Gedscience BC

Attenuation of Ground-Motion Amplitudes from Small-Magnitude Earthquakes
in the Montney Play, Northeastern British Columbia

A. Babaie Mahani, Geoscience BC, Vancouver, BC, ali.mahani@mahangeo.com

H. Kao, Natural Resources Canada, Geological Survey of Canada-Pacific, Sidney, BC

Babaie Mahani, A. and Kao, H. (2018): Attenuation of ground-motion amplitudes from small-magnitude earthquakes in the Montney play,
northeastern British Columbia; in Geoscience BC Summary of Activities 2017: Energy, Geoscience BC, Report 2018-4, p. 15-22.

Introduction

Analysis of local ground-motion data recorded by seismo-
graphic stations is essential in understanding the potential
seismic hazard in a region. Ground-motion prediction
equations (GMPE) are key elements in every seismic haz-
ard assessment, especially at distances close to the source
of shallow induced earthquakes, which have the potential
of causing damage to structures close to injection sites
(Novakovic and Atkinson, 2015). Near-source evaluation
of ground-motion amplitudes is now possible in areas such
as western Alberta and northeastern British Columbia (BC)
with the recent increase in seismograph stations for the pur-
pose of monitoring the induced seismicity from hydraulic
fracturing and wastewater injection (Schultz et al., 2015;
Babaie Mahani et al., 2016). The aim of this project is to an-
alyze a rich database of ground-motion amplitudes from
small-magnitude, potentially induced earthquakes in the
Montney play of northeastern BC recorded at short hypo-
central distance. The majority of data used in this study are
from waveforms recorded by the private seismograph sta-
tions near hydraulic fracturing and wastewater injection
operations. Of particular interest is understanding the char-
acteristics of the observed ground-motion amplitudes from
events with amplitudes large enough for the onset of dam-
age. This paper details the datasets used in this study, fol-
lowed by the analysis of attenuation of ground-motion am-
plitudes in the Montney play. Understanding the local
ground-motion parameters in the study area is important for
the assessment of the potential seismic hazard from
induced events to infrastructure, such as the BC Hydro Site
C dam on the Peace River near Fort St. John.

Database

Waveforms from local and regional broadband seismo-
graphic stations in the study area were used to analyze
ground-motion amplitudes from small induced earth-
quakes. Most of the waveforms are from two networks of
five stations operated by Canadian Natural Resources Lim-
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ited (CNRL) in the Graham and Septimus areas (Figure 1)
to monitor the disposal of wastewater. Waveforms from
three other private networks were also used: ARC Re-
sources Ltd. (ARC) and Encana Corporation (Encana) for
monitoring of hydraulic fracturing and Canbriam Energy
Inc. (Canbriam) for monitoring of hydraulic fracturing and
wastewater disposal.

Besides the data from private seismograph stations, wave-
forms from three Canadian National Seismograph Network
(CNSN) stations in the region were also included to com-
plement the database used in this study (Figure 1). Station
number 1, in the Graham area, was originally a CNRL sta-
tion but converted to a CNSN station in 2016.

Waveforms from 219 local events were used in this study,
of which 129 events are in the Graham area and 90 events
are in the Septimus area. For the Graham area, the CNRL
network recorded 123 events for the period between March
21,2014 and August 28, 2015 while the Canbriam network
recorded two events on May 1 and June 11, 2016. There are
also data from four events at CNSN station 1 on December
30,2016, April 19 and 21, 2017 and June 8, 2017. For the
Septimus area, the CNRL network recorded 81 events for
the period between April 16 and October 12, 2014. The
ARC network recorded four events on January 14 and 16,
2017 and June 10, 2017 while the Encana seismograph sta-
tion recorded five events for the period between July 15 and
29, 2017. Data from ARC also includes the waveforms
from the two CNSN stations in the Septimus area (Fig-
ure 1).

A database of ground-motion amplitudes was compiled af-
ter correcting each waveform for instrument response and
filtering with a high-pass, second-order Butterworth filter
ata corner frequency of 0.1 hertz (Hz). Ground-motion am-
plitudes for peak ground acceleration (PGA), peak ground
velocity (PGV) and response spectral acceleration (PSA) at
frequencies of 1, 2, 3.3, 5 and 10 Hz were compiled for the
vertical component and the geometric mean of the horizon-
tal components. The available dataset contains ground-mo-
tion amplitudes from events with local magnitude (M)
from 1.5 to 3.8 and hypocentral distance between 1.6 and
42 km (Mg 1.5-3.8 and distance between 2.3 and 19 km in
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Figure 1. Map of part of the Montney play of northeastern British Columbia and distribution
of the earthquakes and stations used in this study. Boxes show the Graham (northwest) and
Septimus (southeast) areas with stations numbered in each area. Triangles with dashed
outlines mark the approximate locations of BC Hydro dams. The inset shows the location of
the study area in British Columbia. Abbreviations: ARC, ARC Resources Ltd.; Canbriam,
Canbriam Energy Inc.; CNRL, Canadian Natural Resources Limited; CNSN, Canadian Na-

tional Seismograph Network; Encana, Encana Corporation.

the Graham area and M; 1.5-3.0 and distance between 1.6
and 42 km in the Septimus area). Most of the ground-mo-
tion amplitudes used in this study are from events with
magnitude <2 and focal depth between 3 and 4 km. No
event in this dataset is deeper than 8 km (for events with un-
known depths, a value of 2 km was assigned).

Due to the shallow depth of induced events, damage can
still be expected from small earthquakes at short hypocen-
tral distance. Worden etal. (2012) analyzed the relationship
between ground-motion amplitudes (PGA and PGV) ver-
sus modified Mercalli intensity (MMI) in California. Based
on their results, the onset of damage (MMI at level VI; Wald
etal., 1999) corresponds to PGA between 50 and 300 cm/s”
and PGV between 3.8 and 24 cm/s. For the dataset used in
this study, all PGA values are below the lower bound for the
onset of damage (<50 cm/s?). At the hypocentral distance of
~2.6 km, however, a relatively large ground acceleration
was recorded at one of the ARC seismographic stations
(station 8, Figure 1) with a maximum PGA value of
~115 c¢cm/s? on the east-west component from an My 3
event. In Figure 2, the three-component waveforms from
the three events recorded at stations 8 and 5 (closer to the
source) are shown. Since events are very close in space, the
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implementation of exclusion zones
around critical infrastructures. For this
study area, a GMPE has been devel-
oped for the geometric mean of the
horizontal components of motion, us-
ing the ground-motion amplitudes de-
scribed in the ‘Database’ section
above. These amplitudes have been
corrected to the reference site condition with an average
shear-wave velocity in the top 30 m (Vs3o) of 760 m/s, using
the linear component of correction factors provided by
Boore et al. (2014) and the estimated V3 values of Babaie
Mahani and Kao (in press) for each seismograph station in
the study area. For the purpose of this study, the datasets
from the Graham and Septimus areas have been combined.
In order to understand the differences in ground motion be-
tween the two areas, the ratio of ground-motion amplitudes
(Graham to Septimus) were calculated for magnitude and
distance bins using the geometric mean of the horizontal
components of motion corrected to the reference site condi-
tion (Vs3y = 760 m/s) in each region. Overall, ground
motions are comparable between the two areas with the
exception of some frequencies at magnitude bin 2.5-3.0.

The Atkinson (2015) ground-motion model was used for
the development of local GMPE as

logY =¢, +c,M+c,M* + ¢, logR 1
where Y is the observed geometric mean of the horizontal

components of ground-motion amplitude (e.g., PGA) cor-
rected to the reference site condition (Vs;o =760 m/s). M is
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Figure 2. Waveforms of the three events recorded by stations 5 and 8 of the ARC Resources Ltd. seismograph network (northeastern Brit-
ish Columbia; Figure 1). Panels a), d) and g) are the east-west component, b), e) and h) are the north-south component, and c), f) and i) are
the vertical component. Top and middle rows are from events with local magnitude 3 and the bottom row is from an event with local magni-
tude 2.5.

magnitude and R is the effective distance that includes near- In the second step, the magnitude dependency is analyzed
source distance-saturation effects using an effective depth by obtaining the coefficients ¢, ¢; and ¢, through the re-
parameter, 4, gression between the source terms and event magnitudes
R=\RZ, +h’ 5  usingthe ﬁr.st‘ three terms ip equation (1). Tab'le 1 presents
these coefficients determined for the combined dataset

Inequation (2), Ry, is hypocentral distance and / is set as used in this study. In Table 1, G;,,, and Gy, are the intra-
h = max(110(-"72+043M)y 3 event and inter-event components of standard deviation of

the residuals (difference, in log unit, between the observed
The parameters of equation (1) were determined in two  and predicted values). The total standard deviation was ob-

steps. In the first step, the distance dependence is deter-  tained as
mined through calculation of the geometrical spreading co- ; -
efficient (c;) along with a source term for each earthquake. Ototat =\ Oinira T Cinser 4
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Table 1. Coefficients of the regression model (equation 1) for the geometric mean of the
horizontal components (corrected for reference site condition with an average shear-
wave velocity in the top 30 m [Vs30] of 760 m/s) of peak ground acceleration (PGA), peak
ground velocity (PGV) and response spectra acceleration (PSA) at frequencies 1, 2,
3.3, 5and 10 hertz (Hz) using the combined dataset from the Graham and Septimus ar-
eas, northeastern British Columbia.
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Figure 3 shows the residuals from equa-
tion (1) for PGA and PGV versus hypo-
central distance and magnitude. Overall,
there are no trends in the residuals and
their mean values are close to zero for the

distance and magnitude ranges consid-

ered in this study when sufficient number
of data are available (hypocentral dis-
tance 3—20 km and magnitude 1.5-3.5).

Figure 4 shows the attenuation models
for different magnitudes along with the

observed ground-motion amplitudes
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PGA -0.11 0.52 0.07 -2.35 0.33 0.19 0.38
PGV -2.08 0.55 0.08 -2.29 0.32 0.17 0.36
PSA 10 Hz -0.11 0.71 0.03 -2.15 0.32 0.17 0.36
PSA 5 Hz -0.75 0.85 0.02 2.1 0.31 0.16 0.35
PSA33Hz -1.18 0.79 0.04 -1.98 0.26 0.14 0.29
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Figure 3. Residuals, defined as the difference (in log unit) between the observed (obs) and predicted (pred) values of peak ground accelera-
tion (PGA) and peak ground velocity (PGV) from equation (1), versus hypocentral distance and local magnitude (Graham and Septimus ar-
eas, northeastern British Columbia). Squares are the mean values of residuals determined for logarithmically spaced distance and equally
spaced magnitude bins and the error bars are the standard error about the mean.
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Figure 4. Geometric mean of the horizontal components of motion, corrected for the reference site condition (average shear-wave velocity
in the top 30 m [Vs30] of 760 m/s), for peak ground acceleration (PGA), peak ground velocity (PGV) and response spectral acceleration
(PSA) atfrequencies 1 and 10 hertz (Hz). Also plotted are the prediction models for different magnitudes (red, blue, green lines) using equa-

tion (1) and Table 1.

(geometric mean of the horizontal components corrected to
the reference site condition) for PGA, PGV and PSA at fre-
quencies 1 and 10 Hz. Geometrical spreading coefficients
obtained for ground-motion amplitudes in this study’s
combined dataset suggest a higher decay rate in the ampli-
tudes with distance than those obtained in Atkinson (2015)
using the Next Generation Attenuation-West 2 database
(Bozorgnia et al., 2014) for short hypocentral distance
(<40 km). For example, in Atkinson (2015), the geometri-
cal spreading coefficient of —1.75 was calculated for the at-
tenuation of PGA whereas a value of —2.35 was obtained in
this study (Table 1). The difference in the geometrical
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spreading attenuation between this study and Atkinson
(2015) is most likely due to the different magnitude range
considered in the two studies. Whereas the database in
Atkinson (2015) includes earthquakes with magnitude 3—6,
this study’s database only contains smaller earthquakes
with magnitude 1.5-3.8. This is an important observation
to consider if ground-motion amplitudes from larger mag-
nitude events (e.g., >4) are to be estimated in the Montney
play area using the GMPE developed in this study (i.e., this
model will likely underestimate ground motions for events
with magnitudes >4).
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Figure 5. Coefficient of geometrical spreading attenuation (cs in
equation 1) versus frequency (hertz [HZ]) for two local magnitude
(M) bins, M| 1.5-2.5 and M >2.5 (Montney play, northeastern Brit-
ish Columbia). Shaded regions show the 95% confidence intervals
in the estimation of cs.

To further analyze the change in the geometrical spreading
attenuation of ground-motion amplitudes, its coefficient
(c3) was calculated, using equation (1), for two magnitude
bins, My 1.5-2.5 and My >2.5, and the results are shown in
Figure 5. It is clear that the ground-motion amplitudes from
the lower magnitude bin (M 1.5-2.5) attenuate faster than
those with larger magnitudes (M >2.5). The difference be-
tween the geometrical spreading attenuation becomes min-
imal at higher frequencies (10 Hz). This is also true for
PGV and PGA (not shown).

Conclusions

Attenuation of peak ground acceleration (PGA), peak
ground velocity (PGV) and response spectral acceleration
(PSA) at frequencies 1, 2, 3.3, 5 and 10 Hz from potentially
induced events in the Montney play of northeastern British
Columbia were analyzed for this project. The dataset used
included waveforms from 219 events with local magnitude
(Myp) ranging from 1.5 to 3.8 recorded at hypocentral dis-
tance of <45 km. Waveforms were supplied by local seis-
mographic stations operated by energy companies and
complemented with some waveforms from the regional
seismographic stations of the Canadian National Seismo-
graph Network. The Atkinson (2015) ground-motion pre-
diction equation (GMPE) was used and its coefficients for
ground-motion amplitudes were obtained for the Montney
play area. Analysis of the geometrical spreading attenua-
tion of ground-motion amplitudes from events with magni-
tude ranges of My 1.5-2.5 and M >2.5 suggests a lower de-
cay rate for the larger magnitude events, especially for
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frequencies <10 Hz. This is an important observation to
consider if ground-motion amplitudes from larger magni-
tude events (e.g., magnitudes >4) are to be estimated in the
Montney play area using the GMPE developed in this study
(i.e., this model will likely underestimate ground motions
for events with magnitudes >4).
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