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ABSTRACT

Over the last decade instances of induced seismic activity resulting from waste water injection and hydraulic fracture treatments
have increased significantly both in rate and maximum magnitude of observed events. Evaluation of the induced-seismicity
hazard requires development of appropriate ground-motion prediction equations (GMPESs). A region-specific GMPE is
developed using a selected and compiled database of over 880 ground motion observations in Alberta, including 37 events of
moment magnitude 3.0 to 4.3, recorded over the hypocentral distance range from 5 to 575 km, and primarily associated with
hydraulic fracture operations. A generalized inversion is used to solve for regional source, attenuation parameters, and station
site responses, within the context of an equivalent point-source model, following the method of Atkinson etal. [1]. The resolved
parameters include the regional geometric spreading and anelastic attenuation functions, source parameters for each event, a
regional near-surface high-frequency attenuation term (io), and site response terms for each station relative to a reference site
condition (B/C boundary). The parameters fully specify a regionally-calibrated GMPE that can be used to describe median
amplitudes from induced earthquakes in Alberta. The GMPE can be implemented to estimate magnitude, stress and median
ground motions in near-real time, which is useful for ground-motion-based alerting systems and traffic light protocols. The
derived GMPE has further applications for the evaluation of hazards from induced seismicity.

Overall, the ground motions for B/C site conditions for induced events in Alberta are of similar amplitude at low frequencies
to those predicted by the GMPEs of Yenier & Atkinson [2], Atkinson [3], for events of M 3 to 4.5. Alberta motions present
lower amplitudes at high frequencies than those observed in Oklahoma, but are fairly consistent with the model of Yenier and
Atkinson [2] for very shallow events in CENA.

Keywords: Induced seismicity, empirical ground motion prediction equation
INTRODUCTION

Induced seismic activity attributed to hydraulic fracturing and waste water injection operations has become more prevalent
over the last decade [4-8]. A pressing issue is the potential hazard to infrastructure as a result of ground motions from
induced earthquakes [9]. Regions with relatively low historic seismicity rates, that are located within the stable craton, and
are distant from zones of tectonically active structures, will be associated with relatively low hazard. The introduction of
induced seismicity to these regions may increase the probabilities of exceeding damaging ground-motions, and can drastically
alter the hazard regime. Thus, it is important to characterize ground motion from these events, such that their contribution to
hazard may be quantified. Recent monitoring programs launched by Universities (Western University, University of Alberta,
and University of Calgary, in partnership with Nanometrics, Inc.), and by the Alberta Geological Survey, as well as the
Geological Survey of Canada (with GeoScience British Columbia) have resulted in densification of the seismographic
network, and improved the availability of ground-motion datasets for induced events in the Western Canada Sedimentary
Basin (WCSB, in western Alberta and eastern B.C.). Nevertheless, the ground-motion data in the WCSB is sparse in
comparison to those available in other regions, such as California and Oklahoma. Therefore, we can extend our
understanding of motions in the WCSB by comparing them to those in more data-rich regions. Understanding of ground
motions is fundamental to hazard assessment.

A region-specific GMPE for Alberta (median horizontal component) is developed using a generalized inversion to solve for
regional source, attenuation and site responses following the method of Atkinson et al. [1] within the context of an
equivalent-point-source model. The resolved parameters include the regional geometric spreading, anelastic attenuation,
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source parameters for each event (magnitude scaling and stress parameter for a Brune point-source model), and site response
terms for each station, referenced relative to the NEHRP (Natural Earthquakes Hazards Reduction Program) B/C site class
boundary (time-averaged shear-wave velocity in the upper 30 m of 760 m/s). These parameters fully specify a regionally
calibrated GMPE that can be used to describe median horizontal-component amplitudes across the region for hazard and
ShakeMap applications, and to aid in the development of traffic light protocols and other risk-mitigation tools. Alberta
ground motions are placed into context by comparing the resulting GMPE with one derived for Oklahoma induced seismicity
by Novakovic et al. [10] (denoted as NAA18); NAA18 was calibrated using a larger ground-motion dataset than any previous
GMPE study for induced events in North America. Further comparisons of GMPEs derived from waste-water injection and
hydraulic-fracture induced seismic events with GMPEs determined from natural events in CENA and California are made.

METHODOLOGY
Database

More than 1000 earthquakes of M > 2.5 were reported in Alberta from August 2013 to July 2018. We select 884 from 37
events at 75 seismograph stations with M > 3. Records are queried for RAVEN, CN, MB networks from IRIS, waveforms
for the TransAlta network (TD) are provided by Nanometrics, and 6 months of continuous waveforms from the Canadian
Rockies and Alberta Network (CRANE) were provided by the University of Alberta. Waveforms were processed and
compiled to produce a geometric mean of the horizontal component ground motion database, consisting of 5%-damped
pseudo spectral acceleration (PSA), peak ground acceleration (PGA) and peak ground velocity (PGV). PGA and PGV are
computed from the absolute maximum amplitude of the corresponding time series. PSAs are calculated from the corrected
time series using a modified version of the ICORRECT algorithm [11], which utilizes the Nigam and Jennings [12]
algorithm, sampled at 30 log-spaced frequencies from 0.2 Hz to 50.0 Hz. Moment magnitude (M) is estimated for each event
from the spectral amplitude of the low-frequency end of the spectrum using the method as shown in NAA18 [10]. The
magnitude-distance distribution, as well as a map of event and station locations of the compiled database is shown in Figure
1.
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Figure 1. (Left) map of event and station locations used in study. (Right) magnitude-distance distribution of database.

Ground Motion Prediction Equation

Following the methodology of Atkinson et al. [1] we begin with a generic GMPE
In(Y1)=F:+Fm+Ei+Fs+ Fy 2

Where: In(Y) is the ground motion observation, such as the PGA, PGV or pseudo spectral acceleration (PSA) at a select
frequency. Fz, Fwm, Ei, Fs, and Fy are the geometric spreading term, magnitude scaling term, event term (contains the stress
parameter function Fae, a referenced high frequency attenuation function F«and empirical calibration factor C), site effects
and anelastic attenuation parameter respectively (all in In units). We assume the magnitude scaling term Fm as developed in
Yenier and Atkinson [13]. F:is a modified tri-linear version of the Yenier and Atkinson [13] geometric spreading function of
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hypocentral distance (R), transition zone attenuation coefficient by, transition distances Rr, a reference distance term that
accounts for near-distance saturation, and a correction factor Feouier Which accounts for the difference between modelling
amplitudes in the Fourier domain versus the spectral domain[13], as follows:

If—1.3 * IN(R) + Frourier for R <Ry
R
F,={~13%I(Rp) + b, +In (R_n) + Frourier for Rpy < R < Ry @)
(=13 * In(Rry) + by * In (322) - 0.5 % In (%) + Frourier  fOT Rps <R
2

RT1

R
FFourier = (b3 + b4M)ln(a) (4)

We adopt a frequency-independent geometric spreading model allowing frequency-dependent effects to be carried by the
anelastic attenuation coefficient; this is consistent with nearly all previous stochastic models of ground motion (e.g. [1, 13,
14, 15, 10]). To define the shape of the trilinear form, we first assume that the anelastic attenuation and stress parameter
models derived in NAA18 are valid in Alberta and remove the magnitude scaling and anelastic attenuation functions.
Residual ground motion trends are plotted against Rnypo at each frequency. Model parameters are chosen that broadly match
the shape across all frequencies, suggesting that a trilinear geometric spreading function with transition distances Rt1 and Rt
of 90 km and 160 km respectively and attenuation slopes b, b2, bs of -1.3, 1.3, and -0.5 respectively is appropriate for the
region. Yenier [16] developed a local magnitude relation for the Western Canadian Sedimentary Basin (WCSB) that
introduced a trilinear distance correction model to correct for the decay in Wood-Anderson amplitudes, which features a steep
transition zone that agrees well with that found in this study.

A trade-off exists in ground-motion modeling between stress parameter and the near- surface high-frequency attenuation
slope, kappa (x,) [17]. Observations of high frequency attenuation in Alberta facilitated the need to incorporate a kappa
correction term. Yenier and Atkinson [13] used a fixed kappa and site condition to constrain this trade-off. Hassani and
Atkinson [18] extended their model to allow variable site conditions and kappa combinations, by introducing a kappa term
(F,) and site response term (Fs) in the response spectral domain. The kappa term is defined by the following polynomial
[18]:

4
Fe, = €ko [logso(o)]* 5)
=0

i
where e, . are magnitude-dependent coefficients. Because the kappa term is O for the reference value of k, = 0.001 s, it is
required that

€100 = 3€icon — Ve 2 T 27€ 3 — 8ley 4 (6)

The magnitude-dependent coefficients for each of the i = 1-4 of the F functional form can then be expressed as

3
i = ) Pijllogi (MDY @

Jj=0

and stress-parameter-dependent coefficients of e, ;, P; ; can be written as

2
Py= ) dijallogsy(40)]" ®
n=0

in which d; ; , are the coefficients of P; ; for each oscillator frequency, i= 1-4, j = 0-3, and n = 0-2. The Yenier and Atkinson
[2] model implicitly applies to k, = 0.025 s, so we chose to reference the kappa term (F,) from Eq (2) to this value as:

F'C = FKAB - F’Co.ozs (9)
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where F, . is the F function evaluated for the kappa term determined for Alberta, and F . is the F function evaluated
for the reference kappa of 0.025s. The kappa function is evaluated for the frequencies which coefficients are provided in
Hassani and Atkinson [18], then interpolated to the frequencies used in this study for both the regional kappa term

determined for Alberta and the reference kappa term.

Station terms F are expressed relative to a reference NEHRP site condition. Seismograph stations thought to be located on
sites with time-averaged shear-wave velocities in the top 30 m (Vs30) of ~760 m/s are chosen as reference sites, with respect
to which all other site responses will be determined. Farrugia et al. [19] suggest that generally the site condition in Alberta is
C-D, based on a combination of H/V ratio analysis and results from site-specific studies. H/V ratios are used as an initial
guide to selection of sites likely to be suitable reference sites as shown in the electronic supplement of Farrugia et al. [19].
We select five reference sites, which are post-hole installations thought to be coupled near bedrock and have well-behaved
horizontal to vertical component ratios that are broadly similar to each other and consistent with those expected for near B/C
sites based on other studies [20]. Moreover, we restrict our reference station selection to the stiffest sites available, as
determined by Farrugia et al. [19] using surface ambient noise vibration. The inversion constraint applied is that the average
site amplification over these selected reference stations at each frequency is zero. Any differences between the actual
amplification of the five sites (on average) and that assumed for B/C sites in the underlying generic GMPE of Yenier and
Atkinson [2], will be cast into the calibration constant (C) by the inversion.

RESULTS
Application to Alberta Ground-Motions

Eqg. (2) is rearranged and through a generalized inversion [21] the stress parameter, near-surface attenuation adjustment
function, site effect term, anelastic attenuation and calibration factor are solved for frequency by frequency for each region.
To facilitate inversion, the assumed trilinear geometric spreading function and Yenier and Atkinson [2] magnitude scaling
term are removed from ground motion observations:

In(Yij) — Fmi—Fzij=Ei + Fsj + yRuypoij (10)

The frequency dependent anelastic attenuation parameter, vy, is shown in Figure 2. At low frequencies, the attenuation is
stronger than typically observed in CENA, weaker than that in California, and comparable to that of Oklahoma as determined
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Figure 2. Comparison of anelastic attenuation in Alberta, Oklahoma and Central and Eastern North America.

in NAA18 [10] as well as Q-converted anelastic attenuation determined in Cramer [22]. At intermediate to high frequency,
the Alberta y term follows closely to that of CENA, and is stronger than that for Oklahoma.

As expected, the peak amplifications for many sites are significant; in some cases exceeding a factor of five at specific
frequencies. Figure 3 shows the reference stations as well as a sample of typical site response functions from non-reference
stations. The average response is consistent with our understanding that the sites range from NEHRP class C to E (e.g. [19]).

The event term (E;) determined by the inversion implicitly includes the event-specific stress adjustment factor for each event,
average near-surface site effects for the reference sites, and the regional calibration factor. NAA18 [10] based the
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Figure 3. (Left)site amplification functions for reference stations. (Right) sample site amplification terms.

stress parameter on the event’s average high-frequency spectral level, as represented by PSA at 10 Hz, relative to that
expected based on the seismic moment, accounting for any offset in amplitude level at the moment-end of the spectrum. For
event terms in Alberta, we observed that high-frequency level tends to be best expressed in the frequency range from 6.00 to
8.00 Hz. We used the event term as evaluated at 6.30 Hz to represent the high-frequency level for each event. This is similar
to the shape-based approach of Yenier and Atkinson [2] but focuses on the high-frequency spectral level relative to the low-
frequency level, instead of focusing on the corner frequency.For ease of application in implementing this approach, the
generic GMPE of Yenier and Atkinson [2] was evaluated at 20 km for multiple combinations of magnitude and stress
parameter, then is used to define the relationship between 6.30 Hz PSA and stress parameter:

3.5
l0g10(A0) = 2.024 + 1.52(10810( PSAs sz event) — (10g10(PSAsamzoonar) + ALF)) + max(1,13 (2))  (11)

where PSAs 30 Hzevent 1S the average 6.3 Hz PSA value for the event, adjusting for site and path effects to the reference distance
of 20 km, and PSAg 30 Hz,100bar 1S the corresponding 6.30 Hz PSA that is predicted for a Brune stress parameter of 100-bar at 20
km. This parameterization makes it easy to back-calculate the stress parameter from the 6.30 Hz value of the event spectrum
at 20 km. The basic idea is that we are using the high-frequency spectral level to infer the corner frequency, instead of using
the corner frequency to infer the high frequency level (as was done in Yenier and Atkinson [2]). This approach was found to
be more stable by NAA18 [10], leading to a lower standard deviation of determined stress parameters.

The stress parameter increases with magnitude for small events and the values fall within the range that would be expected
(eg. [2, 10]). A wide range of stress parameter values, typically from 10 to 200 bars, are observed for events of M > 3. It has
been suggested that stress increases with focal depth, and that this is the primary reason why induced events typically have a
lower stress parameter than do natural tectonic earthquakes (e.g. [2, 23, 10]). Catalog depths for the events (Table A2) fall
predominantly in the range from 1 to 10 km, however the errors in depth calculations are often larger than the measurement
itself, precluding any meaningful interpretation of depth effects within the source terms. In Figure 4, stress parameters are
plotted as a function of magnitude against models for CENA and Oklahoma and compared to values determined for
suspected induced events in other studies (eg. [24, 25, 26, 10]). Stress parameters determined for hydraulic fracture induced
events in Alberta lie within the range of stress drop values for waste water injection induced events in Oklahoma, as
determined through other techniques (Fourier spectral fitting and empirical Greens functions). Goertz-Allmann et al. [27]
computed stress drops for 1000 events induced by geothermal water injection in a deep borehole in Basel, Switzerland.
Stress drops typically range from 2 to 200 bar, and on average fall within 20 to 50 bar between MO0.5-3.0 respectively. These
values are consistent with what Wu et al. [26] observed for injection induced events in Oklahoma for events M < 3.0. On
average the stress parameter from Alberta events follow the YA15 CENA models events having a depth of about 6 km [2].
For this depth the stress dependence on magnitude is given by YA15 [2] as:

In(Ac) = 4.544 + min[0, 0.229(M —5.0)]. (12)

We determine the best near-surface attenuation parameter (i) for Alberta through an iterative grid-search process. For each
event we evaluate the magnitude scaling term; remove the reference k term by subtracting the F, function evaluated at 0.025
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Figure 4. (Left) stress parameters determined by inversion for each event as a function of M (triangles). Solid lines show the
stress parameter model for Oklahoma evaluated over a range of depths. Lines with symbols depict YA15 stress parameter
models for CENA over a range of depths. (Right) Composition of stress parameter computations in this study with suspected
induced events in Oklahoma from other studies.

S (Fi, 0,50 then evaluate the stress parameter function for a suite of logarithmically-spaced stress parameter values; and
evaluate the k function for linearly-spaced kappa terms, using:

Epredi,j =Fy+ Fpi + FK]' - Fko.ozss (13)

By comparing the spectrum predicted by the event term Epredij for each stress-kappa pair against the value determined for

the event using the approach outlined above, for frequencies from 0.90 Hz to 24.0 Hz, we determine the best fit stress-kappa
pair for each event, as well as all pairs that fit above the 97.5", 951 and 90" percentiles. This allows us to observe the
acceptable range of stress-kappa pairs for each event and evaluate the trade-off between these two parameters. These two
terms have a proportional relationship such that if one parameter is increased, the other follows. We next fix the stress
parameter values for each event to match the model given by Eq. (12) and grid search for the best mean kappa term. For the
stress parameter values given in Eq. (12), the corresponding x, that best matches the observed event term to the model
generally lies between 0.05 s and 0.07 s. Based on these analyses, we select a mean value of 0.06 s as the average regional
kappa term for soil sites in Alberta.

The regional calibration factor (C) is determined as the residual mismatch between the observations and the model (after
considering the modeled stress parameter for each event, the site term for each station, and the regional kappa, geometric
spreading and anelastic attenuation functions). As discussed in Yenier and Atkinson [13], the calibration factor reflects the
average differences between the observations and the simulations, including any systematic factors that are not accurate or
not included in the modeling approach. Examples of such factors include any residual regional site amplification effects
relative to the assumed amplification model for B/C that was included in the Yenier and Atkinson [2] formulation, and any
surface wave or other contributions to the motion that were not included in the Brune source model. Removing the resolved
parameters from the inversion from the ground motion observations, Eq. (2) becomes

IN(Yij) — Fmi—Fzij—vagRij — Fas — Fsj— F,= Cag + i + &ij (14)

where Cag is the regional calibration factor for Alberta, 1); is the between-event error, and i is the within-event error.
Following Abrahamson and Youngs [28], we use a mixed effects regression of residuals to solve Eq. (14). An iterative
regression is performed to maximize the likelihood of the model and estimate the regional calibration factor (Cag). The
residual error of the observations with respect to the model is separated into its between-event and within event components
(mi and &j). At frequencies < 0.30 Hz we observe a positive residual of up to 0.5 In units at 0.20 Hz. This is explained by
microseismic contributions and inherent limitations of stochastic methods at low frequencies, which do not allow surface
wave phases or coherent pulses to be properly modeled. We suggest using a constant value of 0 at f < 0.2 Hz to prevent
mapping the micro seismic peak at low frequencies to larger magnitudes. The calibration factor dips steadily from 0 to -0.5
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In units between 0.2 Hz to 2.23 Hz where it remains relatively constant to 50.0 Hz. A suggested calibration factor model for
Alberta is given by:

0 for f <0.3Hz
—0.69l0og,0(f) — 0.36 for0.2Hz < f <1.59 Hz
Csp =4 —0.50 for f 2159Hz (15)
L—0.39 for PGV
—0.36 for PGA

The shape of the calibration function at intermediate frequencies might reflect deviations from the regional site response
model assumed for the reference B/C condition. The generic GMPE form upon which this study is based has embedded
within it a prescribed average crustal amplification function for B/C conditions, which was derived from an assumed model
[29].

The final GMPE for Alberta includes the assumed magnitude scaling and geometric spreading functions, the derived model
for the anelastic attenuation terms, stress parameter, site amplification terms, and the empirical calibration factor, and is
described as:

In(Yij) = Fm + Fagap + Fz+ Fy + Fs + F . + Che (20)

In Figure 5a we plot the within-event residuals (¢ = In(observed) — In(predicted)) for the horizontal-component (geometric
mean) PSA at 1.01 Hz as well as the final GMPE (for PSA at 1.0 Hz), overlaying site-corrected observations. There are no
significant trends in the residuals in magnitude or distance, for hypocentral distances greater than 50 km; at closer distances,
there is a tendency towards slightly positive residuals at some frequencies, and slightly negative at others.

In Figure 5b, we compare the GMPE for induced events in Alberta, at 1.00 Hz, to: the Oklahoma GMPE of NAA18 [10]
evaluated at the mean focal depth of induced events in Oklahoma of 5 km; the CENA GMPE of Yenier and Atkinson [2] for
earthquakes at depths of 2 and 5 km, for events of M3 and M5, respectively; and the GMPE of Atkinson [3], which was
derived from moderate events with an average depth of 9 km in California (NGA-West2 database), but postulated to apply for
induced events, is also shown. For low-to-intermediate frequencies the tri-linear geometric spreading function generally
traces the level of Yenier and Atkinson (denoted as YA15) [2] and Atkinson [3] where the GMPE predicts slightly lower
amplitudes near the first transition and slightly higher near the second transition zone. At higher frequencies the GMPE
derived for Alberta is generally low for near to intermediate distances (<150 km) and matches the level at far distances when
compared to YA15 and Atkinson [3].

NAAG18,, M = 3.0
—NAAG18, M =50

YA15M=3.0, h=2km
=*YA1E M=5.0h=5km

. A15M =30
;‘l 4 A1BM=5.0
- : ; 10° NAA18, M=3.0,h="5km
A . & -—NAA1BOKM=5.O, h=5km
10 1|
q -7 |
el Ol 0 10 100 500
(a) rpecentral Distance (km (b) Hypocentral Distance (ki

Figure 5. (a) within event residuals (predicted ground motions subtracted from observations) at 1.01 Hz. (b) final GMPE
evaluated for M3 and M5 (solid lines) at 1.00 Hz in comparison with the NAA18 [10] GMPE evaluated at 5 km depth for
Oklahoma (circles), the GMPE of Atkinson (2015) [3] for shallow events in California (diamonds), and the Yenier and
Atkinson (2015) [2] GMPE for CENA evaluated for M3 and M5 at 2 and 5 km depths respectively (dashed lines).
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Alberta ground motion amplitudes are generally lower than those observed in Oklahoma [10], especially at high frequencies
(> 10 Hz). Differences of amplitude in the Alberta and Oklahoma GMPEs reflect the differences in stress parameter models.
Alberta events appear to follow the CENA model of YA15 [2] evaluated at 6 km depth, whereas in Oklahoma the derived
model (involving both depth and magnitude) features higher stress parameters [10]. This could reflect generally greater
depths for induced events in Oklahoma, or some other differences attributable to source processes. Differences in average
regional crustal amplification may also contribute to the difference in observations as these will map into the source terms.

CONCLUSIONS

A regionally-adjusted GMPE for induced events in Alberta is developed that describes the geometric mean of horizontal
component PSA, PGV, and PGA ground motions for a reference condition of B/C. The generic GMPE framework of Yenier
and Atkinson [2] is used to ensure stable scaling of motions over all magnitudes and distances. We calibrate the generic
GMPE by determining site amplification models, anelastic attenuation function, regional stress parameter model, adapted
regional near surface high frequency attenuation term [18], and calibration factor from > 880 ground-motion observations
from Alberta events of M > 3 at hypocentral distances from 20 to 575 km. The derived GMPE is useful for ShakeMap
applications, hazard assessments and may also be useful for ground-motion-based alerting systems and traffic light protocols.
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