distance xD is 200 km. The crossover distance

is the distance beyond which the first arrival waves are al-

ways head waves. Using the velocities v0 (6.5 km/s) and v1

(8.2 km/s), which are the reciprocals of the slope of the di-

rect and head P-wave travel times, and the intercept τ
(6.4 s), which is the head P-wave travel time at zero dis-

tance, the thickness of the crust (h0) can be estimated as

(Stein and Wysession, 2003)
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Figure 2. a) Event local magnitude (ML) versus depth and b) station ML versus
hypocentral distance. The ML values were calculated using the vertical component of
Wood-Anderson amplitudes based on the Richter (1958) distance correction term
without correcting for the station term (S in equation 1). Event ML is the median of sta-
tion ML values. Red star in a) is the August 17, 2015, induced earthquake in the north-
ern Montney play of northeastern British Columbia with moment magnitude (Mw) of
4.6 (Babaie Mahani et al., 2017). Red squares in b) show the station ML for this event

across recording distances.
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Equation (4) gives 33 km for the thickness of the crust. The

critical distance xc, below which the head waves disappear,

is obtained as (Stein and Wysession, 2003)
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In this case, xc is 85 km. Therefore, the bilinear function of

the form

( )
( )

b R
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R
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100
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log

log
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⎧
⎨
⎪

⎩⎪
(6)

was used to model the effect of geometrical spreading, n,

where b1 and b2 are the coefficients to be determined.

Distance Correction Term for WCSB

Using the equations (3) and (6), model parameters (b1, b2, k,

ML, S) were obtained through the maximum likelihood esti-

mation. For this study, only those events with at least five

observations were used (1586 events with 12 000 WA am-

plitudes). Figure 5 shows ∈ versus hypocentral distance

and event ML (median of station ML values based on Rich-

ter [1958] distance correction term and without the S term).

Although data is sparse at close distances (Rhypo <10 km)

and larger magnitudes (ML >4), there are no trends in the re-

siduals with distance or magnitude, which means that the

inversion was successful assuming the functional forms for

the attenuation and geometric spreading. Therefore, in this

study, the distance correction term, –log(A0), for WCSB is

( )07974 00016 100 30
100

. log . ( ) .× + × − + ≤R
hypo hypo

hypo R R 85

( )
km

− × + × − + >01385 00016 100 30
100

. log . ( ) .R
hypo hypo

hypo R R 85 km

⎧
⎨
⎪

⎩⎪
(7)

Overall, the distance correction term (equation 7) appears

to work well at all distances and is similar to Brazier et al.

(2008; Figure 3).

Figure 6 shows event ML (median of station ML without the

S term) computed with the distance correction term ob-

tained in this study versus Richter (1958), Hutton and

Boore (1987), Brazier et al. (2008), Bona (2016) and Yenier
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Figure 4. Reduced P-wave travel time versus epicentral distance.
Abbreviations: h0, crust thickness; Pg, direct P-wave; Pn, head (re-

fracted) P-wave; τ, intercept; T, time; v0, velocity of direct P-wave
within the crust; v1, velocity of head P-wave within the mantle; xc,
critical distance; xD, crossover distance.

Figure 3. a) Distance correction term [–log(A0)] versus hypo-
central distance. Data is the normalized (Norm.) Wood-Anderson
(WA) amplitudes (amp.) in the reference distance bin 90–110 km.
Grey area shows the 95% confidence interval for –log(A0) obtained
in this study. b) Individual data points for this study and the average
of the difference between the station and event local magnitudes
(ML) in equally log-spaced distance bins, using –log(A0) from Rich-
ter (1958), Hutton and Boore (1987), Brazier et al. (2008), Bona
(2016), Yenier (2017) and this study, versus hypocentral distance.
The ML values were not corrected for the station term (S in equa-
tion 1). Event ML is the median of station ML values. Abbreviations:
B08, Brazier et al. (2008); B16, Bona (2016); HB87, Hutton and
Boore (1987); R58, Richter (1958); Y17, Yenier (2017).



(2017). The AVR M in Figure 6 is the average of the differ-

ence between ML values (ML from another study minus ML

from this study). Overall, ML values from this study are

lower than those obtained using –log(A0) of Richter (1958),

Hutton and Boore (1987), Brazier et al. (2008) and Bona

(2016) but higher than Yenier (2017).

To further analyze the difference between ML values,

the event ML was calculated from station ML (median of

station magnitudes without the S term) at different

distance bins (Rhypo ≤50 km, 50 km <Rhypo ≤100 km,

100 km <Rhypo ≤200 km, Rhypo >200 km) using the distance

correction terms obtained in this study and Yenier (2017).

In Figure 7, the difference between ML values ( M) from

Yenier (2017) and this study is plotted against ML values

from this study. Also plotted are the averages of M in

equally linear-spaced magnitude bins. The largest devia-

tion between this study’s ML values and Yenier (2017) val-

ues occurs when all stations are below 50 km for which the

ML values from Yenier (2017) are lower by an average of

0.27 unit. For larger distance bins, the values are more simi-

lar. The lower ML values from Yenier (2017) at short dis-

tances are due to the fact that Yenier (2017) assigned a

higher rate for the geometrical attenuation of ground-mo-

tion amplitudes for distances <100 km (1.4 for Yenier

[2017] versus 0.8 in this study).

Conclusions

Determination of an accurate local magnitude (ML) for in-

duced earthquakes requires adjustments to the region-spe-

cific distance correction term, –log(A0), in Richter’s (1935)

magnitude equation. When the maximum magnitude of in-

duced events is close to the threshold set by regulators to

suspend injections, having an accurate ML can have impor-

tant economic consequences for operators. For this reason,

a comprehensive catalogue of Wood-Anderson amplitudes

from earthquakes in the Western Canada Sedimentary Ba-

sin (WCSB) was used to analyze the –log(A0) term previ-

ously obtained for WCSB and several other regions. By as-

suming a bi l inear model for the a t tenuat ion of

ground-motion amplitudes, a new formula of –log(A0) was

obtained specifically for monitoring induced seismicity in

WCSB using Natural Resources Canada’s ML calculation

routine. This study’s correction term for distance is

( )07974 00016 100 30
100

. log . ( ) .× + × − + ≤R
hypo hypo

hypo R R 85

( )
km

− × + × − + >01385 00016 100 30
100

. log . ( ) .R
hypo hypo

hypo R R 85 km

⎧
⎨
⎪

⎩⎪

where Rhypo is the hypocentral distance. This study’s dis-

tance correction term results in lower ML values by an aver-

age of 0.29, 0.27, 0.12 and 0.34 units compared to those ob-

tained by Richter (1958; California), Hutton and Boore

(1987; California), Brazier et al. (2008; Ethiopia plateau)

and Bona (2016; Italy), respectively, when all distance

ranges are considered. However, it gives higher ML values

than those obtained by Yenier (2017; WCSB) by an average

of 0.12 unit over the distance range of 0 to 600 km. When

comparing this study to Yenier’s (2017) study, this differ-

ence in ML varies with Rhypo: 0.27 unit for Rhypo ≤50 km,

0 . 0 8 u n i t f o r 5 0 k m <R h y p o ≤ 1 0 0 k m, 0 . 1 2 f o r

100 km <Rhypo ≤200 km, and 0.10 for Rhypo >200 km.
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Figure 5. Residuals (observed minus predicted) of the inversion
process versus a) hypocentral distance and b) event local magni-
tude (ML). Squares are the mean of residuals in equally log-spaced
distance bins and equally linear-spaced magnitude bins and the
error bars are one standard deviation. The ML values were calcu-
lated using the vertical component of Wood-Anderson amplitudes
based on the Richter (1958) distance correction term without cor-
recting for the station term (S in equation 1). Event ML is the median
of station ML values.
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Figure 6. Event local magnitude (ML) computed from the distance correction terms obtained in this
study versus those obtained by a) Richter (1958; R58); b) Hutton and Boore (1987; HB87); c) Brazier et
al. (2008; B08); d) Bona (2016; B16); and e) Yenier (2017; Y17). The AVR M is the average deviation of
ML values (ML from another study minus ML from this study). The solid lines show the 1:1 agreement of
magnitude estimates. The ML values were not corrected for the station term (S in equation 1). Event ML

is the median of station ML values.
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Figure 7. Difference ( M) between event local magnitudes (ML) computed from the distance correction terms obtained in this study versus

those obtained by Yenier (2017; Y17) using stations in different hypocentral distance (Rhypo) bins: a) Rhypo ≤50 km; b) 50 km <Rhypo ≤100 km;

c) 100 km <Rhypo ≤200 km; and d) Rhypo >200 km. The AVR M is the average deviation of ML values (ML from Yenier [2017] study minus ML

from this study). The solid lines show the 1:1 agreement of magnitude estimates. Squares are the averages of M in equally linear-spaced
magnitude bins with the error bars showing one standard deviation. The ML values were not corrected for the station term (S in equation 1).
Event ML is the median of station ML values.
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