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ABSTRACT

A case study of seismicity induced by hydraulic fracturing op-
erations near Fox Creek, Alberta, is used to evaluate the extent
to which the potential for induced seismicity at a site alters the
pre-existing hazard from natural seismicity. We find that in
low-to-moderate seismicity environments, the hazard from
an induced-seismicity source, if one is activated in close prox-
imity to a site, can greatly exceed the hazard from natural back-
ground seismicity at most probabilities of engineering interest,
over a wide frequency range. The most important parameters
in determining the induced-seismicity hazard are the activation
probability and the b-value of the initiated sequence. Uncer-
tainty in the value of the key input parameters to a hazard
analysis implies large uncertainty (more than an order of mag-

nitude) in the likelihood of strong shaking.

INTRODUCTION

There has been a dramatic increase in the rate of seismicity in
many parts of central North America in the last five to ten
years, due to induced seismicity from oil and gas activity (Ells-
worth, 2013). Most oil and gas operations do not trigger seis-
micity above the felt threshold; however, a small percentage of
operations trigger events large enough to be felt (National Re-
search Council [NRC], 2012), and an even smaller percentage
trigger potentially damaging events. For example, events as
large as M 5.7 are believed to have been triggered by deep dis-
posal of fluids (Keranen e al., 2013; Sumy ez al., 2014). The
potential hazard from induced seismicity is a pressing issue, as
in many parts of central and eastern North America (CENA) it
may actually be the dominant source of seismic hazard. Seismic
hazard from induced seismicity is inherently difficult to assess,
because it is nonstationary, and new sequences are initiated
regularly as resource development progresses. Moreover, the
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hazard may vary considerably with the parameters of the op-
eration under consideration and the tectonic setting. In this
article, we use a case study of seismicity induced by hydraulic
fracturing operations near Fox Creek, Alberta, to explore some
preliminary considerations for the assessment of seismic hazard
from induced seismicity in CENA. In particular, we evaluate
the extent to which the potential for induced scismicity at a
site alters the pre-existing hazard from natural seismicity.

As with natural seismicity, the relative proportion of large
to small events in an induced-seismicity sequence is governed
by the /-value of the Gutenberg—Richter magnitude-recurrence
law (Gutenberg and Richter, 1944). Thus, whenever an in-
duced-seismicity sequence of small magnitude events is gener-
ated, there is a potential for larger events to occur, up to the
maximum magnitude. Some studies suggest typical natural-
seismicity &-values for induced seismicity (i.e., b ~ 1) if it be-
comes fracture driven (Goertz-Allmann and Wiemer, 2013).
Other studies suggest steeper magnitude-recurrence slopes (i.c.,
b ~ 2), if the activity is occurring near the injection point as a
response to the pore-pressure perturbation (Maxwell ez al,
2009; Wessels er al, 2011). Once an induced-seismicity
sequence is initiated, the b-value will be very important in
determining the relative likelihood of larger events.

The maximum magnitude that might be triggered is also
important in hazard assessment, particularly at lower probabil-
ities. Some studies suggest that the maximum magnitude is lim-
ited by the volume of injected fluids (McGarr, 2014), while
others suggest that it is limited only by the size of the fault
upon which slip is initiated (Shapiro e 4/, 2011). These two
alternative estimates of maximum magnitude could be radically
different in the case of operations with limited injected volume.
For example, for a hydraulic fracture treatment operation,
which by nature is of limited volume, one might infer a maxi-
mum moment magnitude (M) of about 4 (e.g., B.C. Oil and
Gas Commission, 2012). On the other hand, if the maximum
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magnitude is limited only by the available fault size, then its
value would equal that for natural seismicity; this value is in
the range of 6.5-7.5, even in the stable continental interior
(e.g» Johnston, 1996a—c; Adams and Halchuk, 2003; Petersen
et al., 2008; Halchuk ez al., 2014).

In this article, we explore the impact of induced seismicity
on hazard at a site in CENA near Fox Creek, Alberta. The site
makes a good case study because it is in an area of previously
low seismicity that suddenly became active in December 2013
and has since hosted dozens of events of M >2.5, with
observed events as large as M 4.4. The presumed cause of
the seismicity is hydraulic fracturing activity in the area that
initiated at that time and is ongoing. It is noteworthy that there
are no disposal wells nearby, and therefore large-volume injec-
tion wells are not a potential cause for the induced seismicity.

We first calculate the natural-seismicity hazard at a site in the
immediate vicinity of the induced sequences as of 2013, before
the induced activity commenced. We then show how the hazard
is impacted by the addition of a small local source zone for the
new induced activity (as of 2014), considering uncertainty in the
parameters of the initiated sequence to explore the sensitivity of
the hazard. We also address the broader question of similar sites
at which there is currently no induced seismicity occurring but
which may become the site of an induced-seismicity sequence in
the future as resource development progresses.

SEISMIC HAZARD AT FOX CREEK FROM
NATURAL SOURCES (2013)

We use the national seismic-hazard model of the Geological Sut-
vey of Canada (GSC), developed in 2013 for the 2015 National
Building Code of Canada (Halchuk ez 4/, 2014), as the bench-
mark for the hazard prior to the commencement of the induced
seismicity near Fox Creek. The source model is composed of
broad regional zones, as shown in Figure 1. For this exercise,
we follow the classic probabilistic seismic-hazard analysis (PSHA)
methodology as originally developed by Cornell (1968), Cornell
et al. (1971), and McGuire (1976), using the EqHaz software
(Assatourians and Atkinson, 2013) for the calculations. We se-
lect a site in the middle of the area that is currently active. The
baseline model from GSC is adopted without modifications and
does not reflect any of the induced seismicity from 2013 to the
present. Therefore our calculations will mirror those of the GSC
for the 2015 hazard maps (as given in Halchuk ez 4/, 2014).
We note that some of the regional events in the baseline seis-
micity prior to 2013 may have been induced, and therefore what
has been termed the “natural seismicity hazard” actually may
have been influenced by past induced events in the region. How-
ever, there are no previous historical seismicity clusters anywhere
near Fox Creek, and thus any contributions to hazard from in-
duced seismicity can be assumed negligible prior to 2013.

We consider two variations in the implementation of the
seismic source model; in both cases we adopt the GSC magni-
tude-recurrence parameters and uncertainty estimates as given in
Halchuk ez 4/ (2014) for all zones. The GSC model, which they
implement using the FRISK88 hazard software (a proprietary

software product originally developed by Risk Engineering Inc.),
assumes a uniform distribution of seismicity within each source
zone. As an alternative, we also consider an implementation that
uses the same magnitude-recurrence parameters but that distrib-
utes the activity spatially over the zones in a way that mirrors a
smoothed version of the historical seismicity in the zone (Fig. 1).
This smoothed-seismicity variation is similar to the approach
used by the US. Geological Survey (USGS) in the U.S. National
Seismic Hazard Maps (e.g,, Petersen ef al., 2008). Because the
overlay of the uniform and smoothed-seismicity models makes
Figure 1 cluttered, we illustrate only the distribution for the
smoothed-seismicity approach in this figure.

The ground-motion model, also adopted directly from the
GSC national hazard model, is a three-equation suite that rep-
resents median motions and their epistemic uncertainty, for
B/C boundary rock-site conditions (shear-wave velocity of
760 m/s), as described by Atkinson and Adams (2013). Alea-
tory variability is also included as specified in the GSC model.
The Fox Creek site is near the boundary between active tecton-
ics in western North America (WNA) and stable craton tecton-
ics in CENA. There are thus two ground-motion prediction
equation (GMPE) models employed, one for shallow crustal
carthquakes in WNA and one for CENA. The zone in which the
site is located draws from the western model, whereas the less-
active regions to the east use the eastern model; the reader is
referred to Halchuk er /. (2014) for details.

The uniform hazard spectrum (UHS) for Fox Creek,
calculated using EqHaz and the GSC hazard model and con-
sidering natural seismicity as of 2013, is shown in Figure 2 for
probabilities of exceedance of 1/2500 per annum (p.a.) and
1/10, 000 p.a. The UHS plots the mean-hazard values of the
response spectrum (5% damped pseudoacceleration, horizontal
component, on B/C site conditions) for the stated annual prob-
ability, at selected frequencies of vibration. We checked the UHS
calculation at 1/2500 p.a. to ensure it matches the GSC calcu-
lation; the values agree within 1%, which is close agreement con-
sidering the different software employed. The building code uses
the 1/2500 p.a. UHS, whereas the 1/10, 000 p.a. UHS is often
used for design or evaluation of critical facilities.

To place the UHS in context, we show a few scenario events
drawn from the median branch of the WNA GMPE suite, with
one standard deviation added, in comparison to the UHS. We
choose a median-plus-sigma GMPE level, because this is typically
a strong contributor to hazard. The 1/2500 motions are similar
to those expected from M ~ 6.5 events at distances of ~100 km,
and the 1/10, 000 motions are similar to those expected from
M ~ 6.75 events at distances of ~80 km. By comparison, mod-
erate events (M ~ 5) at close distances may cause stronger mo-
tions than these scenarios at high frequencies but much weaker
motions at low frequencies (< 1 Hz).

We note that at Fox Creck the smoothed-seismicity model
suggests lower hazard than does the uniform-seismicity model.
This reflects the distribution of regional seismicity that can be
seen in Figure 1; the Fox Creek region has experienced gen-
erally low activity rates to 2013. This also supports our earlier
assertion that the contribution of induced seismicity to the
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A Figure 1. Geological Survey of Canada (GSC) 2015 source zones around the Fox Creek area (delineated by lines). The dots show
simulated events of M >3.5 for a 10,000-year catalog, based on the GSC magnitude-recurrence parameters (natural seismicity). Dots
show the spatial distribution for the smoothed-seismicity approach; the dashed circle shows the 500 km radius around Fox Creek.
The square shows the area in which the sequence occurred (2013-2014 seismicity not shown); the size of the filled inner square of

the marker is about the size of the added source zone.

hazard, prior to 2013, is minimal. In the remainder of the article,
we will use the smoothed-seismicity version of the natural-
seismicity hazard calculations as the baseline for comparisons
with the induced-seismicity hazard. We make this choice because
we believe the smoothed-seismicity model to be more represen-
tative of the actual hazard levels indicated by the historical seis-
micity in the Fox Creck area.

SEISMIC-HAZARD MODEL AT FOX CREEK FROM
INDUCED SEISMICITY (2014)

In December 2013, the seismicity rate at Fox Creek changed dra-
matically, when a sequence of events was initiated by hydraulic
fracturing in the Montney formation. The hydraulic fracturing
took place at a depth of about 2 km, which is the presumed depth
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A Figure 2. The uniform hazard spectrum (UHS) for Fox Creek as
of 2013 due to natural seismicity, for the return periods of 2500 years
and 10,000 years. Results are shown for both the uniform-seismicity
model (thick lines) and the smoothed-seismicity model (lines with
circles). The expected motions (medium ground-motion prediction
equation [GMPE] plus sigma) for several scenario events are shown
for comparison: M 6.5-6.75 at 80-100 km (dashed lines); the range
of motions for an event of M 5.0 at 5-10 km is shown by the shaded
area.

of the seismic activity; this also agrees with estimated depths
from preliminary regional moment tensor analyses (A. Babaie
Mahani, personal comm., 2015; W. Greig, personal comm.,
2015). The details of the operations that induced the seismicity
are just now starting to be released (information on hydraulic
fracturing locations and volumes becomes public about 1 yr
after the event). However, the sequence is known to have been
frack induced, in part because there are no disposal wells or
other plausible sources nearby and in part by the information
currently available on the timing of the events in relation to
hydraulic fracture operations that were taking place in the area.
As of 1 September 2014, a total of 56 events of M 22 had
occurred, with the largest event to that date being M 3.5. More-
over, in January 2015, after this study was completed, there
were an additional 24 events of M >2 in the same area; six of
the January 2015 events had M >3, and the largest event,
which occurred 23 January 2015, has an estimated M7 4.4, at
a depth of 2.1 km. The events were all located in a small arca
near Fox Creek, which we have represented as a new seismic
source zone, whose extent is given approximately by the small
(~10 km x 10 km) inner square in Figure 1 (latitude 54.355°
to 54.445°, longitude —117.377° to —117.223°). We are consid-
ering the hazard for a site in the center of this activity. Thus it is
important to recognize that the results will apply only to sites in
very close proximity (within a few kilometers) to such operations.
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A Figure 3. Magnitude-recurrence parameters of the Fox Creek
sequence, 1 December 2013 to 1 September 2014. (a) The bounded
Gutenberg—Richter recurrence relations for b = 1 (solid lines) and
b = 2 (dashed lines), considering M, = 4.5 (lower), 5.0 (middle),
and 5.5 (upper); for b = 2, these curves are indistinguishable.
Rates have been normalized to per annum. (b) Recurrence behav-
ior in time.

Locations and magnitudes for the induced-seismicity source
were obtained using catalog information from the TransAlta/
Nanometrics seismographic network in Alberta (available at
www.inducedseismicity.ca; last accessed March 2015) to Septem-
ber 2014; the moment magnitudes were calculated from the 1 or
3.3 Hz response spectral amplitudes using the algorithm of At-
kinson ez al. (2014). Figure 3 shows the magnitude-recurrence
distribution of the seismicity, where the rates from 1 December
2013 to 1 September 2014 have been normalized to a per annum
basis; moment magnitude (M) estimates are currently being re-
fined for the events (Novakovic ez 4/, 2014), and the sequence is
continuing, so the numbers of events at each M level, and the
Gutenberg-Richter b-value, is currently uncertain. Figure 3 also
shows how the activity occurred over time. The temporal plot is
provided to illustrate the temporally clustered nature of activity,
which is likely a result of it being induced by several hydraulic
fracture operations, cach of which initiated a sequence. It is ob-
vious that the activity is nonstationary and thus not actually a
Poisson process. In our evaluation of the impact of the activity

Volume 86, Number 3 May/June 2015


http://www.inducedseismicity.ca
http://www.inducedseismicity.ca
http://www.inducedseismicity.ca

SRL Early Edition

on hazard, we will first ignore this complication and consider a
classic Poisson-model source zone having approximately the rates
of activity indicated in Figure 3. Later, we will discuss the impli-
cations of the nonstationary aspects of the seismicity.

For our initial estimate of the induced-scismicity hazard,
we use a loose interpretation of Figure 3 to assume that, in the
new small source area that has been initiated, we have ~100
M =2 in a year. This is actually a lower bound on the rates in
Figure 3, but we note that those rates have been normalized to
a per annum basis. The assumed rate of 100 M >2 might be
applicable if frequent operations in the area are expected to
continue inducing seismicity at the rates observed in the last
half-year. As of September 2014, one might have assumed that
the b-value is quite steep, given the lack of observations of any
M >4 events; for a typical b-value of 1, we would have ex-
pected five or more events of M >3 and might have seen an
M 24 event. In the study time period, we observed more than
five M >3 events but no events of M >4 in the sequence.
However, as of January 2015, there is now an observed event
of M > 4. We examine the sensitivity of hazard for & values in
the range from & = 1 to & = 2. Generally, & = 2 is considered
plausible for induced-seismicity sequences in which the activity
is being driven by the hydraulic fracture process, rather than
being fracture driven; the b-value may also evolve over time and
distance (Goertz-Allmann and Wiemer, 2013). We acknowl-
edge that the Fox Creek sequence appears to be more consis-
tent with a & value near 1, rather than 2, especially given the
recent larger-magnitude seismicity occurring in the area. Our
goal is not to fit a b-value to this particular activity. Rather, we
aim to explore the implications of hydraulic fracturing on seis-
mic hazard, using this sequence as an example. Thus we explore
the implications of a range of & values from 1 to 2.

The maximum magnitude (M ,,,) for hydraulic fracture-in-
duced events is not known; however, the largest observed event
has increased over time, and thus any absolute maximum that
may exist has probably not yet occurred. The largest such event
observed to 2010 was an M 2.8 event near Blackpool, England
(NRC, 2012). A significantly larger event (M 3.6) was induced
in 2011 by hydraulic fracturing near Horn River, British Colum-
bia (B.C. Oil and Gas Commission, 2012). As of 2013, the
maximum was believed to be an event of M 4.3, also in British
Columbia (D. Walker, personal comm., 2013). More recently, on
4 August 2014 a hydraulic-fracture-related event occurred near
Fort St. John, British Columbia, that has a regional moment
tensor magnitude in the range of M 4.1 (Atkinson er 4l,
2014) to 44 (H. Kao, personal comm., 2014), and in January
2015 an event of M ~ 4.4 occurred in the Fox Creek area. Based
on these events, we take a value of M = 4.5 as a lower bound on
M . For the upper bound on M., we assume an event that is
somewhat smaller than the maximum magnitude for natural
events. We acknowledge that this is a judgement, because it
is not actually known if the maximum magnitude for induced
events is smaller than that for natural events. We weight the
distribution toward low-to-moderate values of M, ; this,
too, is a subjective judgement that we hope to be able to refine
in the future when more information becomes available. We use

a logic-tree format to represent the assumed probability distri-
bution of M, to input to the PSHA, with branch weights (;)
as follows: M, = 4.5(w; = 0.4), M, = 5.0(w; =0.3),
M, =55(@w; =02), and M, = 65(w; =0.1). The
weights are arbitrarily chosen for exploratory purposes. We
note that more extreme scenarios for M, have not been
considered here—we are placing most of the weight toward
the low end of the distribution, while allowing for some pos-
sibility that M, could be as large as 6.5.

Minimum magnitude (M ,;,) values are also important to
the computed hazard. A general empirical rule of thumb in the
past has been that events of M <5 do not generally cause dam-
age. However, this empirical rule is based on an implicit
assumption of typical focal depths for natural events. Induced
events are much shallower than natural events on average and
may thus cause strong ground motions at close epicentral dis-
tances (Hough, 2014; Atkinson, 2015). It is not known what
minimum magnitude might be capable of causing damage, and
thus contributing to hazard, for these shallow events. Here, we
consider values in the range from M, = 3.5 to 4.5. This is
based on observations that induced events of M 3.5 have caused
damage to vulnerable structures (Giardini, 2009). We consider
the source at an average depth of 2-5 km, weighted as follows:
h=2km (w;=03), » =3 km (w; = 0.4), and h = 5 km
(w; = 0.3). The actual source depth is not well constrained,
though it is close to 2 km for the most recent activity in the area.

GROUND-MOTION PREDICTION EQUATIONS
(GMPES) FOR INDUCED-SEISMICITY SOURCE

Most GMPEs are not well suited for induced-seismicity applica-
tions, as they were not derived to adequately model amplitudes
for moderate events at the very close hypocentral distances that
result for shallow events. The suite used for the 2015 national
hazard model of Canada is particularly deficient for such appli-
cations because the explanatory variable is Rjp (distance to the
surface projection of the rupture), which cannot account well
for the focal depth effects seen in induced-seismicity datasets.
Therefore, for the induced-seismicity ground-motion model,
we use the Atkinson (2015; referred as A15) GMPE developed
for M <6 events at distances <40 km, parameterized in hy-
pocentral distance (Ryyp,), as a backbone model for induced-
event ground motions. We construct upper and lower branch
models by considering its epistemic uncertainty in an analogous
approach to that taken by Atkinson and Adams (2013) for the
GSC national model, designated as AA13. This will provide a
simple three-branch ground-motion model, consisting of a cen-
tral, lower, and upper GMPE for median motions. The epistemic
uncertainty is very significant at close distances (Atkinson, 2015),
and thus the lower and upper GMPE curves will spread widely. At
larger distances (where focal depth is unimportant), the amount
of epistemic uncertainty should converge to that in the AA13
uncertainty model. It should be further noted that aleatory un-
certainty is larger for induced events than for natural events, as

discussed in Douglas ez /. (2013) and Atkinson (2015).
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The central GMPE of the induced-seismicity suite is the
small M GMPE proposed in Atkinson (2015), which includes
a near-distance saturation term as given by Yenier and Atkinson
(2014). Atkinson (2015) also provides an alternative saturation
term, discussed further below, which essentially provides an al-
ternative central GMPE at close distances; there is no difference
between the two alternatives given in Atkinson (2015) at dis-
tances >20 km. We define alternative branches (high, low)
about these two variations on the central model that represent
uncertainty in the best value for the median GMPE. To keep the
alternative equations simple, we use the AA13 approach to de-
fine amounts to add and subtract from the two central GMPEs,
in log units. We use the AA13 equation to get the initial uncer-
tainty width in log units. We further assume that the AA13 upper
and lower branches, relative to the central branch, give the correct
overall amount of epistemic uncertainty for Ry, > 20 km; we
use this number of log units (0.15 units, or a factor of 1.4) to
represent the epistemic uncertainty in the median GMPE for dis-
tances of 20 km and greater.

The size of the epistemic uncertainty band about the central
GMPE (Fig. 4) depends on the degree to which the expected
amplitudes can be constrained by empirical data. A key issue
that is unresolved by current data is the amount of near-distance
saturation for small-to-moderate events. Our default model (pri-
mary variant) for the central GMPE assumes the near-distance
saturation model provided in Yenier and Atkinson (2014); this
model assumes that amplitudes saturate fully only within a dis-
tance of b = 1 km for events of M <4, increasing to a sat-
uration distance of hg =7.2km at M=6. (bhg is an
effective-depth term that constrains the closest distance from
the source to the observation point in an equivalent point source
model.) In view of the possibility that the near-distance satura-
tion is greater than that proposed by Yenier and Atkinson
(2014), as discussed by Atkinson (2015), we consider the pro-
posed alternative near-distance saturation function of A15, given
by: hg = max(1, 100-28+019M) " The alternative saturation
function has a value of h.g = 3 km at M = 4, increasing to
match the value of h.g = 7.2 km at M = 6 that is given by
the Yenier and Atkinson (2014) expression (equation 3 in
Yenier and Atkinson, 2014). Overall, we assume that the A15
GMPE model is more likely to be conservative than unconser-
vative and that the overall amplitude uncertainty at close distan-
ces is greater for small events; this is motivated by the lesser data
constraints for M < 6 events at very short hypocentral distances.

For near-hypocentral distances, we assume that the uncet-
tainty bounds widen symmetrically to a magnitude-independent
maximum factor of 2.0 about each of the two alternative central
branches at R = 1 km. The uncertainty bounds reduce steadily
with distance to the AA13 factor of 1.4 at 20 km, as shown in
Figure 4. For distances from 1 to 20 km, the uncertainty factors
are calculated from interpolation on the logarithmic scale be-
tween 2.0 and 14 (ie., the log of uncertainty factor versus
log of distance is assumed to be a straight line). We add the log-
based uncertainty factor to the default-saturation (primary) cen-
tral GMPE variant of A15 and subtract this factor from the
alternative-saturation central GMPE variant of Al15. This pro-
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A Figure 4. Epistemic uncertainty model for the GMPE as a func-
tion of distance relative to the central model. This factor multiplies
the central A15 GMPE variant with the Yenier and Atkinson (2014)
saturation term and divides the central A15 GMPE variant with the
alternative saturation term.

vides four GMPEs (two alternatives for the central curve, a
low curve, and a high curve) that cover a wide range of potential
median ground motions at close distance and small magnitudes.

We apply the uncertainty factor as defined in Figure 4 to
the two alternative central variants of the A15 GMPE to ob-
tain the alternative GMPE branches to represent the total epi-
stemic uncertainty in median motions, as shown in Figure S.
For comparison, Figure 5 also shows the range of amplitude
estimates from the alternative Next Generation Attenuation
(NGA)-West 2 GMPEs, and for the Atkinson and Adams
(2013) central-branch GMPE used for the 2015 national haz-
ard model; note the average focal depth is 9 km for the NGA-
West 2 records. In our induced-hazard calculations, we give
the two central GMPE variants weights of w; = 0.3 each, with
w; = 0.2 on each of the low and high curves. This defines
the ground-motion characterization model for the induced-
seismicity source.

The small defined seismic source for the induced seismic-
ity, along with its magnitude recurrence and ground-motion
model parameters as described above, allows us to compute
the seismic hazard at Fox Creek that results from the new seis-
mic source. We use a classic PSHA, with the EqHaz software,
for this purpose. We compute the hazard from this new source
separately from that of the natural background hazard, so that
we can compare the expected ground motions from the two
sources of hazard. As noted previously, we assume that the
new source follows a classic Poisson process for initial illustra-
tions, and we examine the implications of nonstationarity later.
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western crust are also shown; hypocentral distances <15 km are not shown for the AA13 curves due to their sensitivity to the conversion

between Rz and Ryyp,.

RESULTS OF COMPARISON OF INDUCED-
SEISMICITY TO NATURAL-SEISMICITY HAZARDS

In the following, we present the hazard curves for the induced-
seismicity model in comparison to the corresponding curves
for natural seismicity. First, we consider the case in which the
induced-seismicity source that we defined has a 100% proba-
bility of being active (i.e., there is a 100% likelihood that this
sequence occurs). The 100% probability of having the sequence
describes the current hazard for an operation at Fox Creck that
we know is causing seismicity, assuming that the activity con-
tinues. Then, we explore the impact of considering the initia-
tion probability to be in the range from 1/100 to 1/1000. This
corresponds to a situation in which new activities at a nearby
location in the region might, or might not, trigger a sequence of
this type. Note that changing the activation probability is equiv-
alent to changing the seismicity rate parameter (Gutenberg—
Richter a-value); the effective 2-value will be the product of the
rate parameter and the activation probability.

Figure 6 provides an overview of the induced-hazard
curves (100% activation probability) in comparison to the cor-
responding curve for the natural-seismicity hazard (smoothed-
seismicity model) at Fox Creck. Induced-hazard curves are
shown for two Gutenberg—Richter b-values: 6 =1 and
b = 2. We consider a range of minimum magnitude values for
the calculations, from 3.5 to 4.5, with the M, ,, logic-tree
model as described in the previous section (i.e., M ,,, ranging
from 4.5 to 6.5). As described previously, the induced events

are assumed to occur at focal depths from 2 to 5 km. Figure 6
shows that if a sequence like that at Fox Creck is initiated, its
ground motions at all probability levels of interest will clearly
exceed those from the natural-seismicity hazard, at least for
frequencies of 1 Hz and greater, PGA, and PGV. We caution
that this statement is heavily conditioned upon the fact that
Fox Creek has a low background level of natural seismicity. In
areas of high natural seismicity, the relative impact of the in-
duced seismicity source would be much less, because the natu-
ral-hazard curves would be at a much higher level.

The amplitude of the induced-seismicity hazard curve is
highly dependent on the -value of the sequence; a steep decay
of event rates with increasing magnitude has a pronounced im-
pact on the level of the hazard curves. The value of M, is also
important, especially at low-to-moderate levels of shaking, for
steep b-values. This is because small-to-moderate events can
cause significant shaking amplitudes. Research into the damage
potential of high-amplitude motions from small-to-moderate
events at very shallow depth would help determine what values
of M ;, are appropriate for practical applications.

In Figure 6, we assumed there is a 100% probability that
the defined Fox Creek induced-seismicity source is active. For
use in future applications for which we do not know if a se-
quence will be initiated, we explore the impact on results of
assuming an initiation probability for such a sequence from
1/100 to 1/1000. For this sensitivity plot, we assume M, =
4.0 and & = 1, with all other parameters fixed as in the pre-
vious example. As shown in Figure 7, the activation probability
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is clearly an important parameter, which may impact the ex-
pected ground motions at probabilities of interest by as much
as a factor of five (for sites like Fox Creek that are in a low-
seismicity environment).

Figures 8 and 9 show the effects of the key sensitivities,
M i, and b-value, on the mean-hazard UHS for typical prob-
abilities of interest, 1/2500 and 1/10, 000 p.a. (for an activa-

tion probability of 0.01). As we would expect, the shape of the
UHS is different for the induced-seismicity source than for the
background natural seismicity. The induced-seismicity hazard
is shifted toward higher-frequency content, due to the lower
magnitudes and shorter distances that make up the contribu-
tions to hazard. This shift could be mitigated if the stress drops
for induced events are less than those for natural earthquakes.
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If a lower stress drop can be documented for induced events,
the high-frequency motions may be less than those shown, be-
cause our GMPE suite implicitly assumes that induced and
natural events have the same average stress drop (Atkinson,
2015). However, Yenier and Atkinson (2014) report that stress
drop scales with focal depth, with shallow events having lower
stress drops. If the lower stress drop is purely a focal depth
effect, then it is already at least partly accounted for in the At-
kinson (2015) GMPE, by the use of hypocentral distance as the
distance metric; this is because events at shallow depth control
the GMPE at the shortest hypocentral distances.
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Figure 7. Induced-hazard curves for b = 1.0 for activation probabilities in the range of 0.001 and 0.01 (shaded area) for M,;;, = 4.0.

From Figures 8 and 9, we conclude that the general effects
of the parameters on the UHS are similar for the 1/2500 and
1/10, 000 UHS. The b-value is the most important parameter,
for a fixed activation probability. For b-values near 1, the UHS
from the induced-seismicity source greatly exceeds the natural
hazard, regardless of M, (for M, in the range from 3.5 to
4.5). For steep b-values, the hazard is greatly reduced, even for
M i = 3.5. It would be reduced even further for larger values
of M i, and thus M ;, becomes important for steep &-values.
We cannot plot the UHS for values of M, 24 for the b = 2
case for these return periods and activation probability, because
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A Figure 8. Comparison of natural-seismicity mean-hazard UHS
(smoothed seismicity) to induced-seismicity mean-hazard UHS,
showing sensitivity to key induced-seismicity parameters M, and
b-value. The UHS is for 1/2500 per annum (p.a.) probability. The UHS
cannot be calculated for M, of 4.0 and greater for the b = 2,
p = 0.01 case, because the event frequency becomes too low; this
is due to the very small source defined in the exercise.

for the very small induced-seismicity source used in this exer-
cise, the occurrence rate of events within the small source be-
comes too small. This means that there is effectively a lower
limit on the ground-motion amplitudes for which the rates can
be calculated.

In Figure 10, we examine the sensitivity of the UHS to
M. for the 1/10,000 p.a. probability, using the
M i = 3.5 case, for p = 0.01. (Results are similar for the
1/2500 p.a. probability.) Interestingly, M ., is not that impor-
tant unless & = 1. Thus the factors which are most important
to the assessment of the hazard may vary significantly with the
characteristics of the potential sequence that could be induced
—especially its b-value and, of course, its activation probability.

IMPACT OF NONSTATIONARITY OF INDUCED-
SEISMICITY HAZARD

In the preceding discussion, we made the simplifying assump-
tion that we could treat the induced-seismicity sequence as a
new seismic source that is similar to the background sources in
that a sequence, once initiated, will follow a Poisson process. In
reality, the activity is nonstationary in both space and time.
The spatial aspects of the nonstationarity can perhaps be ne-
glected by treating each potential sequence as a new small
source zone. However, the temporal nonstationarity is a signifi-

1/10,000 UHS, Fox Creek
Effect of Mmin and b-value: Activation Probability=1/100
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Frequency (Hz)

A Figure 9. Comparison of natural-seismicity mean-hazard UHS
(smoothed seismicity) to induced-seismicity mean-hazard UHS,
showing sensitivity to key induced-seismicity parameters M,
and b-value. The UHS is for 1/10,000 p.a. probability. The UHS can-
not be calculated for M, of 4.0 and greater for the b =2, p =
0.01 case, because the event frequency becomes too low; this is
due to the very small source defined in the exercise.

cant factor. One possibility is that the induced-seismicity se-
quence may follow an Omori-law type of decay sequence or fol-
low some clustering model. Potential clustering models could
include an epidemic-type aftershock sequence model (Ogata,
1988) to describe the temporal and spatial distribution of seis-
micity, fractal models (Kagan and Knopoff, 1980; Okubo and
Aki, 1987), or multifractal models (Geilikman ez 4/, 1990;
Hirata and Imoto, 1991; Hirabayashi ez al., 1992; Hooge ¢t al.,
1994; Wang and Lee, 1996). Figure 11 illustrates the temporal
behavior of the events. As an initial exercise, we attempted to
fit the cumulative number of events to a modified Omori law
as described by Utsu (Omori, 1894; Utsu, 1957; Utsu et 4L,
1995). The fit of the sequences to this model is poor, which,
not surprisingly, is based on an inspection of Figures 3 and 11.
What we see instead are distinct clusters of activity, which are
presumably related to individual fracking operations. We con-
sidered fitting each of the sequences individually; however, the
event numbers are too sparse, and none of the sequences results
in a good fit. Further work, with greater event numbers, is
needed to understand the complex temporal behavior of these
event sequences. At present, the data appear insufficient to bet-
ter characterize the temporal behavior using models more com-
plex than a simple Poisson model. To gain further insight into
overall rate parameters, we can look at the apparent rates of
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seismicity within a sequence and make some further comments
on the apparent likelihood of such sequences.

Based on Figure 3, for the period of time in which a se-
quence is active, the equivalent annual rate of occurrence of

events of M >3 can exceed 1000. To obtain the effective an-
nual rate, we need to multiply this by the activation probability,
which is poorly known. To consider the activation probability
in a broad context, we compared the number of horizontal
wells that have been drilled (and presumably fracked) since
the late 1980s, along with the number of earthquakes that have
occurred, above a threshold magnitude of interest assumed to
be M 3 in the large area of western Alberta shown in Figure 12.
We use that information to approximate a preliminary regional
activation probability. If we assume that about one in five
events above the threshold were related to oil and gas (an ar-
bitrary assumption), we obtain an overall regional activation
probability of 0.001 (for M > 3), resulting in an effective a-
value of about 1 per annum (0.001 x 1000). This rate would
imply that the likelihood of experiencing an event of M > 5 in
the sequence could be as high as 0.01 (on a per annum basis),
for a b-value of 1. In contrast, in a very small area that encloses
the cluster near Fox Crecek, the activation probability for a se-
quence that includes M > 3 events appears to be as high as 0.2,
which would result in an effective a value of 500 (for M >3,
normalized to a per annum basis). This high rate of induced
seismicity would suggest that events of M >5 are relatively
likely to occur due to hydraulic fracture activities in this envi-
ronment, assuming that faults exist to host such events. Our
conclusion is that in certain areas where the activation proba-
bility is high, the hazard may be greatly amplified by hydraulic
fracturing activity. Even when the activation probability is
modest (1 in 1000), the hazard contribution is still highly sig-
nificant if the natural seismicity background is low to moderate.

In future work, we will develop alternative temporal proc-
ess models for induced-seismicity sequences and explore their
impact on hazard assessment. This will require compilation of

Fox Creek Sequence from 12/1/2013 to 5/25/2014
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A Figure 11. Temporal distribution of seismicity in the Fox Creek area. Bars represent events with moment magnitudes recalculated
following Atkinson et al. (2014), and the solid black line shows the cumulative number of events from the beginning of the sequence 1
December 2013 to 25 May 2014. The dashed black line is the fitted Omori model to the whole sequence.
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A Figure 12. Comparison between the number of events and the
number of wells in the Fox Creek area (smaller box) and in a broader
scale (larger box). Seismicity in the background is taken from the
composite catalog to the end of 2013 (www.inducedseismicity.ca;
last accessed March 2015). Small dots show surface location of
horizontal wells in west-central Alberta since the late 1980s.

larger datasets, development of appropriate temporal models
for such sequences, and modifications to the PSHA software
to enable time-dependent hazard model calculations. We will
also carry out further investigations to better understand the
activation probability for induced-seismicity sequences. These
developments are beyond the scope of the current study.

CONCLUSIONS

Several important conclusions can be drawn from the sensitiv-
ity analyses presented in this article.

1. In low-to-moderate seismicity environments, the hazard
from an induced-seismicity source, if one is activated in
close proximity to a site, can greatly exceed the hazard
from natural background seismicity at most probabilities
of engineering interest and over a wide frequency range.

2. The most important parameters in determining the induced-
seismicity hazard are the activation probability and the
b-value of the initiated sequence.

3. M, (in the 4.5-6.5 range) is not critically important at
most probabilities of interest unless & ~ 1. It should be
noted that 4 ~ 1 for the Fox Creek dataset, and therefore
M 4 is important for this area.

4. M ., (in the 3.5-4.5 range) is not critically important at
most probabilities of interest unless & ~ 2.

12 Seismological Research Letters Volume 86, Number 3

5. Uncertainty in the value of the key PSHA parameters im-
plies large uncertainty (more than an order of magnitude)

in the likelihood of strong shaking. B4
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