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Abstract we use broadband seismic data collected within 3 km of a hydraulic fracturing (HF) well in
northeast British Columbia, Canada, to estimate the stress drop values of HF-induced earthquakes and
their spatial variation. Applying both spectral ratio and clustered single-spectra fitting methods to 484
induced earthquakes (M-1.0 to 3.0), we find that earthquakes close to the injection well have lower stress
drop values than those at greater distance. Stress drop values are generally invariant within clusters either
proximal (~0.1-1 MPa) or distal (~1-10 MPa) to the well, suggesting that dynamic ruptures in rocks with
similar rheological properties tend to have relatively constant stress drop values. Clustered single spectrum
fitting also suggests that the seismic quality factor (Q) is lower proximal to the well. We interpret the
lower stress drop values and higher seismic attenuation proximal to the well as a result of higher

fracture density and/or elevated pore pressure in the rock matrix due to hydraulic stimulation.

Plain Language Summary Earthquake static stress drop is the average difference in stress across
the fault surface before and after an earthquake rupture. It is a measure of the stress released by fault slip.
Investigating the stress drop of induced earthquakes helps us understand the causal relation between
hydraulic fracturing (HF) and earthquake source properties. Here we study the source parameters of 484 HF
induced earthquakes in the Montney Play of northeast British Columbia. We find that stress drop
increases with distance to the injection well but is roughly constant within the respective proximal or distal
groups of events. We also find that seismic energy loss during wave propagation (seismic attenuation) is
higher near the well. The observations lead us to interpret that either the higher fracture density

and/or elevated pore pressures near the well prevent the crustal rocks from storing and

releasing larger magnitudes of stress at distances approximately <1 km from the well.

1. Introduction

The Montney Play is one of the most active oil and gas production areas in Canada. Since the start of hydrau-
lic fracturing (HF) activities in 2008, it has experienced a drastic increase of local seismicity, including three
significant (M4.5+) earthquakes (International Seismological Centre, 2019). While the large injected
volumes of wastewater disposal (WD) are generally ascribed to M4+ induced events in the central and east-
ern United States (Ellsworth, 2013), it remains to be fully understood why the relatively low fluid injection
volumes associated with HF in western Canada (e.g., Schultz et al., 2016; Wang et al., 2020), in Sichuan
Basin, China (e.g., Lei et al., 2019) and recently in south Texas (e.g., Fasola et al., 2019) can lead to earth-
quakes of similar magnitude (e.g., Schultz et al., 2020; van der Elst et al., 2016). With intense injection opera-
tions and high levels of local seismicity, the Montney Play provides a natural laboratory to study the causal
relation between HF and injection-induced earthquakes (IIEs) in detail (Mahani et al., 2017; Wang
et al., 2020).

One approach to investigate the causal relation between HF and IIE is to measure the amount of stress
release, that is, the stress drop, defined as the average stress difference across the fault before and after an
earthquake rupture (Hanks, 1979). Fluid injection can perturb the local subsurface stress state through pore
pressure diffusion and/or poroelastic stress transfer and thus induce ruptures along critically stressed faults
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Figure 1. (a) Hydraulic fracturing activity and seismicity in northeast British Colombia, Canada. Blue diamonds: HF
injection well pad distribution between 1 January 2014 and 31 December 2016, reported by the British Columbia Oil
and Gas Commission. Yellow dots: 4,919 earthquakes for the same period cataloged by Visser et al. (2017). Stars: 10 M4-5
earthquakes that occurred between January 2008 and December 2018 (International Seismological Centre, 2019;
Visser et al., 2017). Rectangle: 30 km x 30 km study area. Inset indicates the location of the Montney Play in BC. (b)
Epicenters of 484 earthquakes with horizontal/vertical uncertainty smaller than 2 km, detected and relocated by Yu

et al. (2019) and considered in this study. Turquoise/empty dots: earthquakes located within/further than 2 km distance
to wellbores. Black lines: Map-view projections of horizontal well trajectories. Yellow curves approximately mark
earthquake clusters (C1/C2) proximal to the HF1 well. Gray shaded circles enclose earthquakes located within 2 km of
other active wells (HF2 and HF4) during the study period, which are excluded from the source parameter

comparison of events proximal and distal to the HF1 wellbore.

(Scholz, 2019). The spatial variation of stress drop can highlight the heterogeneity in strength and possibly
the hydrogeological properties of the fault zone, which is helpful to understand the underlying
mechanism of IIEs. For example, a local decrease in stress drop could be an indicator of rupture along a
weakened fault segment or where fault-fluid interaction may be more prominent (e.g., Chen & Shearer,
2013).

Whether a distinguishable difference exists between stress drop values of tectonic and induced earthquakes
is still an open question (Zhang et al., 2016). Early studies suggested that I[IEs may have lower average stress
drop values (Abercrombie & Leary, 1993; Fehler & Phillips, 1991; Hough, 2014). While the relatively shallow
focal depths of induced earthquakes might explain some of the observed lower values (Hough, 2014;
Satoh, 2006; Zhang et al., 2016), the apparent lower stress drop may also be interpreted as an artifact of
inadequate attenuation correction and/or the assumption of a constant rupture velocity over all rupture sizes
(Tomic et al., 2009). The debate continues in recent studies applying spectral ratio methods that aim to
remove path and site effects more effectively. For example, studies in two regions of the central and the east-
ern United States, respectively, suggest differences in stress drop values between tectonic and induced earth-
quakes that may become indiscernible within the context of the mode of faulting and earthquake depth
(Boyd et al., 2017; Huang et al., 2017). Considering all the factors that may influence the estimate of stress
drop (e.g., tectonic setting, seismic velocity, choice of source and station, seismic moment, and source
model), it is hard to compare stress drop values derived for different regions. Instead, we focus our investiga-
tion on the spatial variation of stress drop in an area with relatively uniform seismogenic conditions. We
compare the properties of earthquakes experiencing significant effects from HF injection proximal to the
injection well and distal events experiencing less pronounced pore pressure and poroelastic stress changes,
in efforts to determine the predominant controlling factor(s).

A closely related issue in the accurate determination of stress drop is constraining the effects of seismic
attenuation, which is often parameterized via the seismic quality factor (Q). Adopting an appropriate Q
value is particularly important when the corner frequency, and thus stress drop, is determined from fitting
the single-event spectrum (Ko et al., 2012). Since Q is very sensitive to the mechanical properties of the host
rocks, its spatial variation can also serve as an indicator on how HF injection affects the local stress state over
the volume between seismic source and receiver.
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In this study, we investigate the spatial variation of stress drop and seismic attenuation around an active hor-
izontal HF well in the northern Montney Play (Figure 1). Yu et al. (2019) have compiled a detailed IIE cat-
alog for our study area and reported that pore pressure diffusion is the predominant factor in controlling the
IIE pattern immediately surrounding the wellbore (within ~1 km). Using the same catalog, we show that the
typical values of stress drop of HF-related IIEs in close proximity to the wellbore is about one order of mag-
nitude smaller than that of events at greater distances from the well. Hypocenters of low stress drop events
also coincide with high seismic attenuation (lower Q values). Finally, we discuss the implications of our
results for the seismogenic conditions of HF-related IIEs.

2. Data and Analysis

Our study area is situated in the Montney Play of northeast British Columbia (Figure 1a). Historical HF
injection has been ongoing in this area since 2008, and seismic activity over the last decade has intensified.
We analyze the source parameters of the 484 earthquakes (M —1.0 to 3.0) reported by Yu et al. (2019) in the
northern Montney shale formation between 28 May and 15 October 2015, using ground motion recordings
from a temporary deployment of eight broadband seismometers (Nanometrics Trillium Compact 20s,
MGO01-08; Figure 1b) at a sampling rate of 200 Hz. A total of five HF well pads (HF1-HF5) were stimulated
during the study period (Figure 1b), among which HF1, HF2, and HF4 were correlated with increased local
seismic activity. More details related to the respective injection volumes and operating times, as well as the
correlated seismicity are provided in Yu et al. (2019). The observation period encompasses 6 weeks prior to
and 3 months after treatments at HF1; all stations were located within 3 km from the well pad HF1. The
small event-station distances (<3 km) provide high quality seismograms that allow the detailed investigation
of source parameters of small-magnitude earthquakes presented here.

Single event spectra fitting retains the highest possible number of events and provides moment estimates.
However, it includes the imprint of raypath attenuation and site effects that brings large uncertainties
through the tradeoff between quality factor (Q) and corner frequency (Ko et al., 2012; Tomic et al., 2009).
To improve the corner frequency estimates of single spectrum fitting, we investigate the spatial variation of
Q values by clustering nearby events (section 2.1). We also refine corner frequency estimates using event
spectral ratios and the method described in Wang et al. (2020), which is modified from the original
approach (e.g., Hough & Dreger, 1995; Mori & Frankel, 1990) that corrects for travel path, site, and other
non-source-related effects that can hinder robust corner frequency estimates (section 2.2). However, the
spectral ratio fitting method only works for a small subset of events (or event pairs) that are collocated with
distinguishable spectral ratios. A balance between the moment ratio and noise levels is required to allow
resolvable differences in spectral corner frequencies (Huang et al., 2019). A good agreement between esti-
mates from the clustered-Q single spectrum and spectral ratio corner frequency methods could further sug-
gest the robustness of both refinement methods. Thus, we further use the spectral ratio estimates to check
the robustness of optimal Q values constrained by clustered-Q spectral fitting. Finally, we assess stress drop
estimates using the corner frequency from both estimates (section 2.3).

In addition to the fluid injection influences on host rock mechanic properties, we also investigate if the seis-
mic attenuation is invariant with respect to the distance to the well. We do so by testing the assumption that
the true Q value at distances beyond ~2 km from the well is the same as the corresponding Q value within
2 km. We use the observed spectral data to test if this is a valid assumption (section 2.4).

2.1. Estimation of Optimal Apparent Q Values Based on Clustered-Q Spectra Fitting

In the spectral fitting process, the effect of seismic attenuation is represented by the averaged Q value over
the whole raypath (i.e., the apparent Q, hereinafter referred as Q). The clustered-Q fitting approach has been
shown to produce better resolution on single spectrum fitting through robustly narrowing the Q value uncer-
tainties (e.g., Ko et al., 2012). In this section, we take this approach to investigate the dependence of Q value
as a function of distance to the well, as well as a function of depth. We subsequently fit the single-event spec-
tra using the optimal Q value.

Following the definition of Yu et al. (2019), as shown in Figure 1b, the earthquakes could be divided into
clusters located proximal to HF1 (C1 and C2) and distal to HF1. We therefore refer to events in C1 and C2
together as proximal events, whereas the remaining earthquakes outside of C1 and C2 are classified as
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distal events. To avoid the possible contamination of induced events associated with ongoing injection at
wells HF2-HF5, we exclude 49 events that occurred within 2 km distance of those wells (i.e., events within
the gray circles centered at the well pads HF2 and HF4 in Figure 1b). A total of 435 events remain for source
analysis. The average hypocenter distance of the proximal (C1 and C2) and distal events to MG stations are
approximately 2.3 and 12.7 km, respectively. Yu et al. (2019) concluded that the stress state of the proximal
cluster is largely affected by HF injection that induces a pore pressure change up to several MPa, whereas
distal events experience limited or negligible stress perturbations from the injection at HF1. We further
divide the two groups of events (proximal and distal) by hypocenter depth as 0-1, 1-2.8, and >2.8 km, shown
in Figure 2a. This results in a total of six spatial groups for the clustered-Q single spectrum fitting approach:
G1-G6. The depth limits applied for seismic vertical segregation are natural divisions between layers in the
velocity model centered at (57.5°N, 122.5°W) (CRUST 1.0; Laske et al., 2013; Yu et al., 2019), considering Q
depends on rock type (Toksoz et al., 1979) and is known to increase with depth (Abercrombie, 1997).

We begin with calculating the single spectrum fit by holding the Q value fixed at values ranging between 2
and 1,500 for each spatial group of earthquakes. We compute the single event displacement spectra using a
multitaper spectral estimation on 1 s time windows for P and S phases starting 0.2 s before and 0.8 s after the
phase arrival (Thomson, 1982). The short time windows prevent S phase energy being included in the P
phase time window due to the short source-station distances. In addition, we calculate noise spectra for time
windows of equal length starting 5 s before the P-phase arrival. We then fit the spectra using a Brune spec-
tral model and a least squares curve fit (Abercrombie, 1995; Brune, 1970, 1971) (Equation 1). For a given
value of Q (assuming Q is a frequency-independent constant), there are three free parameters in the spectral
fitting: the long-period spectral amplitude (£,), the spectral corner frequency (f.), and high-frequency
falloff rate (n),

e~ (7ft/Q)

T+ (f/f)"

where ¢ is the travel time for the respective phases. The frequency band used for fitting is chosen where (1)
the signal-to-noise ratio (SNR) exceeds 2 for each data point of the entire fitting frequency range, (2) the
minimum and maximum fitting frequencies satisfy 0.5 Hz < f,,;;, < 5 Hz and 10 Hz < f,,,,, < 80 Hz, respec-
tively, and (3) the entire bandwidth is larger than 20 Hz (fjax — fiin = 20 Hz).

Q(f)=Q @

Next, we perform a grid search for the optimal Q values with the lowest root-mean-square (RMS) misfit aver-
aged over a given group. Within the group, the RMS value of each event is the mean of the constrained
records from all the stations. The RMS value of a single record is obtained from the respective fitting width
of the frequency band (i.e., where SNR > 2). We apply two quality control criteria, as (i) only considers a sin-
gle spectrum fit with the RMS value <1 as a valid fit and throws away all the fits with the RMS values >1, and
(ii) for a given cluster Q value, at least 10 events are required to calculate the corresponding mean RMS mis-
fit. The optimal Q value of each group is found when the RMS misfit is minimal (Equation 2):

(Q;, RMS;) min 3 RMS(Q, event ), )

optimal — 2<Q <1500

where N; is the number of events in group i (where i = 1, ..., 6).

Sometimes, the RMS misfit of the optimal Q is larger than the neighboring values as a result of it containing a
larger number of fitted records. An extra fitted event could lead to a higher mean RMS misfit within a cluster,
thus potentially leading to a differing (or improper) Q value due to a fewer number of events and smaller
RMS values. To address potential problems of different optimal Q values arising from varying numbers of
events within the same group, we use the fitted number of events for the initially selected Q as the upper
limit of event number in group i (N max)- For Q values that can be fit by a larger number of events, we
use only the Nj ,ax events with the smallest RMS values and then update the averaged RMS misfit to reselect
the optimal Q. Figure 3 demonstrates the improvement of clustered-Q spectral fitting compared to regular
single-event spectral fitting with an assumed Q value (Abercrombie, 1995).

Once we constrain the best Q for a given cluster, we then use it for all events within the cluster to obtain the
corresponding values of 2, and f.. We calculate values of seismic moment (M) using the following equation
(Brune, 1970, 1971),

YU ET AL.

40f 17



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB020103
(@) L.,
Depth
0 km

Sedimentary layer 1
cp =2.50 km/s
cs=1.07km/s _°

1 km

Sedimentary fayer 2
cp =4.60 km/s
cg =2.59 km/s

2.8 km

Crystal basément
cp =6.30 km/s
cs = 3.63 km/s

o

10 100 1000 1 10 100 1000
Q Q
0
e
- = S phase
0.9 W\w §
Yo
@ 08 o‘;b 1 05‘5295
? &
207 bi %
0.6 |

G2(142) vs. 65(42)‘
0.5 %

4
10 100 1000 1 10 100 1000
Q Q
L@ )
o o
e, ! Y S phase
0.9 N 0.9 B € prios
0.8 0.8 X‘ 3
» » | ¢ 0g33s
=07 =07 Yo%
o o “ 2)
oe G3(12) G6(46)% 0o G3(21) G6(51)1 %
vs. vs. 5 =216 e
05 05 L O 216
S
0.4 4 5= 162
1 10 1 10

Figure 2. Optimization of seismic quality factor (apparent Q). (a) Schematic diagram of event spatial grouping used for
clustered-Q estimation (G1-G6): Earthquakes are grouped into three depth layers, at 0-1, 1-2.8, and >2.8 km, based
on the velocity model (Laske et al., 2013). The number of earthquakes in each group is marked in brackets. Note the
varying horizontal and vertical aspect ratio. Events within C1/C2 indicated by blue dots (proximal groups: G1-G3);
events at greater distance indicated with black circles (distal groups: G4-G6). (b) RMS misfit variation resulting
from each assumed Q value. Blue/black curves indicate RMS values for single spectrum fits of P phase for each assumed
Q of clusters G1/G4 (with values of Nj nax marked on the side). RMS values are averaged over all events within a

given cluster (see text). Blue/black stars mark the optimal apparent Q values of clusters G1/G4. Horizontal dashed lines:
5% variation of minimum RMS value. Gray star with error bars: value of theoretical Q

;’“’dd (see section 2.5). (c and d)
Same as (b) for focal depths between 1-2.8 and >2.8 km, respectively. (e-g) The same as (b-d) but for S phases.
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Figure 3. Example of single spectrum fits between assumed constant Q (orange)
and clustered-Q fitting (purple) for an M 0.2 event on 2 August 2015 at 11:45:32.

Inset: Normalized displacement of the event. Blue/red vertical lines mark the

arrival of P/S phase. Gray/red shaded area: 1 s time window for noise/S phase

signal. The clustered-Q value is 74 and leads to a corner frequency of 30 Hz,
compared with the estimate of 10 Hz obtained with an assumed Q = 1,000.

M, = 4mpc’RQ 3)
Uge

where density, p, is set to 2,790 kg/m3 , velocity ¢ for P and S waves

is chosen according to the value in the velocity model at the focal

depth of respective event (Figure 2a), and R is the hypocentral dis-

tance. The mean radiation pattern, Ugg, is set to be 0.52 and 0.63

for P and S waves, respectively (Aki & Richards, 1980).

The apparent Q values applied here represent the averages over the
whole raypath. The differences of measured apparent Q values for dif-
ferent clusters do not necessarily reflect a true Q-value contrast. That
is, the larger apparent Q values of the events distal to the well could
possibly be a path effect due to longer wave propagation in the deeper,
higher Q layers. Because of the potential averaging effect, we will
further evaluate the spatial variation of true Q values in section 2.4.
2.2. Determination of Corner Frequency Based on Spectral
Ratio Fitting

We calculate the spectral ratio of colocated event pairs recorded at a
common station using a smaller event (empirical Green's function,
eGf) and a larger event (master event). A suitable event pair needs
to satisfy four criteria. The first and most decisive criterion is that
the cross-correlation coefficient (CC) of the waveform pair in a 6 s
length time window exceeds 0.7, where the similarity of the whole
waveform implies colocation. Specifically, we cross-correlate wave-
forms 3 s before and after S arrival to include P and S together, using
a band-pass filter between 1 and 20 Hz. While the CC threshold here

is relatively low compared to other studies (e.g., Abercrombie, 2015; Huang et al., 2016), the corner fre-
quency estimation is considered stable when the CC threshold is set in the range between 0.7 and 0.85
(Abercrombie et al., 2017; Ruhl et al., 2017). We also test a higher CC threshold of 0.8, with similar results,
but the higher CC led to fewer available event pairs and thus fewer stress drop estimates. We therefore opt to
use a threshold of 0.7 and ensure robustness of the fitting by setting additional strict quality control criteria
after event pair selection. Second, the event pair have hypocentral distances of less than 5 km, given the loca-
tion uncertainty of 2 km. We note that 54% of qualified event pairs are within a hypocentral distance of 1 km
and 77% within 2 km for the P phase. For the S phase, the percentages are 44% and 75% for hypocentral dis-
tances within 1 and 2 km, respectively. Third, the event pair has a magnitude difference larger than 0.5,
attributed to the low noise level because of close event-station distances. Finally, their low-frequency ampli-
tude ratio should be larger than 2. The last two criteria for selecting event pairs listed above help ensure
resolvable differences in spectral corner frequencies between the two events. The fitting frequency band is
determined with the same criteria applied for single spectrum fitting. The criteria to find event pairs are
the first step of event selection, and we try to avoid removing too many event pair candidates before knowing
if there are resolvable differences in corner frequency. Additional quality control criteria (introduced later)
we applied to ensure the robustness of our spectral ratio fitting include a second check on the fitting quality.

For pairs recorded by multiple stations, we calculate the station-average spectral ratio by stacking
single-station spectral ratios, applying the narrowest frequency band for which the SNR requirement is satis-
fied among the averaged records (Figure S1b in the supporting information). Second, we fit the corner fre-
quencies of both the master and eGf events with the theoretical expression of the spectral ratio assuming
a Brune spectral model (Brune, 1970, 1971) as

) M 1+ ()
Q(f) M, 1+<fi)2

cl

“4)

where M; and M, are seismic moment of the master and the eGf events, respectively. Considering the esti-
mated seismic moment values (M; and M,) based on clustered single spectra fitting are well determined,
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Figure 4. Spectral ratio fitting example from a pair of events that occurred on 13 September 2015 03:10:16 (M1.8) and 18
August 2015 01:33:49 (M1.2). (a) Normalized displacement of the two events in the pair. Blue/red vertical lines mark
the arrival of P/S phases. Gray/blue/red shaded area: 1 s time windows for noise/P/S phase spectral estimations. (b)
Single spectrum for noise (dashed line) and S phase (solid line) of the master event (thick line) and the eGf (thin line),
respectively. Red shaded area: fitting frequency band. (c) Variance of spectral ratio fitting for different values of
corner frequency for the master event f.;. Dashed line: 5% increase of fit variance. Star: the optimal f.;. (d) Comparison
between the spectral ratio of the event pair (black solid line) and Brune model fit (red dashed line), based on the
optimal f.; obtained in (c).

we narrow the variance of M;/M, up to 1% of the initial value during the fitting process, to improve the
solution of corner frequencies (f.1, fe2). We further evaluate the uncertainty of estimated f.; (8f.1) using
the range where fit variance increases by 5% (Viegas et al., 2010). The fit variance is defined as the
curve-fitting residual normalized by the ratio of M; and M,. We require the fit to pass two quality
control criteria in order to consider it robust: (1) the RMS value must be smaller than 0.6 and 0.3 for P
and S phases, respectively (a larger RMS criterion for P phases is due to the lower SNR relative to S
phases), and (2) &f.1/f;1 must be smaller than 1 (to guarantee the fit is sensitive to f.;). Among event
pairs that satisfy the criteria, we also manually remove cases with qualitatively poor f., and f., fits
resulting from the oscillation of spectral ratios at high frequencies. Finally, we calculate the weighted
fe1 for one master event with several eGfs based on inverse-variance weighting following Abercrombie
et al. (2017). Figures 4 and S1 show two representative examples with different magnitudes to illustrate
the spectral ratio procedure and the quality of spectral ratio fits.

As corner frequencies estimated from spectral ratio fitting are considered more robust than those estimated
with clustered-Q spectral fitting, we also use them to verify the estimated apparent Q values in section 2.1. A
spectrum could be expressed as the product of source, site, and path effects, and the apparent Q only involves
the path effect. We first remove the source effect by dividing the recorded spectrum with the modeled source
spectrum, using the corner frequencies estimated from spectral ratio fitting. The source spectrum described
by Brune (1970, 1971) is written as
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sufficient (see text). Q;—-Qg is the apparent Q of representative travel paths for each earthquake group presented in
Figure 2. The true Q values in close proximity to the injection well are marked as Q;, Q;;, Q;;;, and as Q;’, Q;;’, and Q;;;” at
greater distances.

Qo

NG ®

Ao(f)

The residual spectra should only contain the propagation and site effects. We further remove the site effect
by calculating the ratio of the residual spectra of two master events recorded by the same station, presum-
ably one from the cluster proximal to the HF wells (G1-G3) and the other one from the more distal cluster
(G4-G6). We then compare the residual spectral ratio with the ratio of their geometrical spreading factors
e~ (ftas/Qus)
e~ (”f‘pr/pr)
two events are applied respectively (i.e., ds for distal and pr for proximal). An example of consistency
between the S phase f. estimated from spectral ratio and the apparent Q values constrained by
clustered-Q spectra fitting is shown in Figure S2.

, where the wave travel times (f) and the apparent Q values along the propagation paths of the

2.3. Stress Drop Estimation

Based on a circular crack model (Eshelby, 1957), we use the seismic moment estimated from low-frequency
spectral amplitude and both the clustered-Q spectra and spectral ratio fits of corner frequency to calculate
the stress drop (Ao) after converting corner frequency to source radius r (Madariaga, 1976):

ke
TM
Ag = 16r2 @

where k is a constant related to the reciprocal relation between f. and r is set as 0.25 and 0.32 for P and S
waves, respectively, by assuming a rupture velocity ¢ = 0.9¢s (cs is the shear wave velocity) (Huang
et al., 2016; Imanishi et al., 2004; Kaneko & Shearer, 2015; Sato & Hirasawa, 1973).

2.4. Variation of True Q With Distance

In order to verify the necessity of the lateral variation of true Q values, we design a test assuming that the true
Q value is constant along horizontal distance to the well bore (Model 1; Figure 5) and then compare the
forward-modeled apparent Q values with the observed ones. If the theoretical apparent Q values are compar-
able with observed Q, the difference of apparent Q between proximal and greater distance is attributed to the
long-distance refracted raypath traveling along the lower layer. Alternatively, if the horizontal constant
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Figure 6. Scaling between corner frequency (f.) and seismic moment (M) based
on single spectra fits. My here is uniformly estimated from low-frequency
amplituge (Equation 3). The uncertainty of moment magnitude estimation
My = glogIO(MO) — 6.073; Kanamori, 1978) is +0.2 at the 95% confidence level.
fe estimates use Orange empty/filled circles: single spectrum fitting (SSF) based
on P/S phases. Purple empty/filled circles: clustered-Q spectra fitting (CSF)
based on P/S phases. Gray shaded area: unreliable fits due to bandwidth
limitations of events with My < 2 x 10'°. Event pair highlighted in green:

Corner frequency (Hz)

phases, respectively, and 179 (P) and 248 (S) equations to estimate the
theoretical Q%! , Qmedl  and Q¥ values. The test results are
marked with gray symbols in Figures 2b-2g. The normalized residual
of true Q values is 0.01 and 0.09 for P and S phases, respectively. The
larger residual of S phases may be due to the differing choice of opti-
mal apparent Q (Figure 2) or that the S wave velocity model is not as
accurate as the P wave model (e.g., in the case of an erroneous
assumption of a Poisson solid, as a result of fluid injection and/or
concentrations of fractures and elevated fluid pressures).

example of spectral fit comparison shown in Figure 3. Inset: Comparison

between CSF estimates of f© and f¥ for the same events with My < 2 x 10'°.

Dashed line: reference for f~ = f5.

We note that the layered Q model may not be a unique solution to
explain the apparent optimal Q data set. An alternative simple homo-
geneous model with a thin, low Q, top layer, would also viably fit the
data. However, the latter model would be less consistent with inde-
pendent information on the local geological setting and would be
inconsistent with the local velocity model (Figure S3, Table S2, and Text S1). It is the consideration of inde-
pendent evidence, such as the geological setting and the stress drop distribution that enable us to favor the
layered Q model. We expand on this discussion further in section 4.

3. Results
3.1. Optimal Apparent Q and Single Spectrum Fitting

As shown in Figure 2, clustering results from single spectrum fits based on the P and S waveforms consis-
tently prefer lower Q values in groups proximal to HF1 (G1-G3) compared to greater distance (G4-G6).
Averaged ratios (Qpox/Quais:) based on P and S phases estimations are ~0.51 and ~0.57, respectively. If we
consider the 5% variation of minimum RMS misfit as the acceptable Q interval, the range could be quite
wide, especially for S waves at depths >1 km (Figures 2f and 2g). Even though we are not able to efficiently
constrain the optimal Q here, the point of this comparison is to prove the necessity of applying different Q
values during clustered-Q spectrum fitting for proximal versus distal events to the well, which is supported
by the easily distinguishable curve patterns followed by the two spatial groups (open blue circles vs. open
black circles in Figure 2).

By adjusting the single spectrum fits using the optimal Q values, we estimate corner frequencies for 231 and
296 events out of the 435 events using P and S phases, respectively (Figure 6). The mean value of ff / ff is

~1.2, which is consistent with result from recent studies using the spectral ratio approach (Abercrombie
et al., 2017; Ruhl et al., 2017) and also with the modeling of Kaneko and Shearer (2015). The overall
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Figure 7. f. estimates using spectral ratio fitting. Filled blue diamonds: f,

estimates of distal events using spectral ratio fitting (SRF) based on P phases.
Filled blue/black circles: SRF estimates of proximal/distal events based on S
phases. Error bars are estimated from the frequency bandwidth 5% increase
variance of fit (Viegas et al., 2010). Transparent bars: frequency band used for
SRF. Empty diamonds/circles: estimates from CSF of the same events
constrained by spectral ratio fitting. Examples of spectral ratio fits highlight in
green are shown in Figures 4 and S1. Dashed lines: stress drop reference based
on S phases with ¢; = 2.59 km/s (Equation 7).

comparison between regular single spectrum fitting and clustered-Q
fitting is shown in Figure 6. Generally, fitted f. values are consis-
tently higher after clustering, and the upper limit of resolved f.
increases from 40 to 80 Hz (80% of Nyquist frequency; Shi et al., 1998;
Viegas et al., 2010). The maximum stress drop value according to
clustered-Q fitting reaches ~10 MPa. We notice a relatively smaller
fe correction by Q-value clustering upon S phase estimates compared
to P phases. It is possibly due to the less well-constrained optimal Qg
values for the two lower layers (Figures 2f and 2g), as the overestima-
tion of Qs would result in underestimated f_ values (Ko et al., 2012).
Abercrombie et al. (2017) and Ruhl et al. (2017) report that the f,
estimates would be biased on the low side when its value is beyond
approximately one half to two thirds of the maximum resolvable
frequency (f.s = 80 Hz), meaning we may not robustly resolve cor-
ner frequencies that are above 40 Hz. If we consider an earthquake
that occurred near the well, at typical depths of ~2 km, the maxi-
mum resolvable f, value is 40 Hz. To resolve a stress drop down to
1 MPa, the smallest moment we can constrain would be 2 x 10'° Nm
(i.e., My0.8; Equation 7). For smaller events with My, < 0.8, marked
as the gray shaded area in Figure 6, the almost constant f. value
(~10-20 Hz) may be an artifact of solutions trapped in local minima
due to the fitting frequency band not being broad enough to cover
the true (higher) f.. The fact that two exceptional events below the
My 0.8 threshold but with relatively higher SNR have corrected lar-
ger f, values of 40 and 60 Hz also seems to suggest that the remaining
low f. values are not reliable. Thus, to avoid interpreting artifacts
derived from bandwidth resolution at higher frequency as real
source effects, we only consider events with My, > 0.8. The median

stress drop value for P phase estimates is 0.08 MPa, with a log stan-
dard deviation of 0.8 (in the unit of log;,), and the median value of S
phase estimates is 0.03 MPa, with a log standard deviation of 0.7.

The low median values relative to earthquakes of tectonic origin result from the relatively larger number of
events proximal to the well bore, which have lower stress drop values compared to the more distal events (177
vs. 91 resolvable P phases and 227 vs. 115 resolvable S phases for events proximal and distal to the wellbore,
respectively). We note that a considerable portion of P phase stress drop estimates are on the order of
~10 MPa, as shown in Figure 6. The variation of stress drop values is up to ~1.5 orders of magnitude. The large
range of stress drop values observed here compares with other IIE studies (e.g., Goertz-Allmann et al., 2011;
Kwiatek et al., 2014) and could be related to the larger distance scale (up to ~10 km) over which the earth-
quakes occur. The fact that the magnitude of the stress drop correlates with the distance to the well again sup-
ports the observation of the stress drop difference between two clusters as being statistically significant.

3.2. Stress Drop Distribution From Spectral Ratio Fitting

We are able to estimate the corner frequencies of 4 and 17 master events (the larger event of a spectral ratio
pair) based on P and S phases, respectively. Constrained events with fitted frequency ranges are shown in
Figure 7. All four events with P phase measurements are within 1 km of HF1, so we use the S phase measure-
ments to investigate the spatial distribution of stress drop. The S phase corner frequency values range from
12 to 41 Hz, and seismic moment ranges between 10'° and 10" Nm. The static stress drop values inferred
from the estimates of M, and f, range between 0.7 and 21.9 MPa. The stress drop values are comparable to
that of tectonic earthquakes with similar magnitudes (Abercrombie, 1995; Shearer et al., 2019; Ye &
Ghassemi, 2018) and overall lower than values of IIE observed in other regions of the WCSB (Clerc
et al., 2016; Holmgren et al., 2019; Zhang et al., 2016).
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Figure 8. (a) Map view of the stress drop distribution based on spectral ratio estimates. Stars indicate the hypocenter
locations of stress drop values estimated from P/S phases, with colorbar indicating the stress drop value in MPa. Pink
lines: map view of the horizontal well trajectories. (b and c) Same as (a) but for E-W and N-S profiles, respectively.
Hypocenters are from the relocated catalog by Yu et al. (2019).

Events proximal to HF1 (C1 and C2) have a roughly constant stress drop values of ~1 MPa, whereas events at
greater distances have stress drop values of ~10 MPa. Both groups show a scattered scaling relationship with
seismic moment, although within a limited, and largely nonoverlapping, magnitude range. All the events
with smaller stress drop values are located at distances of ~2 km or less to the well HF1, and the distal events
have higher stress drops (Figure 8a). Also, all the events proximal to HF1 are shallow (in sedimentary layers)
whereas those at greater distances to the well extend over a broader depth distribution, down to ~8 km
(Figures 8b and 8c).

3.3. Comparison Between Clustered-Q Single Spectrum and Spectra-Ratio Fitting

Our comparison focuses on the S phase estimates, given that the constrained spectra-ratio fits based on P
phase limited. As shown in Figure 7, for earthquakes that are analyzed by both methods, stress drop values
estimated from spectral ratio fitting are on average ~1.4 orders of magnitude higher than estimates from
clustered-Q single spectrum fitting. This systematic discrepancy between estimates likely results from path
and site effects that remain uncorrected in single spectrum fitting, which has been seen in many previous
studies (e.g., Ide et al., 2003; Kwiatek et al., 2014; Viegas et al., 2010). For example, since we use a constant
Q assumption for single spectrum fitting, the geometrical attenuation is dependent on the frequency as an

exponential shape o e (Shearer, 2019). While in the real case, the Q factor is also frequency dependent.
Despite using a good overall estimate of the apparent Q value (i.e., optimal Q), we suspect that the real
attenuation below 20 and 6 Hz is actually stronger than calculated attenuation for proximal and distal clus-
ters, respectively. Thus, a lower corner frequency value would be expected in single spectrum estimates.
Sumy et al. (2017) found much lower stress drops for the Prague sequence by fitting for Q and f, compared
to later studies that used spectral ratios (Boyd et al., 2017; Huang et al., 2017). Even in relatively clean deep
borehole recordings, Ide et al. (2003) show similarly that propagation effects could lead to more than a factor
of 2 difference between corner frequency estimates from single spectrum versus spectral ratio fitting. The
corner frequency differences would also lead to stress drop values more than 1 order of magnitude lower
when estimated from single spectra. Therefore, we consider the spectral ratio fitting results as the most
robust corner frequency and stress drop estimates. The clustered-Q spectra fitting results with a larger
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Figure 9. Stress drop scaling comparison between spectral ratio fitting (SRF)
and clustered-Q spectra fitting (CSF), estimated based on S phase. Blue/

black filled dots: stress drop of events proximal/distal to HF1 with SRF
estimates. Blue/black empty dots: stress drop of proximal/distal groups with CSF
estimates, averaged in 0.1 X logo(My) bins with error bars indicating

standard error. Static stress drop value estimates are calculated using a
depth-dependent shear wave velocity. Gray shaded area: unreliable fits of events
with My < 2 X 10" Nm (Myy < 0.8). Orange shaded area: highlights that the
moment of CSF constrained events groximal and distal to the well only

number of resolved events are complementary to the spectral ratio
fits. Albeit the absolute values of source parameters are less
well-constrained compared to spectral ratio estimates, the stress drop
scaling based on the clustered-Q spectra fits still holds. As Figure 9
shows, the overall trend can be consistently recognized that stress
drop values observed for events close to the HF1 are relatively smaller
compared to events more distal to the well. The difference in stress
drop values between the proximal and distal populations can be
easily recognized from spectral ratio fitting (blue and black solid cir-
cles), and results derived from clustered-Q spectrum fitting in the
moment range of ~2 X 10'°-10™ Nm (My, 0.8-1.3; orange box) also
agree with the stress drop difference. The Ao versus M, plot based
on P phase estimates is available in Figure S4. The contrast in stress
drop between proximal and distal event groups is less distinct com-
pared with S phase due to a lack of robust estimations for distal
events.

When using the S phase corner frequency values estimated from
spectral ratio fittings to check the robustness of apparent Q value con-
strained by clustered-Q spectral fitting, we are able to establish 26
master-event pairs recorded by the same station. As a result, the aver-
aged RMS misfit between the observed residual spectra ratio and the
calculated geometrical spreading factor is 0.21, suggesting reliable
estimations of the apparent Q values.

3.4. Spatial Variation of True Q Value

In order to reject the null hypothesis that the true Q value is invariant
with respect to the distance to the well, we conduct a test assuming
that the true Q value at distal distances is the same as in the proximity
of the HF1.

The test results are marked as stars outlined in gray in Figures 2b-2g.

overlap in a narrow range of 2 X 10 910" Nm.

The theoretical apparent Q values for Groups 4-6 are generally smal-
ler than the observed values in cases with more robustly constrained optimal apparent Q values
(Figures 2c-2e). By contrast, the unanticipated values of theoretical apparent Q in some cases, either smaller
or larger than the observed optimal apparent Q for distal groups (G4-G6), are probably due to the poor con-
straint of optimal Q (Figures 2b, 2f, and 2g). Although we do not obtain reliable estimates for all three layers
exclusively based on P or S phases, the combination of good estimates from both phases helps prove the dif-
ference between the theoretical and observed apparent Q values at greater distance. The assumption of a true
Q value being constant with horizontal distance to the well is unable to fully justify the observed difference
between the apparent Q values at varying distances. Therefore, we infer that the true Q value is indeed larger
at greater distances to the well.

4. Implication and Discussion

In our study, the stress drop values of ITEs in the proximity of the wellbore HF1 is lower relative to those at
greater distances, that is, ~1 MPa versus ~10 MPa, based on the S phase spectral ratio estimations. The dif-
ference of absolute stress drop values could vary depending on the approach used to estimate them as well as
the phases. For example, stress drop values would be lower from S phase clustered-Q spectral estimations
(Figure 7). However, the relative difference between the stress drop estimates of the two clusters is visible
regardless which method is used, suggesting that it is more reliable than the absolute values. In addition,
a change in stress drop values for events above and below My, 2 is also suggested by the spectral ratio esti-
mates (Figure 9). Three possibilities may explain the observations: (i) The stress drop is relatively lower in
close proximity to the wellbore due to the elevated pore pressure and/or rock damage, (ii) the stress drop
scales with magnitude, or (iii) the low f, value of small events near the wellbore could be a biased selection
due to the limited frequency resolution. Ideally, the best way to identify which possibility is more dominant
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would be to quantify the trend in stress drop values over a wider range of magnitudes (e.g., Abercrombie &
Rice, 2005; Ide et al., 2003). However, the events in close proximity to HF1 are nearly exclusively smaller
than My, 2. Conversely, we can also look at the corner frequency values of smaller magnitude events at larger
distances, but their corner frequencies cannot be well constrained by the spectral ratio estimates due to their
lower SNRs. We do observe differences in stress drop between the proximal and distal event clusters, albeit
overlying for a limited magnitude range of My, 0.8-1.3 (Figure 9). It would be less convincing to simply extra-
polate to the whole magnitude range. Without larger events near the wellbore or spectral-ratio estimates for
smaller events at greater distance, we are unable to confirm possibilities as (1) pore pressure and/or rock
damage near the wellbore is responsible for lower stress drop values or (2) if there is indeed a scaling with
magnitude.

There is also possibility that we miss source parameters for small earthquakes near the injection well with
higher stress drop (i.e., higher f.) because of the limited frequency range resolution (Shearer et al., 2019).
For instance, if small events (M < 2) with stress drop ~10 MPa do exist near the wellbore, the corresponding
fe could have reached our frequency resolution (f,.; = 80 Hz). In the case where f. exceeds 1/2 to 2/3 of fl.s
(40-53 Hz), the f, estimates would be biased low (Abercrombie et al., 2017; Ruhl et al., 2017). Admittedly,
the effective way to resolve such a question is to record more earthquakes in a longer observational period
or to improve the frequency resolution with higher sample-rate seismometers. However, the consistent facts
that (1) none of the constrained S phase single spectrum estimates exceeds 1/2f,.s (Figure 6) and (2) the
spectral-ratio estimates are all below 2/3f,., with only one falling in the ambiguous range of
1/2fres < fe < 2/3fres but still following the 1 MPa stress drop scaling (Figure 7), may instead suggest that
the possibility of selection bias related to proximal small events is unlikely the main factor leading to the spa-
tial variation of stress drop.

Moreover, several lines of indirect evidence support the hypothesis that the stress drop is lower near the well.
First, if we consider the resolved events in two groups: proximal (clusters C1 and C2) and distal (others) to
the well, the stress drop values of events in each group are roughly invariant relative to seismic moment
(Figure 7), although the range of magnitudes is small and nonoverlapping. In other words, the stress drop
values vary negligibly within individual groups of earthquakes proximal or distal to the well. It is sufficient
to prove that the stress drop difference between two groups is statistically significant. Additionally, the por-
oelastic modeling results of Yu et al. (2019) suggest that the pore pressure change within 1 km of the well
could reach several MPa, as opposed to a very limited stress change inferred at distances greater than
5km (~107> MPa). The modeled stress changes would be one of significant factors to explain the differences
in observed stress drop values between proximal and distal event groups here in the context of a
Mohr-Coulomb failure criterion. Since pore pressure perturbations would not be expected to be high imme-
diately following the start of injection activity, it may alternatively explain why larger-magnitude HF IIE
occur at distances beyond ~1 km of the well with a time delay. Another possible scenario is that the fault
shear strength near the well bore could be relatively lower compared to greater distances, considering
hydraulic stimulation increases fluid pressure and fracture density near the well bore, the latter is shown
to lead to lower equivalent friction coefficient for fractured rock masses (Zhang & Sanderson, 2001). That
is, injection likely facilitates the occurrence of proximal events with lower stress drop values that presumably
result from possible slower ruptures in the damaged rocks near the wellbore compared to the more intact
rock away from it. Similar spatial pattern of stress drop increase is also valid for IIE sequence near
Crooked Lake, Alberta, in the context of distance range within several kilometers (Clerc et al., 2016).
Goertz-Allmann et al. (2011) and Kwiatek et al. (2014) also report stress drop increase with distance to the
well at the Basel geothermal site and Berlin geothermal field, respectively, although both observations only
cover spatial distance up to hundreds of meters. Specifically, Kwiatek et al. (2014) show a gradual stress drop
increase from ~1 to ~10 MPa in a distance range of 100-500 m from the injection well, using borehole seism-
ometers with sample-rate up to 3,000 Hz. Conversely, Trugman et al. (2017) reported no relation between
distance and stress drop of WD induced earthquakes in southern Kansas. Such findings, however, are not
contradictory to the findings in this study, because WD injection is pervasive in Kansas and hence wide-
spread elevation of pore pressures is expected, as opposed to an isolated HF wells with associated seismicity.

Furthermore, a relatively lower true Q value near the well suggests a higher degree of rock damage and
potentially higher pore fluid pressures related to HF injection (Worthington & Hudson, 2000). The
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variation of true Q thus provides independent evidence to support an interpretation of the stress drop differ-
ence as a manifestation of rock strength difference between the proximal and distal events. Joint constraints
from stress drop and Q-value distributions also provide a more comprehensive understanding of the
distance-decaying influence associated with HF fluid injection.

Before making a direct comparison between our stress drop estimates and that from other studies, a number
of model dependent features need to be considered (Kaneko & Shearer, 2015). First, we use the k factor by
Sato and Hirasawa (1973) in the stress drop calculation (Equation 6), which leads to considerable differences
between our values and those derived with other models. For example, our stress drop values are only 30% of
the Madariaga stress drop (Madariaga, 1976) and 160% of the Brune stress drop (Brune, 1970), given the
same velocity model. Second, induced earthquakes might have nonnegligible nondouble-couple (non-DC)
components, which could bias the moment estimates (Zhang et al., 2016). The adjusted seismic moment
(M) of the proximal events (clusters C1 and C2) would be corrected to 49% and 54% of their pure-DC values
for P and S phase, respectively (Figure S5 and Text S2). The corrected stress drop values would still be pro-
portionally lower with less discrepancy between values derived from P and S phases, but the scaling remains
the same (Figure S6). While the Brune model derived from a flat circular shear crack model (Brune, 1970,
1971) would be insufficient in describing the source parameters of earthquakes with nonnegligible
non-DC components and thus potentially affects the corner frequency estimations (e.g., Liu et al., 2020),
we note that recent work by Roth et al. (2020) and references therein point to induced earthquake in the
region being consistent with shear reactivation of existing faults correlated with injection activity.

Third, it is necessary to consider the possible influence of an overestimated seismic velocity near the HF well
on the static stress drop (Ac), where Ao « ¢ (Eshelby, 1957). High-rate fluid injection could result in a
lower seismic velocity surrounding the well by increasing fracture density and decreasing the effective stress
through increased pore pressure. Also, the Q,/Qg < 1 near HF1 suggests hydrocarbon saturation
(Klimentos, 1995; Maultzsch et al., 2003), indicating a reduced seismic (particularly S wave) velocity near
the well bore relative to the regional 1-D velocity model. If a velocity contrast indeed exists between the
volume near HF1 and at greater distances to fully address the differences in stress drop values, we can spec-
ulate ¢; close to the well would need to be reduced by 46%. Even if such high variation in shear wave velocity
is possible, the highly fractured volume due to HF injection should be very limited, perhaps no more than
200 m from the wellbore. On the other hand, the low seismic injection efficiency (the ratio of cumulative
radiated energy of IIE and hydraulic energy in a certain time period) in the Montney shale formation indir-
ectly suggests a low radiation efficiency of earthquake sources (Maxwell et al., 2018), indicating a low rup-
ture velocity (Husseini & Randall, 1976). However, such low rupture velocity is expected to equally affect
both the proximal and distal clusters. Therefore, velocity overestimation, either due to the HF related higher
fracture density or the sedimentary geological setting, is unlikely the leading factor of the stress drop differ-
ence between proximal and distal events. The observed variation probably results from additional factors,
such as elevated fluid pressure, which helps justify the applied 1-D layered velocity model.

5. Conclusion

We investigate the source parameters of 484 events (My~1.0 to 3.0) that occurred between 28 May and 15
October 2015 surrounding a hydraulic fracturing well in northeast British Columbia. Spectral ratio fitting
implies that static stress drop values fall in the range of 0.7-21.9 MPa, typical of tectonic earthquakes.
Both the spectral ratio fitting for limited event pairs and a clustered-Q single spectral fitting for a larger num-
ber of events consistently suggest a stress drop difference between clusters proximal and distal to the well;
earthquakes within ~2 km of the active HF well have lower stress drop values (~0.1-1 MPa) relative to earth-
quakes at greater distance (~1-10 MPa). The stress drop values of either cluster are roughly invariant with
seismic moment, although within a limited, and non-overlapping magnitude range. Due to the lack of
larger-magnitude events near the borehole and robust spectral-ratio estimates for smaller events at greater
distance, we are unable to definitively exclude the possibility that stress drop scales with magnitude, which
is commonly observed for earthquakes of such small magnitudes and often attributed to an observational
artifact. Nevertheless, estimates of seismic attenuation factor Q based on the single spectrum fitting also sug-
gest lower Q proximal to the well. The combination of low stress drop values and low seismic Q probably
imply that the higher fracture density and/or elevated pore pressures near the well prevent the crustal
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rocks from storing and releasing larger magnitudes of stress compared to ostensibly less damaged rock at
greater distances. The observations presented here support the interpretation of a heterogeneous stress state
near the well and may provide an explanation for why larger-magnitude HF IIEs occur at distances beyond
~1 km of the well with a time delay, where pore pressure perturbations would not be expected to be high
immediately following the start of injection activity.
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and their uncertainties is available at https://doi.org/10.5281/zenodo.3905328 (https://zenodo.org/record/
3905329#.XxHWTZNK;jBI).

References

Abercrombie, R. (1995). Earthquake source scaling relationships from —1 to 5 ML using seismograms recorded at 2.5 km depth. Journal of
Geophysical Research, 100(B12), 24,015-24,036.

Abercrombie, R., & Leary, P. (1993). Source parameters of small earthquakes recorded at 2.5 km depth, Cajon Pass, southern California:
Implications for earthquake scaling. Geophysical Research Letters, 20(14), 1511-1514. https://doi.org/10.1029/93GL00367

Abercrombie, R. E. (1997). Near-surface attenuation and site effects from comparison of surface and deep borehole recordings. Bulletin of
the Seismological Society of America, 87(3), 731-744.

Abercrombie, R. E. (2015). Investigating uncertainties in empirical Green's function analysis of earthquake source parameters. Journal of
Geophysical Research: Solid Earth, 120, 4263-4277. https://doi.org/10.1002/2015JB011984

Abercrombie, R. E., Bannister, S., Ristau, I., & Doser, D. (2017). Variability of earthquake stress drop in a subduction setting, the Hikurangi
Margin, New Zealand. Geophysical Journal International, ggw393.

Abercrombie, R. E., & Rice, J. R. (2005). Small earthquake scaling revisited: Can it constrain slip weakening? Geophysical Journal
International, 162(2), 406-424. https://doi.org/10.1111/j.1365-246X.2005.02579.x

AKki, K., & Richards, P. (1980). Quantitative seismology (p. 932). New York: W. H. freeman. https://doi.org/10.1121/1.385057

Boyd, O. S., McNamara, D. E., Hartzell, S., & Choy, G. (2017). Influence of lithostatic stress on earthquake stress drops in North America.
Bulletin of the Seismological Society of America, 107(2), 856-868. https://doi.org/10.1785/0120160219

Brune, J. N. (1970). Tectonic stress and seismic shear waves from earthquakes. Journal of Geophysical Research, 75(26), 4997-5009. https://
doi.org/10.1029/JB075i026p04997

Brune, J. N. (1971). Seismic sources, fault plane studies and tectonics. Eos, Transactions American Geophysical Union, 52(5), [UGG-178.

Chen, X., & Shearer, P. M. (2013). California foreshock sequences suggest aseismic triggering process. Geophysical Research Letters, 40,
2602-2607. https://doi.org/10.1002/grl.50444

Clerc, F., Harrington, R. M., Liu, Y., & Gu, Y.J. (2016). Stress drop estimates and hypocenter relocations of induced seismicity near Crooked
Lake, Alberta. Geophysical Research Letters, 43, 6942-6951. https://doi.org/10.1002/2016GL069800

Ellsworth, W. L. (2013). Injection-Induced Earthquakes. Science, 341(6142), 1225942-1225942. https://doi.org/10.1126/science.1225942

Eshelby, J. D. (1957). The determination of the elastic field of an ellipsoidal inclusion, and related problems. Proceedings of the Royal Society
of London A, 241(1226), 376-396.

Fasola, S. L., Brudzinski, M. R., Skoumal, R. J., Langenkamp, T., Currie, B. S., & Smart, K. J. (2019). Hydraulic fracture injection strategy
influences the probability of earthquakes in the Eagle Ford shale play of South Texas. Geophysical Research Letters, 46, 12958-12967.
https://doi.org/10.1029/2019GL085167

Fehler, M., & Phillips, W. S. (1991). Simultaneous inversion for Q and source parameters of microearthquakes accompanying hydraulic
fracturing in granitic rock. Bulletin of the Seismological Society of America, 81, 553-575.

Goertz-Allmann, B. P., Goertz, A., & Wiemer, S. (2011). Stress drop variations of induced earthquakes at the Basel geothermal site.
Geophysical Research Letters, 38, L09308. https://doi.org/10.1029/2011GL047498

Hanks, T. C. (1979). b values and « ™ seismic source models: Implications for tectonic stress variations along active crustal fault zones and
the estimation of high-frequency strong ground motion. Journal of Geophysical Research, 84, 2235-2242.

Holmgren, J. M., Atkinson, G. M., & Ghofrani, H. (2019). Stress drops and directivity of induced earthquakes in the western Canada
sedimentary basin. Bulletin of the Seismological Society of America, 109(5), 1635-1652. https://doi.org/10.1785/0120190035

Hough, S. E. (2014). Shaking from injection-induced earthquakes in the central and eastern United States. Bulletin of the Seismological
Society of America, 104(5), 2619-2626. https://doi.org/10.1785/0120140099

Hough, S. E., & Dreger, D. S. (1995). Source parameters of the 23 April 1992 M 6.1 Joshua Tree, California, earthquake and its aftershocks:
Empirical Green's function analysis of GEOS and TERRAscope data. Bulletin of the Seismological Society of America, 85(6), 1576-1590.

Huang, Y., Beroza, G. C., & Ellsworth, W. L. (2016). Stress drop estimates of potentially induced earthquakes in the Guy-Greenbrier
sequence. Journal of Geophysical Research: Solid Earth, 121, 6597-6607. https://doi.org/10.1002/2016JB013067

Huang, Y., De Barros, L., & Cappa, F. (2019). Illuminating the rupturing of microseismic sources in an injection-induced earthquake
experiment. Geophysical Research Letters, 46, 9563-9572. https://doi.org/10.1029/2019GL083856

Huang, Y., Ellsworth, W. L., & Beroza, G. C. (2017). Stress drops of induced and tectonic earthquakes in the central United States are
indistinguishable. Science Advances, 3(8), p.e1700772.

Husseini, M. I., & Randall, M. J. (1976). Rupture velocity and radiation efficiency. Bulletin of the Seismological Society of America, 66(4),
1173-1187.

Ide, S., Beroza, G. C., Prejean, S. G., & Ellsworth, W. L. (2003). Apparent break in earthquake scaling due to path and site effects on deep
borehole recordings. Journal of Geophysical Research, 108(B5), 2271. https://doi.org/10.1029/2001JB001617

Imanishi, K., Takeo, M., Ellsworth, W. L., Ito, H., Matsuzawa, T., Kuwahara, Y., et al. (2004). Source parameters and rupture velocities of
microearthquakes in Western Nagano, Japan, determined using stopping phases. Bulletin of the Seismological Society of America, 94(5),
1762-1780. https://doi.org/10.1785/012003085

YU ET AL.

150f 17


https://doi.org/10.5281/zenodo.3905328
https://zenodo.org/record/3905329#.XxHwTZNKjBI
https://zenodo.org/record/3905329#.XxHwTZNKjBI
https://doi.org/10.1029/93GL00367
https://doi.org/10.1002/2015JB011984
https://doi.org/10.1111/j.1365-246X.2005.02579.x
https://doi.org/10.1121/1.385057
https://doi.org/10.1785/0120160219
https://doi.org/10.1029/JB075i026p04997
https://doi.org/10.1029/JB075i026p04997
https://doi.org/10.1002/grl.50444
https://doi.org/10.1002/2016GL069800
https://doi.org/10.1126/science.1225942
https://doi.org/10.1029/2019GL085167
https://doi.org/10.1029/2011GL047498
https://doi.org/10.1785/0120190035
https://doi.org/10.1785/0120140099
https://doi.org/10.1002/2016JB013067
https://doi.org/10.1029/2019GL083856
https://doi.org/10.1029/2001JB001617
https://doi.org/10.1785/012003085
https://www.bcogc.ca/data-reports/data-centre/
https://www.bcogc.ca/data-reports/data-centre/

”~
AGU Journal of Geophysical Research: Solid Earth 10.1029/2020JB020103

ADVANCING EARTH
AND SPACE SCIENCE

International Seismological Centre (2019). On-line Bulletin. Thatcham, UK: International Seismology Centre. http://www.isc.ac.uk

Kanamori, H. (1978). Quantification of earthquakes. Nature, 271(5644), 411.

Kaneko, Y., & Shearer, P. M. (2015). Variability of seismic source spectra, estimated stress drop, and radiated energy, derived from
cohesive-zone models of symmetrical and asymmetrical circular and elliptical ruptures. Journal of Geophysical Research: Solid Earth,
120, 1053-1079. https://doi.org/10.1002/2014JB011642

Klimentos, T. (1995). Attenuation of P- and S-waves as a method of distinguishing gas and condensate from oil and water. Geophysics, 60(2),
447-458. https://doi.org/10.1190/1.1443782

Ko, Y.-T., Kuo, B.-Y., & Hung, S.-H. (2012). Robust determination of earthquake source parameters and mantle attenuation. Journal of
Geophysical Research, 117, B04304. https://doi.org/10.1029/2011JB008759

Kwiatek, G., Bulut, F., Bohnhoff, M., & Dresen, G. (2014). High-resolution analysis of seismicity induced at Berlin geothermal field, El
Salvador. Geothermics, 52, 98-111. https://doi.org/10.1016/j.geothermics.2013.09.008

Laske, G., Masters, G., Ma, Z., & Pasyanos, M. (2013). Update on CRUST1. 0-A 1-degree global model of Earth's crust. Paper presented at
EGU General Assembly, Vienna, Austria.

Lei, X., Wang, Z., & Su, J. (2019). The December 2018 ML 5.7 and January 2019 ML 5.3 earthquakes in South Sichuan Basin induced by
shale gas hydraulic fracturing. Seismological Research Letters, 90(3), 1099-1110. https://doi.org/10.1785/0220190029

Liu, M., Huang, Y., & Ritsema, J. (2020). Stress drop variation of deep-focus earthquakes based on empirical Green's functions. Geophysical
Research Letters, 47, €2019GL086055. https://doi.org/10.1029/2019GL086055

Madariaga, R. (1976). Dynamics of an expanding circular crack. Bulletin of the Seismological Society of America, 66, 639-666.

Mabhani, A. B., Schultz, R., Kao, H., Walker, D., Johnson, J., & Salas, C. (2017). Fluid injection and seismic activity in the northern Montney
play, British Columbia, Canada, with special reference to the 17 August 2015 Mw 4.6 induced earthquake. Bulletin of the Seismological
Society of America, 107(2), 542-552. https://doi.org/10.1785/0120160175

Maultzsch, S., Chapman, M., Liu, E., & Li, X. Y. (2003). Modelling frequency-dependent seismic anisotropy in fluid-saturated rock with
aligned fractures: Implication of fracture size estimation from anisotropic measurements. Geophysical Prospecting, 51(5), 381-392.
https://doi.org/10.1046/j.1365-2478.2003.00386.x

Maxwell, S. C., Garrett, D., Huang, J. & Mamer, P. (2018). Monitoring of induced seismicity associated with hydraulic fracturing in the
Montney shale. In 52nd US Rock Mechanics/Geomechanics Symposium. American Rock Mechanics Association.

Mori, J., & Frankel, A. (1990). Source parameters for small events associated with the 1986 North Palm Springs, California, earthquake
determined using empirical green functions. Bulletin of the Seismological Society of America, 80(2), 278-295.

Roth, M. P, Verdecchia, A., Harrington, R. M., & Liu, Y. (2020). High-resolution imaging of hydraulic-fracturing-induced earthquake
clusters in the Dawson-Septimus Area, Northeast British Columbia, Canada. Seismological Research Letters, 1-13. https://doi.org/
10.1785/0220200086

Ruhl, C.J., Abercrombie, R. E., & Smith, K. D. (2017). Spatiotemporal variation of stress drop during the 2008 Mogul, Nevada, earthquake
swarm. Journal of Geophysical Research: Solid Earth, 122, 8163-8180. https://doi.org/10.1002/2017JB014601

Sato, T., & Hirasawa, T. (1973). Body wave spectra from propagating shear cracks. Journal of Physics of the Earth, 21(4), 415-431. https://
doi.org/10.4294/jpe1952.21.415

Satoh, T. (2006). Influence of fault mechanism, depth, and region on stress drops of small and moderate earthquakes in Japan. Structural
Engineering/Earthquake Engineering, 23(1), 125s-134s.

Scholz, C. (2019). The mechanics of earthquakes and faulting (p. 471). Cambridge: Cambridge Univ. press. https://doi.org/10.1017/
9781316681473

Schultz, R., Corlett, H., Haug, K., Kocon, K., Mac Cormack, K., Stern, V., & Shipman, T. (2016). Linking fossil reefs with earthquakes:
Geologic insight to where induced seismicity occurs in Alberta. Geophysical Research Letters, 43, 2534-2542. https://doi.org/10.1002/
2015GL067514

Schultz, R., Skoumal, R. J., Brudzinski, M. R., Eaton, D., Baptie, B., & Ellsworth, W. (2020). Hydraulic fracturing induced seismicity.
Reviews of Geophysics, 58, €2019RG000695. https://doi.org/10.1029/2019RG000695

Shearer, P. M. (2019). Introduction to seismology (p. 263). Cambridge: Cambridge university press.

Shearer, P. M., Abercrombie, R. E., Trugman, D. T., & Wang, W. (2019). Comparing EGF methods for estimating corner frequency and
stress drop from P wave spectra. Journal of Geophysical Research: Solid Earth, 124, 3966-3986. https://doi.org/10.1029/2018JB016957

Shi, J., Kim, W.-Y., & Richards, P. (1998). The corner frequency and stress drops of intraplate earthquakes in the northeastern United
States. Bulletin of the Seismological Society of America, 88, 531-542.

Sumy, D. F., Neighbors, C.J., Cochran, E. S., & Keranen, K. M. (2017). Low stress drops observed for aftershocks of the 2011 Mw 5.7 Prague,
Oklahoma, earthquake. Journal of Geophysical Research: Solid Earth, 122, 3813-3834. https://doi.org/10.1002/2016JB013153

Thomson, D. J. (1982). Spectrum estimation and harmonic analysis. Proceedings of the IEEE, 70(9), 1055-1096. https://doi.org/10.1109/
PROC.1982.12433

Toks6z, M. N., Johnston, D. H., & Timur, A. (1979). Attenuation of seismic waves in dry and saturated rocks: I. Laboratory measurements.
Geophysics, 44(4), 681-690. https://doi.org/10.1190/1.1440969

Tomic, J., Abercrombie, R. E., & do Nascimento, A. F. (2009). Source parameters and rupture velocity of small M < 2.1 reservoir induced
earthquakes. Geophysical Journal International, 179(2), 1013-1023. https://doi.org/10.1111/j.1365-246X.2009.04233.x

Trugman, D. T., Dougherty, S. L., Cochran, E. S., & Shearer, P. M. (2017). Source spectral properties of small to moderate earthquakes in
southern Kansas. Journal of Geophysical Research: Solid Earth, 122, 8021-8034. https://doi.org/10.1002/2017JB014649

van der Elst, N. J., Page, M. T., Weiser, D. A., Goebel, T. H. W., & Hosseini, S. M. (2016). Induced earthquake magnitudes are as large as
(statistically) expected. Journal of Geophysical Research: Solid Earth, 121, 4575-4590. https://doi.org/10.1002/2016JB012818

Viegas, G., Abercrombie, R. E., & Kim, W.-Y. (2010). The 2002 M5 Au Sable Forks, NY, earthquake sequence: Source scaling relationships
and energy budget. Journal of Geophysical Research, 115, B07310. https://doi.org/10.1029/2009JB006799

Visser, R., Smith, B., Kao, H., Babaie Mahani, A, Hutchinson, J., & McKay, J. E. (2017). A comprehensive earthquake catalogue for
northeastern British Columbia and western Alberta, 2014-2016. Geological Survey of Canada Open-File Report, 8335, 27. https://doi.org/
10.4095/306292

Wang, B., Harrington, R. M., Liu, Y., Kao, H., & Yu, H. (2020). A study on the largest hydraulic fracturing induced earthquake in Canada,
Part 1: Observations and static stress drop estimation. Bulletin of the Seismological Society of America. https://doi.org/10.1785/
0120190261

‘Worthington, M. H., & Hudson, J. A. (2000). Fault properties from seismic Q. Geophysical Journal International, 143(3), 937-944. https://
doi.org/10.1046/j.1365-246X.2000.00315.x

YU ET AL. 16 of 17


http://www.isc.ac.uk
https://doi.org/10.1002/2014JB011642
https://doi.org/10.1190/1.1443782
https://doi.org/10.1029/2011JB008759
https://doi.org/10.1016/j.geothermics.2013.09.008
https://doi.org/10.1785/0220190029
https://doi.org/10.1029/2019GL086055
https://doi.org/10.1785/0120160175
https://doi.org/10.1046/j.1365-2478.2003.00386.x
https://doi.org/10.1785/0220200086
https://doi.org/10.1785/0220200086
https://doi.org/10.1002/2017JB014601
https://doi.org/10.4294/jpe1952.21.415
https://doi.org/10.4294/jpe1952.21.415
https://doi.org/10.1017/9781316681473
https://doi.org/10.1017/9781316681473
https://doi.org/10.1002/2015GL067514
https://doi.org/10.1002/2015GL067514
https://doi.org/10.1029/2019RG000695
https://doi.org/10.1029/2018JB016957
https://doi.org/10.1002/2016JB013153
https://doi.org/10.1109/PROC.1982.12433
https://doi.org/10.1109/PROC.1982.12433
https://doi.org/10.1190/1.1440969
https://doi.org/10.1111/j.1365-246X.2009.04233.x
https://doi.org/10.1002/2017JB014649
https://doi.org/10.1002/2016JB012818
https://doi.org/10.1029/2009JB006799
https://doi.org/10.4095/306292
https://doi.org/10.4095/306292
https://doi.org/10.1785/0120190261
https://doi.org/10.1785/0120190261
https://doi.org/10.1046/j.1365-246X.2000.00315.x
https://doi.org/10.1046/j.1365-246X.2000.00315.x

”~
AGU Journal of Geophysical Research: Solid Earth 10.1029/2020JB020103

ADVANCING EARTH
AND SPACE SCIENCE

Ye, Z., & Ghassemi, A. (2018). Experimental study on injection-induced fracture propagation and coalescence for EGS stimulation. Paper
presented at the 43rd Workshop on Geothermal Reservoir Engineering, Stanford, CA.

Yu, H., Harrington, R. M., Liu, Y., & Wang, B. (2019). Induced seismicity driven by fluid diffusion revealed by a near-field hydraulic sti-
mulation monitoring array in the Montney Basin, British Columbia. Journal of Geophysical Research: Solid Earth, 124, 4694-4709.
https://doi.org/10.1029/2018JB017039

Zhang, H., Eaton, D. W., Li, G., Liu, Y., & Harrington, R. M. (2016). Discriminating induced seismicity from natural earthquakes using
moment tensors and source spectra. Journal of Geophysical Research: Solid Earth, 121, 972-993. https://doi.org/10.1002/2015JB012603

Zhang, X., & Sanderson, D. J. (2001). Evaluation of instability in fractured rock masses using numerical analysis methods: Effects of
fracture geometry and loading direction. Journal of Geophysical Research, 106(B11), 26,671-26,687. https://doi.org/10.1029/
2001JB000311

YU ET AL. 17 of 17


https://doi.org/10.1029/2018JB017039
https://doi.org/10.1002/2015JB012603
https://doi.org/10.1029/2001JB000311
https://doi.org/10.1029/2001JB000311


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


