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Abstract We examine ground motions for a sequence of earthquakes in Oklahoma,
where assessment of hazard contributions from induced seismicity is of particular in-
terest. We aim to empirically calibrate a model-driven equation that was derived for
central and eastern North America (CENA), so that it will match the observed ground
motions of the 2011 Prague, Oklahoma, sequence. We first show that ground motions
in Oklahoma decay at a rate similar to the average attenuation observed in the stable
continental region of CENA. We then search for any needed adjustments to the CENA
source model to match ground motions from the induced seismicity sequence that
occurred near Prague in 2011. An interesting feature noted in the ground-motion
analysis is that the stress parameters (Δσ) for the Prague mainshock events (M ≥5)
are notably higher than those for aftershocks. Moreover, the stress parameter that char-
acterizes the high-frequency ground-motion decays in both time and space relative to
the three largest events. The largest events in the Prague sequence have similar source
parameters to natural CENA events of the same magnitude and focal depth, but their
aftershocks have weaker motions.

Introduction

Seismic activity in Oklahoma has substantially increased
within the last decade, surpassing the annual rate of moment
magnitudeM >3:0 events in California in 2014 on a per area
basis. Llenos and Michael (2013) indicate that the elevated
activity in Oklahoma is not a result of random rate fluctua-
tions and can only be explained by a fundamental change in
the underlying triggering properties of earthquakes. It is not
generally feasible or useful to definitively classify (with
100% certainty) earthquakes as natural, directly induced, or
indirectly triggered on an individual basis, but most of the
events are believed to be related to changes in stress condi-
tions resulting from large-scale wastewater injection. Thus
most of the increased seismicity is considered to be induced
by anthropogenic activities. (We do not attempt to distin-
guish between events that are directly induced versus those
that may, in turn, be triggered by directly induced events.
Such a distinction is not warranted for hazard or ground-
motion applications, as will be discussed further).

On 5 November 2011, an M 5.0 earthquake occurred in
close proximity to active disposal wells near the town of
Prague, Oklahoma. This event initiated a sequence of small-
to-moderate earthquakes on the complex Wilzetta fault sys-
tem in the region, including the study events as shown in
Figure 1. The M 5.0 event was followed by an M 5.7 earth-
quake the next day, which created ground shaking up to in-
tensity VIII and caused structural damage in the epicentral
region (Ellsworth 2013; Keranen et al., 2013). On 8 Novem-
ber another M 5.0 earthquake occurred, less than 2 km west
of the M 5.7 event. All three M ≥5:0 earthquakes exhibit

strike-slip faulting with orientations consistent with rupture
on three separate focal planes. Keranen et al. (2013) and
Sumy et al. (2014) suggested that different parts of the Wil-
zetta fault system were activated in a succession of ruptures
of three neighboring fault segments. Keranen et al. (2013)
related the first M 5.0 event to the buildup of pore pressure
due to fluid injection in the area for two decades, and Sumy
et al. (2014) inferred that this event triggered the following
M 5.7 and 5.0 earthquakes, in a cascading earthquake se-
quence. (The values for magnitude for the three mainshocks
are taken from the Global Centroid Moment Tensor [CMT]
catalog; see Data and Resources.) Because the three largest
events occurred on three different fault segments, with differ-
ing orientations, they are considered as three distinct main-
shock events within the sequence (Sumy et al., 2014).

The 2011 Prague sequence and growing seismicity rate in
Oklahoma have raised concerns regarding hazard associated
with induced seismicity. In current hazard-mapping practice
for building code applications, the contributions from induced
seismicity are intentionally excluded (Petersen et al., 2015).
However, in regions of low-to-moderate natural seismicity
such as Oklahoma, the hazard from induced earthquakes
may exceed that from natural background seismicity, if a se-
quence is stimulated in close proximity to a site (Atkinson,
Ghofrani, and Assatourians, 2015). Therefore, it is important
to understand to what extent induced events contribute to the
overall hazard.

Estimation of ground motions that can be produced
by induced earthquakes is key to determining hazard
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contributions from induced seismicity, but is a challenging
problem due to the paucity of applicable ground-motion data.
Recently, Yenier and Atkinson (2015b; hereafter, YA15)
developed a generic ground-motion prediction equation
(GMPE) that can be adjusted for use in any region by modi-
fying a few key model parameters. As an example implemen-
tation, YA15 calibrated the generic model to develop a
GMPE for central and eastern North America (CENA) that
captures the source and attenuation attributes of ground mo-
tions observed in the region. In this study, we aim to tune the
CENAmodel to obtain a GMPE that is calibrated for induced
earthquakes in Oklahoma, and which is applicable over a
wide range of magnitude and distance. To this end, we in-
vestigate the region-specific source and attenuation attributes
of induced events in Oklahoma, using ground motions
obtained from the 2011 Prague earthquake sequence.

In this article, we consider all Prague events to be part of
an induced seismic sequence. One could argue that only the
first event was directly induced by wastewater injection, and
that the subsequent events were a combination of triggered
events and aftershocks that were not directly caused by
wastewater injection. However, from a hazard viewpoint this
distinction is not particularly relevant or helpful, as our in-
terest lies in what levels of ground motion might be caused
by such events. Moreover, it has been noted that there ap-
pears to be no difference between natural and induced earth-
quakes in terms of the source parameters that control ground
motion, for the same magnitude and focal depth (Yenier and
Atkinson, 2015b); thus it is not necessary from a ground-
motion perspective to make such a distinction. We acknowl-
edge an implicit assumption that other induced sequences in
Oklahoma will have similar ground-motion characteristics to
those of the Prague sequence. This will be tested in future
studies with additional ground-motion datasets.

Regionally Adjustable Generic GMPE

Yenier and Atkinson (2015b) developed a generic GMPE
suitable for use in a variety of applications, using a simulation-
based model whose parameters were calibrated using the rich
California ground-motion database (Yenier and Atkinson,
2015a); the model calibration to the California database en-
sures realistic magnitude scaling and near-distance saturation
effects for earthquakes as large as moment magnitude M 8.
They parameterized the generic model so as to separate the
influence of source and attenuation parameters on ground-
motion amplitudes in the functional form. This provides a
plug-and-play model that is adjustable for use in any region
by modifying a few key model parameters. The utility of the
generic GMPE is that one can easily produce a regional pre-
diction equation by entering the associated source and attenu-
ation parameters into the generic GMPE, without needing to
perform multiple simulations and calculating model coeffi-
cients. This is an efficient and robust way to develop stable
GMPEs that are calibrated for regional parameters, but have
behavior that is tied to well-known seismological models.

One can also use the generic GMPE to compute the
regional values of source and attenuation parameters from
ground-motion data. The underlying model assumption is
that the magnitude scaling behavior and close-distance sat-
uration effects of the generic GMPE are transferable between
regions. No such assumption is made regarding the overall
amplitude level and attenuation; these properties can be
adjusted for region-specific applications by modifying the
associated parameters (discussed later). The generic GMPE
facilitates the extrapolation of an empirically adjusted model
in a seismologically informed way, enabling reliable ground-
motion predictions for magnitudes and distances where
observations are sparse.

The functional form of the generic GMPE is given as

EQ-TARGET;temp:intralink-;df1;313;317 lnY � FE � FZ � Fγ � FS � C; �1�
in which lnY is the natural logarithm of a ground-motion
intensity measure: peak ground acceleration (PGA, in units
of g), peak ground velocity (PGV, in units of cm=s), and 5%
damped pseudospectral acceleration (PSA, in units of g). FE,
FZ, Fγ , and FS represent functions for earthquake source,
geometrical spreading, anelastic attenuation, and site effects,
respectively. The C term is an empirical calibration factor
that accounts for residual effects that are different from or
missing in simulations, resulting in an overall discrepancy
in amplitude level between simulations and observations
(i.e., a constant offset). The source function (FE) describes
the decoupled effects of magnitude and stress on ground-
motion amplitudes for magnitudes M 3–8:

EQ-TARGET;temp:intralink-;df2;313;131FE � FM � FΔσ; �2�
in which FM represents the magnitude effect on ground-
motion amplitudes that would be observed at the source,
if there were no saturation effects. It was determined from

Figure 1. Epicenters of study events of M >1:5 from the 2011
Prague, Oklahoma, sequence, between November 2011 and De-
cember 2011, as determined by Sumy et al. (2014). Inset map shows
location. Triangles are recording stations and lines show fault sys-
tems in the region (from Holland, 2015). The color version of this
figure is available only in the electronic edition.
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simulations for a reference stress (Δσ � 100 bar), near-sur-
face attenuation parameter (κ0 � 0:025 s), and site condition
(National Earthquake Hazards Reduction Program [NEHRP],
2000, B/C site condition).FΔσ represents the stress adjustment
factor that is applied when the stress parameter (Δσ) is differ-
ent than its reference value (100 bars).

The FM term uses a hinged-quadratic function that is
adopted from the empirical Next Generation Attenuation-
West2 Project (NGA-West2) GMPE of Boore et al. (2014):

EQ-TARGET;temp:intralink-;df3;55;284FM �
�
e0�e1�M−Mh��e2�M−Mh�2 M≤Mh

e0�e3�M−Mh� M>Mh
; �3�

in which the hinge magnitude Mh and model coefficients e0
to e3 are period dependent. The coefficients of FM function,
as determined from simulations by YA15, are given in
Table 1. The stress adjustment term is defined as

EQ-TARGET;temp:intralink-;df4;55;189FΔσ � eΔσ ln�Δσ=100�; �4�

in which eΔσ is the rate of ground-motion scaling with Δσ.
Equation (4) describes the relationship between stress param-
eter and response spectral amplitudes, facilitating determina-
tion of its value from observed PSA data (e.g., Atkinson,
Hassani, et al., 2015; Yenier and Atkinson, 2015b). The
stress scaling term (eΔσ), as determined from the simulations,
is given as a function of magnitude and period, and differs

depending on whether stress is up- or down-scaled relative to
its reference value (100 bars). YA15 found that eΔσ is best
described by a high-order polynomial:

EQ-TARGET;temp:intralink-;df5;313;356eΔσ �
�
s0� s1M� s2M2� s3M3� s4M4 Δσ ≤ 100 bar
s5� s6M� s7M2� s8M3� s9M4 Δσ > 100 bar

;

�5�

in which s0 to s9 are period-dependent model coefficients,
reproduced from YA15 in Table 2. Figure 2 shows the varia-
tion of response spectra with magnitude and stress based on
the source function (FE). Ground motions are primarily
controlled by M at periods longer than the corner period
(Tc � 1=fc, in which fc is the corner frequency of the theo-
retical Brune, 1970 model), whereas Δσ has limited effect on
spectral amplitudes at periods T > Tc. The effect of the
stress parameter increases with increasing magnitude and
decreasing period.

In Figure 2, the magnitude scaling of ground motions
weakens with increasing magnitude at close distances,
because observed ground motions from large earthquakes
(M >6) are controlled by the seismic radiation from only
a portion of the fault rupture (Rogers and Perkins, 1996;
Yenier and Atkinson, 2014). This results in near-distance
saturation of ground-motion amplitudes with increasing
magnitude. YA15 modeled these saturation effects using
the equivalent point-source approach (Boore, 2009; Yenier

Table 1
Model Coefficients for the Magnitude Scaling (FM) and Geometrical Spreading (FZ) Functions

T (s) Mh e0 e1 e2 e3 b3 b4

0.010 5.85 2.227 6:874 × 10−1 −1:363 × 10−1 7:643 × 10−1 −6:209 × 10−1 6:057 × 10−2

0.013 5.90 2.281 6:855 × 10−1 −1:290 × 10−1 7:617 × 10−1 −6:259 × 10−1 6:129 × 10−2

0.016 5.85 2.272 6:971 × 10−1 −1:232 × 10−1 7:594 × 10−1 −6:308 × 10−1 6:191 × 10−2

0.020 5.90 2.378 6:999 × 10−1 −1:066 × 10−1 7:488 × 10−1 −6:377 × 10−1 6:251 × 10−2

0.025 6.00 2.564 6:840 × 10−1 −9:416 × 10−2 7:413 × 10−1 −6:311 × 10−1 6:097 × 10−2

0.030 6.15 2.806 6:607 × 10−1 −9:087 × 10−2 7:389 × 10−1 −6:028 × 10−1 5:641 × 10−2

0.040 5.75 2.731 7:034 × 10−1 −1:086 × 10−1 7:383 × 10−1 −5:484 × 10−1 4:820 × 10−2

0.050 5.35 2.559 7:193 × 10−1 −1:636 × 10−1 7:545 × 10−1 −5:096 × 10−1 4:279 × 10−2

0.065 5.75 2.997 6:842 × 10−1 −1:547 × 10−1 7:553 × 10−1 −4:665 × 10−1 3:640 × 10−2

0.080 5.20 2.576 7:651 × 10−1 −2:434 × 10−1 7:865 × 10−1 −4:210 × 10−1 3:071 × 10−2

0.100 5.45 2.777 7:118 × 10−1 −2:619 × 10−1 7:941 × 10−1 −3:774 × 10−1 2:472 × 10−2

0.130 5.35 2.641 7:346 × 10−1 −3:321 × 10−1 8:116 × 10−1 −3:551 × 10−1 2:224 × 10−2

0.160 5.25 2.466 8:088 × 10−1 −3:871 × 10−1 8:407 × 10−1 −3:265 × 10−1 1:918 × 10−2

0.200 5.45 2.549 8:194 × 10−1 −3:860 × 10−1 8:426 × 10−1 −2:868 × 10−1 1:376 × 10−2

0.250 5.60 2.517 8:671 × 10−1 −3:775 × 10−1 8:785 × 10−1 −2:429 × 10−1 9:209 × 10−3

0.300 5.85 2.635 8:471 × 10−1 −3:631 × 10−1 8:763 × 10−1 −2:117 × 10−1 5:164 × 10−3

0.400 6.15 2.674 8:501 × 10−1 −3:469 × 10−1 8:966 × 10−1 −1:927 × 10−1 4:847 × 10−3

0.500 6.25 2.544 8:856 × 10−1 −3:486 × 10−1 9:182 × 10−1 −2:079 × 10−1 8:540 × 10−3

0.650 6.60 2.617 8:758 × 10−1 −3:160 × 10−1 9:251 × 10−1 −2:277 × 10−1 1:371 × 10−2

0.800 6.85 2.664 9:053 × 10−1 −2:888 × 10−1 8:944 × 10−1 −2:523 × 10−1 1:906 × 10−2

1.000 6.45 1.986 1.340 −2:456 × 10−1 9:829 × 10−1 −2:974 × 10−1 2:765 × 10−2

1.300 6.75 2.011 1.386 −2:057 × 10−1 1.000 −3:503 × 10−1 3:777 × 10−2

1.600 6.75 1.753 1.564 −1:678 × 10−1 1.054 −3:849 × 10−1 4:430 × 10−2

2.000 6.65 1.251 1.748 −1:316 × 10−1 1.192 −4:353 × 10−1 5:361 × 10−2

PGA 5.85 2.216 6:859 × 10−1 −1:392 × 10−1 7:656 × 10−1 −6:187 × 10−1 6:029 × 10−2

PGV 5.90 5.960 1.030 −1:651 × 10−1 1.079 −5:785 × 10−1 5:737 × 10−2

PGA, peak ground acceleration; PGV, peak ground velocity.
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and Atkinson, 2014), in which the geometrical spreading
(FZ) is defined as

EQ-TARGET;temp:intralink-;df6;55;491FZ � ln�Z� � �b3 � b4M� ln�R=Rref�: �6�
R represents the effective distance metric:

EQ-TARGET;temp:intralink-;df7;55;449R �
���������������������
D2

rup � h2
q

; �7�

in which Drup is the rupture distance (measured from the
closest point on the rupture surface to the site). For small
events, the closest distance can be assumed equivalent to
the hypocentral distance (i.e., Drup ≈Dhyp). h is a pseudo-
depth term that accounts for saturation effects:

EQ-TARGET;temp:intralink-;df8;55;352h � 10−0:405�0:235M: �8�
In equation (6), Z represents the geometrical attenuation of
Fourier amplitudes, and �b3 � b4M� ln�R=Rref� accounts for
the change in the apparent attenuation that occurs when
ground motions are modeled in the response spectral domain
rather than the Fourier domain. The coefficients b3 and b4 are
period dependent, as adopted from YA15 in Table 1. The
reference distance is defined as Rref �

��������������
1� h2

p
.

Z is a hinged bilinear model that provides for a transition
from direct-wave spreading to surface-wave spreading of
reflected and refracted waves:

EQ-TARGET;temp:intralink-;df9;55;202Z �
�
Rb1 R ≤ Rt

Rb1
t �R=Rt�b2 R > Rt

; �9�

in which Rt represents the transition distance, and b1 and b2
are the geometrical attenuation rates of Fourier amplitudes at
R ≤ Rt and R > Rt, respectively. YA15 defined the geomet-
rical spreading parameters at their generic values suggested
for western and eastern North America (Atkinson and Boore,
2014; Yenier and Atkinson, 2015a): b1 � −1:3, b2 � −0:5,
and Rt � 50 km. Figure 3 shows the decay of ground

motions due to geometrical spreading effects as given by
equation (6).

The FZ function effectively separates the geometrical
spreading of Fourier amplitudes (Z) from the change in
apparent attenuation that occurs when ground motions are
convolved by the response spectra transfer function. This
separation is a key element of the generic GMPE, resulting
in a plug-and-play feature in which a new GMPE can be de-
fined for a specified attenuation rate in the Fourier domain,
without the need to reperform simulations.

The anelastic attenuation function (Fγ) is given as

EQ-TARGET;temp:intralink-;df10;313;383Fγ � γDrup; �10�
in which γ is a period-dependent anelastic attenuation coef-
ficient that is empirically determined from regional ground-
motion data.

The generic GMPE is defined relative to the reference
NEHRP B/C boundary site condition (travel-time weighted
average shear-wave velocity over the top 30 m,
VS30 � 760 m=s). Site effects at different site conditions are
modeled by the FS term, which can be either determined
from empirical regression or adopted from a standard em-
pirical site-response model.

The generic GMPE distills the effects of key seismologi-
cal parameters on ground-motion amplitudes. It can be
adjusted to a specific region by modifying the source and
attenuation parameters, and determining an overall empirical
calibration factor (C) that represents residual effects that are
missing or different in simulations compared to ground-
motion amplitude observations. The magnitude (FM) and
saturation (h) effects in the generic model, as determined
from data-rich regions, are assumed to be transferable to
other regions. However, the stress parameter, geometrical
spreading, and anelastic attenuation may show regional
variations. The generic GMPE can be readily adjusted
for regional source and attenuation effects by plugging the
regional values of Δσ, Z, and γ into equations (4), (6), and
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Figure 2. Pseudospectral acceleration (PSA) given by the generic ground-motion prediction equation (GMPE). Ground motions are
shown for rupture distance Drup � 1 km, for alternative Δσ values. At left, the circles represent corner periods (Tc) for the reference stress
(100 bars). The color version of this figure is available only in the electronic edition.
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(10), respectively. Although the saturation effects are fixed
in the generic GMPE and are assumed to be transferable
between regions, equation (6) allows for its modification
if there is compelling evidence supporting such a change.
The calibration factor C is calculated through the analysis
of residuals between observed motions and the GMPE ob-
tained after other regional adjustments.

In an example application, YA15 adjusted the generic
GMPE to develop a predictive model for CENA using the
NGA-East ground-motion dataset compiled from earthquakes
in the central and eastern United States and southeastern
Canada (excluding the Gulf Coast region). This database com-
prised mostly natural earthquakes, but included nine induced
events, eight of which were from Oklahoma and Arkansas.
YA15 derived a magnitude- and depth-dependent stress model
(ΔσCENA), based on matching observed spectral shapes of
CENA events. They adopted the generic Z model (equation 9:
b1 � −1:3, b2 � −0:5, and Rt � 50 km) without modifica-
tion, based on the findings of attenuation studies in the region
(Babaie Mahani and Atkinson, 2012; Atkinson and Boore,
2014), and determined regional anelastic attenuation (γCENA)
and calibration factor (CCENA) from the empirical data. The
CENA GMPE was obtained by plugging the derived stress
and attenuation models as well as the regional calibration
factor into the generic model:
EQ-TARGET;temp:intralink-;df11;55;223

lnYCENA � FM � FΔσCENA � FZ

� γCENADrup � FS � CCENA: �11�
FΔσCENA represents the stress adjustment term (equation 4)
evaluated for the CENA stress parameter model (ΔσCENA):
EQ-TARGET;temp:intralink-;df12;55;160

lnΔσCENA � 5:704�min�0; 0:29�d − 10��
�min�0; 0:229�M − 5��; �12�

in which d is the focal depth in kilometers. The calibration
factor (CCENA) is given as the summation of event and path
calibrations, determined from observed ground motions in
CENA (see Yenier and Atkinson, 2015b, for further details).

Oklahoma Ground-Motion Dataset

In this study, we refine the regional parameters of the
CENA GMPE as needed to better characterize ground
motions of induced earthquakes in Oklahoma, considering
the ground motions recorded during the 2011 Prague earth-
quake sequence. The ground-motion dataset consists of 4216
three-component recordings obtained from 291 earthquakes
(M >1:5) detected between November 2011 and December
2011. Figure 4 shows the magnitude–distance distribution of
the database. The record processing to obtain the PSA data-
base used in the study is described by Sumy et al. (2014). In
brief, they supplemented permanent array data with records
obtained on a dense local array deployed in November 2011.
Event locations obtained from the local array are considered
accurate to within about 100 m. All records were uniformly
processed to correct for instrument response. The signal win-
dow for the response spectra begins with the P arrival and is
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Figure 3. Ground-motion attenuation with distance, based on generic geometrical spreading function (FZ). No anelastic attenuation is
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at least 40 s in length, depending on the distance of the rec-
ord. The mean and trends are removed and a taper is applied.
Records are retained only if the signal-to-noise ratio exceeds
two over at least an 8 Hz bandwidth. High-pass filtering is
performed to remove long-period noise, and spectral infor-
mation is retained only for frequencies greater than 1.5 times
the high-pass frequency. Response spectra (5% damped PSA)
are calculated from instrument-corrected accelerograms. The
horizontal-component PSA is taken as the geometric mean of
the two components.

The moment magnitudes for the study events were as-
signed as follows. For the three M ≥5:0 Prague mainshocks,
we use the Global CMT catalog values (Table 3). For other
events (M <4), we estimateM based on the observed vertical-
component response spectral ordinates at periods T � 1 s and/
or T � 0:3 s, following Atkinson, Greig, and Yenier (2014)
and Novakovic and Atkinson (2015), assuming the CENA at-
tenuation model (this model attenuation matches the Z model
given by equation 9); for theM estimates we use only the PSA
values with hypocentral distances Dhyp < 50 km, to reduce

Table 3
Seismological Parameters of the 2011 Prague, Oklahoma, Events (M ≥2:7) for Which Stress

Parameter Is Calculated

Event ID* Date (yyyy/mm/dd) Time (hh:mm:ss) Latitude (°) Longitude (°) Depth (km) M Δσ (bar)

1 2011/11/05 07:12:45 35.5456 −96.7583 3.65 5.00 166.0
2 2011/11/05 09:12:11 35.5200 −96.7769 3.68 3.42 22.9
3 2011/11/06 03:53:10 35.5215 −96.7725 2.96 5.70 131.8
4 2011/11/06 04:03:41 35.5179 −96.7816 4.38 3.48 302.0
5 2011/11/06 04:31:50 35.5178 −96.7808 4.42 3.44 316.2
6 2011/11/06 04:53:59 35.5343 −96.7625 6.01 3.10 87.1
7 2011/11/06 06:31:11 35.4709 −96.8632 5.82 3.75 43.7
8 2011/11/06 07:32:41 35.4770 −96.8535 5.64 3.17 6.9
9 2011/11/06 08:14:13 35.5214 −96.7816 5.87 2.92 104.7
10 2011/11/06 09:22:04 35.4794 −96.8515 5.12 3.34 6.6
11 2011/11/06 09:39:57 35.4681 −96.8678 4.35 3.81 4.2
12 2011/11/06 10:52:35 35.5170 −96.7843 3.52 3.74 7.6
13 2011/11/06 11:03:52 35.4846 −96.8412 4.70 3.26 39.8
14 2011/11/06 11:16:20 35.4824 −96.8468 4.35 2.88 25.1
15 2011/11/06 13:37:36 35.4662 −96.8738 4.70 2.86 63.1
16 2011/11/06 15:07:06 35.4740 −96.8535 3.51 3.82 4.2
17 2011/11/06 17:52:35 35.4909 −96.8279 3.84 3.61 3.3
18 2011/11/06 18:26:57 35.4644 −96.8728 5.99 3.24 3.2
19 2011/11/06 19:31:38 35.4979 −96.8139 3.24 2.74 21.9
20 2011/11/07 00:03:51 35.4975 −96.8097 3.34 2.85 20.9
21 2011/11/07 01:17:13 35.5169 −96.7861 6.20 3.23 47.9
22 2011/11/07 01:26:31 35.5096 −96.7956 3.59 3.35 79.4
23 2011/11/07 08:00:58 35.4646 −96.8741 5.65 2.74 28.8
24 2011/11/07 08:12:35 35.5096 −96.7962 3.09 2.76 22.9
25 2011/11/07 08:19:54 35.5184 −96.7772 2.78 2.71 26.3
26 2011/11/07 13:50:20 35.4705 −96.8621 5.74 3.04 22.9
27 2011/11/07 16:00:23 35.4633 −96.8737 6.38 2.77 30.2
28 2011/11/07 17:09:51 35.5032 −96.8004 3.33 2.94 9.1
29 2011/11/08 02:46:57 35.5203 −96.7905 4.00 5.00 263.0
30 2011/11/08 03:05:07 35.5201 −96.7949 2.85 2.96 11.5
31 2011/11/08 19:05:18 35.5174 −96.7834 4.02 3.58 398.1
32 2011/11/09 10:11:40 35.5183 −96.7951 3.51 2.78 120.2
33 2011/11/09 12:08:36 35.5258 −96.7704 2.94 3.13 28.8
34 2011/11/10 08:36:38 35.4806 −96.8503 3.68 3.17 5.0
35 2011/11/11 19:19:16 35.5334 −96.7572 5.08 2.94 15.8
36 2011/11/12 01:18:42 35.5439 −96.7339 4.69 2.84 19.1
37 2011/11/12 01:41:03 35.5328 −96.7606 6.04 2.81 87.1
38 2011/11/14 05:31:42 35.5129 −96.7907 2.88 3.23 5.8
39 2011/11/16 17:10:52 35.5015 −96.8099 7.69 2.91 15.8
40 2011/11/18 07:41:08 35.5348 −96.7618 9.49 2.81 83.2
41 2011/11/20 05:54:02 35.5505 −96.7504 4.36 2.73 72.4
42 2011/11/21 21:46:09 35.5001 −96.8167 5.68 2.85 120.2
43 2011/11/24 21:11:04 35.5344 −96.7697 9.03 3.42 125.9
44 2011/11/25 21:24:29 35.5056 −96.7475 6.05 3.14 39.8
45 2011/11/29 09:22:33 35.5327 −96.7674 6.26 2.73 36.3
46 2011/12/03 04:42:12 35.5270 −96.7702 9.86 2.82 125.9

*The three M ≥5:0 mainshocks are indicated in bold.
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noise effects. We examine the behavior of the station residuals
(the difference between the estimatedM for event i at station j
and the average M obtained from all stations of that event,
Mij;res � Mij −Mi;ave), to assess the compatibility of the as-
sumed attenuation model. The ground-motion attenuation is
primarily controlled by geometric spreading at close distances.
On average, the magnitude residuals show no distance-
dependent trends within 50 km, as shown in Figure 5. This
suggests that the geometric spreading of ground motions in
Oklahoma agrees with the generic Z model used in the mag-
nitude determination. However, there is an exception for
M 3–4 events, as seen in Figure 5. Residuals ofM 3–4 events
generally have negative values at distances between 8 and
15 km, yet they are positive from 25 to 50 km. This discrep-
ancy appears to be specific to the aforementioned distance
ranges. It might be due to the mapping of unresolved effects
(e.g., site amplification, radiation pattern, and localized attenu-
ation attributes) into the residuals. ForM 3–4 events, residuals
at close distances (Dhyp < 8 km) are near zero. Overall, we con-
clude that the generic Z model is compatible with ground-
motion attenuation in Oklahoma.

We compared the PSA-based M estimates with those re-
ported by McNamara et al. (2015) and the U.S. Geological
Survey National Earthquake Information Center (USGS
NEIC). McNamara et al. (2015) determined regional moment
tensors (RMTs) for well-recorded events in Oklahoma from
2009 to 2014. There are 34 events in our dataset for which
McNamara et al. (2015) also computed M, and eight events
for whichMwas reported by the USGSNEIC. Figure 6 shows
that there is reasonable agreement between magnitude esti-
mates forM >2:7 events, with the agreement being better for
the larger events reported by the NEIC. However, PSA-based
magnitudes tend to have larger values than those obtained
from RMT solutions for M <2:7 events. This may be due

to oscillator response being driven by long-period noise for
weak motions (Novakovic and Atkinson, 2015).

Calibration of Generic GMPE for Induced
Earthquakes in Oklahoma

We calibrate the CENAGMPE using ground motions ob-
tained fromM ≥2:7 events of the Prague sequence, as listed in
Table 3; this includes 949 recordings obtained from 46 events
at 44 stations. We consider only those stations and events with
at least five recordings to ensure that the determined source
and site terms are sufficiently constrained with empirical data.
We assume that the generic magnitude scaling (equation 3)
is applicable to induced events in Oklahoma and adopt the
generic bilinear Zmodel (equation 9, b1 � −1:3, b2 � −0:5,
and Rt � 50 km) without modification, based on the obser-
vations made in Figure 5. We can rewrite equation (11) for
ground motions from induced Oklahoma events as
EQ-TARGET;temp:intralink-;df13;313;206

lnYOK;ij − �FM;i � FZ;ij � γCENADrup;ij � CCENA�
� Ei � FS;j; �13�

in which YOK;ij represents the ground-motion amplitude for
event i and station j. FM;i and FZ;ij are the magnitude-
scaling and geometric spreading functions evaluated for the
known magnitude (M) and distance (Drup;ij). We assume that
hypocentral distance is equivalent to the rupture distance
(i.e., Drup ≈Dhyp). We adopt the anelastic attenuation deter-
mined from the CENA dataset (i.e., γOK � γCENA) to ensure
reliable ground-motion estimates at far distances (we check
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Figure 6. Comparison of moment magnitudes (M) determined
from response spectra and those reported by the U.S. Geological
Survey National Earthquake Information Center (USGS NEIC)
and McNamara et al. (2015). Solid line is 1:1 relation; dashed lines
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this later by plotting residuals). In equation (13), Ei represents
the event term that includes stress adjustment for event i (FΔσ;i)
and the Oklahoma calibration factor determined relative to the
CENA model (ΔCOK). FS;j represents the site effects for sta-
tion j. We determine the event and site terms via empirical
regressions, for average horizontal-component PGA, PGV, and
5% damped PSA at 24 log-spaced periods T ≤ 2 s.

In ground-motion modeling, site effects are typically
determined relative to a reference site condition to avoid
trade-offs between source and site terms. YA15 defined the
CENAGMPE relative to NEHRPB/C site boundary condition
(VS30 � 760 m=s). In our dataset, site conditions are unknown
for most of the stations. Based on the topographic slope proxy
of Allen and Wald (2007, 2009), we infer that most stations
are likely located on NEHRP C sites (360 m=s < VS30 <
760 m=s) with an average VS30 ≈ 430 m=s, with two stations
that may be located on stiff sites (VS30 > 600 m=s). We do not
attribute a high level of significance to the topography-based
VS30 estimates; we simply use them as a rough guide to the
average regional site conditions.

We determine site factors relative to the regional average
by constraining the FS;j terms to attain zero when averaged
over all stations. This allows the adjusted GMPE to be cen-
tered relative to the recorded ground motions, transferring
the site-effect differences between the average site condition

(assumed to be C) and NEHRP B/C site into the regional
calibration factor (discussed later). Figure 7 illustrates the
site factors determined based on empirical regression of
the observations to equation (13). FS are in ln units and attain
values between −1 and 1, showing no discernible trends with
topography-based VS30 estimates.

The event term Ei represents the average adjustment
required to match observed amplitudes from event i. Its value
can be attributed to three main factors. One of them is the
difference between the reference stress (100 bars) that is
implicitly carried by the source function (FM) and its actual
value for event i. This discrepancy will be accounted for by
the stress adjustment function (FΔσ) in the calibrated GMPE.
The second factor is the site-effect difference between the
average site condition (NEHRP C) and the NEHRP B/C
boundary condition, for which the FM function was devel-
oped from simulations. The third factor is the overall residual
effects that are different or missing in the CENAGMPE com-
pared to observed motions in Oklahoma. The summation of
the second and third factors can be represented by an Okla-
homa calibration coefficient ΔCOK to form a region-specific
GMPE for induced earthquakes.

For a given event of known M, the stress parameter is
determined from the observed spectral shape; this is equivalent
to finding the corner frequency. Yenier and Atkinson (2015a)
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showed that the calculation of stress based on spectral shape
breaks the trade-off between source and attenuation parame-
ters. Following this technique, we determineΔσ values for the
induced Prague events by matching the shape of Ei and FΔσ ,
over periods T ≤ 2 s, where response spectra are generally
well above the noise floor. The calculated stress parameters
are listed in Table 3. These values implicitly assume a near-
source shear-wave velocity (β) of 3:7 km=s, which is typical
for the source depths of natural earthquakes. This assumption
was made for consistency with the GMPE studies of Yenier
and Atkinson (2015a,b) for natural events. However, for the
shallow events of this sequence (depths ∼3 km), near-source
velocities may be in the range from 3.2 to 3:5 km=s (Herr-
mann et al., 2015). Because the value of the stress parameter
scales as 1=β3 (Boore, 2003), the equivalent values of stress
parameter would be 20%–50% higher if this lower near-source
velocity was taken into account.

Figure 8 shows the variation of Δσ values for the study
events, as a function of focal depth (d) and magnitude (M).
The three largest events (M ≥5:0), which we consider to be
mainshocks based on the findings of Keranen et al. (2013) and
Sumy et al. (2014), have Δσ values of 130–265 bars. This is
consistent with typical stress values determined for natural
events in CENA (d 5–10 km). On the contrary, the smaller
events that follow each mainshock closely in both space
and time, on the same fault plane, have much smaller stresses;
we consider these smaller events as aftershocks to each of the
respective mainshocks. The Prague aftershocks are character-
ized by a geometric-mean stress of Δσ � 30 bars, over all
magnitudes. This value is lower than the mean stress observed
for shallow natural events in CENA, by a factor of 1.5.

An interesting observation of Figure 8 concerns the vari-
ability of the stress parameter estimates for the induced
sequence, in comparison to that for natural events in CENA.
Prague events attain a standard deviation of 1.26 ln units
(a factor of 3.5) in their stress parameters. This is slightly

larger than the variability of stress parameters determined from
natural events in CENA (1.05 ln units; a factor of 2.9). How-
ever, an f-test of stress parameter variances suggest that this
difference is not significant (p-value � 0:1). Spatiotemporal
variations in source attributes of Prague aftershocks may con-
tribute to the larger variance of stress parameters for induced
events. This is investigated in the next section.

Spatiotemporal Evolution of Stress Parameter

On Figure 9, we show the location of the mainshock and
aftershock events in map view. The M 5.7 and two M 5.0
mainshocks, and several of the aftershocks that are located
near where the sequence was initiated, have relatively large
Δσ values in comparison to the rest of the events. We note
that lower stress events extend down the southwest segment
of the activated fault, possibly indicating an influence of dif-
fering fault properties on the stress parameter values. This
pattern motivates us to examine the stress parameters as a
function of time and distance from the associated mainshock.
We identified aftershocks associated with each mainshock
considering the time and location of each event. Specifically,
events are distinguished as aftershocks if they occur within a
few days following a mainshock (two days for the M 5.0
events, four days for the M 5.7 events), and appear to be
along the same fault plane. For aftershocks that could poten-
tially be associated with more than one mainshock by these
criteria, the aftershock is associated with the nearest main-
shock. Events that occurred after the conclusion of the iden-
tifiable aftershock sequences are considered to be following
events, which are not specifically aftershocks of any of the
three mainshock events. It is acknowledged that there is
some subjectivity in this classification. As illustrated in
Figure 10, the aftershocks for the largest event show a steeply
decaying trend of stress parameter values with time, attaining
values that are uniformly below 30 bars within one to two
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days. There is some suggestion of similar behavior for the
two M 5.0 sequences, but they contain too few events to be
definitive. Following the three decaying sequences, the
events become more widely spaced in time, while the stress
parameter values appear to recover. About a week after the
third mainshock, the stress parameters have reset to average
levels near 100 bars. We conclude that the CENA stress-
parameter model of YA15 (equation 12) is appropriate for
mainshock events in the Prague sequence, but that the after-
shock events are characterized by lower stress parameter
values.

We explore this intriguing temporal behavior within the
short sequences of decaying stress that follow each main-
shock in an expanded view, in which the distance from
the mainshock is also shown, on Figure 11. The stress is
clearly decaying in both distance and time from the associ-
ated mainshock for the largest event. It is noteworthy that this
sequence extends to distances of 10 km and beyond from the
associated hypocenter in a time span of only 1.5 days.

In considering the decay of the stress parameter with re-
spect to time and space, it is interesting to explore the im-
plications and potential causes. Presumably, the events in
the sequence have been facilitated by high pore pressures
traveling along the Wilzetta fault system, to distances of
up to 18 km from a nearby high-volume disposal well shown
in Figure 9 (Keranen et al., 2013). Considering the temporal
aspect of the stress parameter behavior, it has been suggested
that permeability is enhanced by the mismatch of rough fault
surfaces following fault slippage (Brown and Bruhn, 1998).
This self-propping of the fault could allow elevated pore
pressures to travel rapidly along it in the immediate aftermath

of each mainshock rupture. These higher pore pressures
would reduce effective stress and enable failure of asperities
in a near-critical state. The higher-stress events may represent
higher-strength asperities. The transient effects of mainshock
slip may dissipate quickly, with stress readjustment sub-
sequently occurring throughout the affected area.

Implications for Ground-Motion Prediction Equations

The stress parameter values obtained in this study, par-
ticularly the relatively high values for the mainshock events,
may at first appear inconsistent with other studies. For exam-
ple, other studies have concluded that induced earthquakes in
Oklahoma have low-stress parameters (e.g., Hough, 2014;
Sun and Hartzell, 2014; Sumy et al., [unpublished manu-
script, 2016; see Data and Resources]). However, the results
do not appear discordant when considered more closely in
the context of ground-motion amplitudes, which is the lens
through which we are viewing the stress parameter values.
For example, Sumy et al. (unpublished manuscript, 2016;
see Data and Resources) looked at aftershock stress param-
eters for this sequence using a very different analysis model.
The overall finding of low-stress parameters for the after-
shocks, and a tendency for high-stress events to cluster near
the mainshock initiation locations, are consistent in the
two studies. However, Sumy et al. (unpublished manuscript,
2016; see Data and Resources) obtain systematically lower
absolute values for stress than those of this study. It has been
well established over many articles that stress parameter val-
ues are very sensitive to both the basic definition and the
computation methodology (e.g., Atkinson and Beresnev,
1997; Allman and Shearer, 2007, 2009), and thus absolute
values of the stress parameter can only be compared across
studies if the definition of stress and method of computation
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are consistent. There are significant differences in methods
used to calculate stress between the two studies. In particular,
Sumy et al. (unpublished manuscript, 2016; see Data and
Resources) used a spectral fitting method that assumed a 1=R
geometric spreading model, whereas the attenuation in this
study is steeper (1=R1:3 spreading per equation 9), and stress
parameters are determined based on response spectral shape.
Because of the strong trade-off between geometric spreading
and stress parameter (Boore et al., 2010; Yenier and Atkin-
son, 2014), it is not surprising that their stress parameters are
systematically lower than those of this study. There are nu-
merous other minor differences such as the form of equation
used to convert corner frequency to stress and the treatment
of site response terms. In this study, we ensure that the def-
inition and methodology of determining stress is fully con-
sistent with the way it is applied in GMPEs as described by
Yenier and Atkinson (2015a,b). This allows us to focus on
the implications of the results for the prediction of ground
motion. By contrast, the Sun and Hartzell (2014) study fo-
cused on determination of the slip on the fault plane and did
not evaluate ground-motion amplitudes.

The work of Hough (2014) focused on modified
Mercalli intensity (MMI) observations and their decay with
distance. She noted that at close epicentral distances the
MMI values for induced events are consistent with those
from natural earthquakes of the same magnitude, which is in
qualitative agreement with the key result of this study. How-
ever, she also noted an apparent deficiency in observed MMI
for induced events at large distances, in comparison to the
intensity prediction equation (IPE) of Atkinson and Wald
(2007). She interpreted the low regional values of MMI for

induced events as evidence for relatively low levels of high-
frequency ground motion, in comparison to those for natural
events of the same magnitude. The issue is illustrated in
Figure 12, which plots the MMI values for the three main-
shock events of this study in comparison to the IPE of At-
kinson, Worden, and Wald (2014); the MMI observations
include both the raw observations for each zip code, and
mean values in distance bins, all from the Atkinson, Worden,
and Wald (2014) database. This figure is very similar to plots
made by Hough (2014) for the same events, except that we
compare observations to the updated Atkinson, Worden, and
Wald IPE, in preference to the older Atkinson and Wald
(2007) IPE used by Hough. The updated IPE features some-
what faster MMI attenuation relative to Atkinson and Wald
(2007). Overall, we concur with Hough that the MMI values
are generally lower than would be expected for average natu-
ral events of the same magnitude. However, the differences
are not as marked as those noted by Hough, due to our use of
an updated IPE. For the largest event, the deficiency in ob-
served MMI is not statistically compelling. For the M 5.0
events, the MMI values are clearly deficient in the 20–
200 km distance range relative to the IPE. In our view, the
observed differences are understandable when one considers
the aspects of attenuation and source scaling that are not cap-
tured in generic IPEs. In particular, IPEs implicitly reflect the
stress parameter and attenuation attributes for events of aver-
age focal depth (d ≈ 10 km). Because induced events are
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shallow, their stress parameters are less than average for natu-
ral events of the same magnitude; this can be seen in Figure 8,
which shows that the stress parameters for the three main-
shock events studied here are less than average for natural
events (d ≈ 10 km) in CENA, simply because of their focal
depth. Thus, we believe that the results of Hough (2014), and
those shown in Figure 12, are consistent with the findings of
this study. Specifically, the ground motions of induced events
are comparable to those of natural events of the same mag-
nitude and focal depth. However, if the ground motions of
induced events are compared with those of deeper natural
events, they will appear to be high at close distances and
low at further distances, due to the effects of the shallow
focal depth on source and attenuation scaling.

In Figure 13, we examine the scaling behavior of the
corner frequency as a function of magnitude, in comparison
to the scaling expected for constant stress. It is interesting
that there is no significant deviation from the constant-stress
slope. This is in accord with results for moderate-to-large
events (e.g., Allmann and Shearer, 2009). Deviations from
the constant-stress trend for events of M <4:0 are seen in
some regions (e.g., Mereu et al., 2013), but not in others
(e.g., Allmann and Shearer, 2007). There are different pop-
ulations of stress values in Figure 13. We can group these,
approximately, into a high-stress population having an aver-
age stress near 120 bars, and a low-stress population having a
value near 20 bars. This is consistent with Figures 9–11, but
demonstrates that the reason for the differing stress values
does not relate to magnitude scaling. The events appear to
follow the expected relationship for self-similar scaling, but
there is a wide range of stress parameter values. A similar
observation was made by Allmann and Shearer along the
San Andreas fault, in which they observed high-stress values
in the hypocentral region of the 2004 M 6.0 Parkfield earth-

quake, but lower stress values in the Middle Mountain asper-
ity and along the creeping sections of the fault, while the
constant-stress scaling was maintained.

Specification of Generic GMPE for Oklahoma
Earthquakes

To define a GMPE for induced mainshock events in
Oklahoma, we determine a regional calibration factor (ΔCOK)
that closes the amplitude gap between the CENA GMPE of
YA15 for B/C site conditions and observed amplitudes in
Oklahoma, generally on C sites. Thus, the Oklahoma GMPE
for specified magnitude, distance, and stress parameter is
given as
EQ-TARGET;temp:intralink-;df14;313;569

lnYOK;C � FM � FΔσ � FZ � γCENADrup

� CCENA � ΔCOK; �14�
in which YOK;C represents the median ground-motion ampli-
tude for average site conditions in Oklahoma (NEHRP C).
Equation (14) is simply the CENA GMPE model of YA15
with an added constant term (ΔCOK).

The regional calibration factor (ΔCOK) reconciles the
predicted and observed amplitudes, accounting for the over-
all differences between the CENA GMPE and the ground-
motion database in Oklahoma. We determine the value of
ΔCOK based on the analysis of event-specific residuals, after
removing the effects of all specified model parameters for
Oklahoma.
EQ-TARGET;temp:intralink-;df15;313;393

δij � lnYOK;ij − �FM;i � FΔσ;i � FZ;i;j

� γCENADrup;i;j � FS;j � CCENA�; �15�
in which δij represents the ground-motion residual for event i
and station j, for a given ground-motion parameter. FΔσ;i is
the stress adjustment factor (equation 4) evaluated for the Δσ
value of event i. Specifying the stress adjustment value for
each event individually provides flexibility to accommodate
the varying stress levels in time and space that were noted in
the previous section. We will return to this issue later, with
regard to how to handle this problem for future events with
unknown stress. Figure 14 shows that there are no apparent
trends in the mean event residuals (δi �

P
δij=ni, in which

ni is the number of records obtained from event i; ni ≥ 3 at a
given period) with magnitude or depth. This indicates that
the magnitude scaling of ground motions is well described
by the FM function. It is noteworthy that the mean event re-
siduals show large variability, particularly for short periods.
The δi values attain a standard deviation of ∼0:58 ln units
(factor of 1.8) for short periods (T < 0:1 s) and PGA. This
decreases to ∼0:36 ln units (factor of 1.4), for longer periods
(T > 0:5 s). The Oklahoma calibration factor relative to the
CENA GMPE (ΔCOK) is determined as the average of δi
values over all events. This factor includes the average site
response for the stations relative to the B/C reference con-
dition for the CENA model; thus it is not surprising that the
ΔCOK values, listed in Table 4, have positive values at all
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periods. Moreover, as shown in Figure 15, the ΔCOK values
increase with period at T > 0:4 s, which is also suggestive of
site response for deeper deposits. Other factors contributing
to the Oklahoma calibration may be regional attributes such
as crustal properties, source mechanisms, and near-surface
attenuation (κ0 parameter).

We correct individual residuals for the average event
residual (i.e., δ′ij � δij − δi) to further assess the perfor-
mance of the attenuation model parameters. Figure 16 shows
the δ′ij values as a function of rupture distance. The mean δ′ij
determined for log-spaced distance bins generally have near-
zero values, indicating that the assumed CENA attenuation
parameters are appropriate. However, the mean δ′ij in the
closest distance bin (3 km < Drup < 5 km) is positive, as
shown in the figure, indicating a tendency for stronger-than-
predicted motions very close to the epicenter. This discrep-
ancy appears to be prominent for short-period motions and
decreases with increasing period.

As discussed earlier, the mainshock events and the earth-
quakes that happen after the initial aftershock sequences sub-
side have significantly higher stress parameters. This has
important implications in terms of prediction of ground mo-
tions for seismic-hazard assessment. In Figure 17, we com-
pare the site-corrected (NEHRP C) ground motions of

M ≥3:0 events to our proposed GMPE for Oklahoma (equa-
tion 14). Observed motions are plotted for different magnitude
bins, which are categorized based on the event stress param-
eter. The predictions are evaluated at mid-magnitude for
each bin, using the CENA stress parameter model (equa-
tion 12). A focal depth of 5 km is assumed, which is the aver-
age depth of the Prague events. For this depth, the predicted
average stress for CENA events is 45 bars atM 3.0, increasing
to 70 bars for M ≥5:0. Also shown in Figure 17 is the em-
pirical GMPE developed by Atkinson (2015; hereafter, A15)
based on M 3.0–6.0 events in California at hypocentral dis-
tances <40 km; this GMPE has been proposed as a suitable
proxy GMPE for induced events. For consistency with this
study, the alternative effective-depth saturation term (which
controls the rolloff of the curves at very close distances) was
selected for the plot, though this choice does not matter for the
purposes of this exercise. For consistency, the A15 model was
converted from B/C to C using the calibration factor (ΔCOK),
which primarily represents average site response for stations
relative to the B/C site condition. The A15 model and the
model of this study are in reasonable agreement in overall am-
plitude level, but the model of this study has a more realistic
attenuation shape for distances beyond 50 km. This is because
our model includes the transition from direct-wave to surface-
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wave spreading at regional distances, whereas the A15 model
focused on distances <50 km. At distances <50 km, the two
models are in good agreement for periods of 0.5 s and greater,
except that the A15 model results in larger amplitudes (by
about a factor of 2) at very close distances. The observations
do not allow discrimination of which model is preferred at
such distances. For short periods (0.1 s), PGA and PGV, our
model predicts higher amplitudes than does the A15 model.
This is expected because it features a higher stress parameter
than that for California events. The data plotted in Figure 17
suggest that a higher stress parameter is warranted for induced
Oklahoma events, when one excludes the lower-stress after-
shocks (Δσ < 30 bar). On the flip side, the A15 model pro-
vides a good agreement with observed motions from many of
the lower-stress Oklahoma events. We should acknowledge
that our model underpredicts the short-period (0.1 s) motions,
PGA and PGV for high-stressM 3.4–3.7 events (filled circles
in Fig. 17) by more than a factor of 2. This is because these
events all had very high stress parameters (126, 302, 316, and
398 bars), much higher than the average for such events in the
CENA model (51 bars).

A key question in applying the proposed GMPE for
future Oklahoma events concerns the value of stress parameter
that should be applied. As shown in Figure 17, the ground
motions of mainshock events and many of the higher-stress
following events are consistent with stress parameters observed
for shallow (<10 km) natural events in CENA, whereas, in
contrast, the ground motions of low-stress aftershocks are more
consistent with the stress parameter level implied by the A15
model. We conclude that the CENA stress parameter model is
appropriate for moderate-to-large induced mainshock events in
Oklahoma. However, it is important to recognize that the stress
parameter for induced events is highly dependent on focal
depth, and even for a known focal depth it has a standard
deviation of about a factor of 3 (Fig. 8). The variability in
stress parameter maps into an interevent aleatory uncertainty
of about a factor of 2 in high-frequency ground motions, per

equation (4) (for a known focal depth). The variability of the
stress parameter, and hence ground motion, further increases
when aftershocks are considered due to their space- and time-
dependent source attributes.

Recall that we determined stress parameters based on
the observed spectral shape, and the overall amplitude
differences (δi, Fig. 14) were modeled by the regional cali-
bration factor ΔCOK. This factor primarily corresponds to the
average site response relative to the B/C site condition. How-
ever, it may also be influenced by regional attributes such as
crustal properties, source mechanisms, near-surface attenua-
tion (κ0 parameter), and ground-motion duration relative
to the CENA model. Uncertainty in the ΔCOK values may
include components of both inter- and intraevent uncertainty
as well as epistemic uncertainty in the applicability of the
adopted CENA model. Decoupling these uncertainties is not
feasible with limited data of this study. Instead, all these fac-
tors can be considered to influence the total aleatory uncer-
tainty in hazard calculations.

Considering just the mainshock events and the events
that follow the aftershock sequences (more than 1 week after
the third event), the total aleatory variability of ground mo-
tions is 0.52, 0.54, 0.52, 0.43, 0.42, and 0.43 ln units at peri-
ods 0.05, 0.1, 0.2, 0.5, 1, and 2 s, respectively. These values
are generally smaller than the total aleatory variability of natu-
ral events in CENA (1.13, 1.01, 0.85, 0.77, 0.75, and 0.73
ln units, respectively), particularly because ground motions

Table 4
Anelastic Attenuation Coefficient for Central and
Eastern North America (CENA) (γCENA) and

Oklahoma Calibration Factor (ΔCOK) for Oklahoma

T (s) γCENA ΔCOK

0.010 −4:661 × 10−3 2:344 × 10−1

0.013 −4:693 × 10−3 2:310 × 10−1

0.016 −4:687 × 10−3 2:226 × 10−1

0.020 −4:668 × 10−3 1:413 × 10−1

0.025 −4:884 × 10−3 6:403 × 10−2

0.030 −5:113 × 10−3 4:616 × 10−2

0.040 −5:266 × 10−3 1:170 × 10−1

0.050 −5:471 × 10−3 2:079 × 10−1

0.065 −5:714 × 10−3 2:406 × 10−1

0.080 −5:794 × 10−3 2:357 × 10−1

0.100 −5:640 × 10−3 3:164 × 10−1

0.130 −5:236 × 10−3 3:044 × 10−1

0.160 −4:771 × 10−3 3:152 × 10−1

0.200 −4:203 × 10−3 3:639 × 10−1

0.250 −3:648 × 10−3 3:021 × 10−1

0.300 −3:121 × 10−3 2:894 × 10−1

0.400 −2:438 × 10−3 3:109 × 10−1

0.500 −2:041 × 10−3 3:971 × 10−1

0.650 −1:638 × 10−3 4:750 × 10−1
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Figure 15. Empirical calibration factor for average Oklahoma
sites (ΔCOK, Table 4) relative to the CENAGMPE of YA15 (for B/C).
Error bars represent the standard error about COK. The color version
of this figure is available only in the electronic edition.
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of this study represent variations of source, attenuation, and
site attributes within a relatively small region in Oklahoma,
whereas ground motions of natural CENA events represent
variability of such effects over a much wider area.

There is significant epistemic uncertainty in the ground
motions from Oklahoma events remaining following this
study, because we studied a single sequence with limited
magnitude distribution. The applicability of these findings to
other sequences must await further analysis with larger data-
sets including a broader range of source attributes. Similarly,
the data from this study are too limited to enable an objective
evaluation of the epistemic uncertainty in GMPEs for in-
duced events. This topic will be the subject of future work
with additional data.

Summary and Conclusion

Prediction of ground motions that may be produced by
induced earthquakes in Oklahoma is important for the assess-
ment of hazard contributions from induced seismicity. In this
study, we develop a ground-motion model using observa-
tions from the 2011 Prague sequence. The method is based
on modifying the key model parameters of a regionally
adjustable generic GMPE that was derived from simulations

calibrated to the California ground-motion database. The
Oklahoma GMPE is calibrated to capture the observed
source and attenuation attributes of induced events. Because
of the combined use of regional observations and seismologi-
cal modeling, it is applicable over a broad range of magnitudes
(M 3–6) and distances (3–150 km). We show that ground-
motion attenuation in Oklahoma agrees well with the observed
decay rates in a wider region of CENA.

The stress parameter values for the induced Prague se-
quence, controlling the strength of high-frequency radiation,
decay sharply with time in the first few days following the
largest events of the sequence, then gradually recover. The
mainshock events, and the events following the initial after-
shock decay sequences, have stress parameters consistent with
those for natural earthquakes of similar magnitude and depth
in CENA. Because of the relatively high-stress parameters in
CENA, the events produce high-frequency ground motions
that are larger than expected for shallow natural events in
California, which are characterized by lower stress. An oft-
heard statement to the effect that induced events have low-
stress drops and therefore produce low ground motions is
not borne out by ground-motion recordings for moderatly in-
duced mainshock events at close distances.
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Figure 16. Event-corrected residuals (δ′ij) as a function of distance, for different magnitude bins. The residuals for the three M ≥5
mainshocks are shown as asterisks. Squares indicate the mean δ′ij values determined for distance bins of 0.2 log-unit intervals, over all
magnitudes. Standard errors of mean δ′ij values are smaller than the square symbol size. The color version of this figure is available only
in the electronic edition.
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Data and Resources

The ground-motion database for this study comprises proc-
essed seismograms from a dense, local seismic array data
deployed by the U.S. Geological Survey (USGS) and the Uni-
versity of Oklahoma, as described by Sumy et al. (2014). The
unpublished manuscript by D. Sumy, C. Neighbors, E. Cochran,
and K. Keranen (2016) is “Low stress drops observed for after-
shocks of the 2011 Mw 5.6 Prague Oklahoma earthquake” has
been submitted to J. Geophys. Res. The magnitude values used

here are from the Global Centroid Moment Tensor (CMT) cata-
log (www.globalcmt.org; last accessed February 2016). Regres-
sion analyses are performed using MATLAB software (https://
www.mathworks.com/products/matlab, last accessed February
2016). All figures, except Figure 1, were produced using CoPlot
software. Figure 1 was generated using QGIS software.
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