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Abstract The sharp increase in seismicity over a broad region of central Oklahoma has raised concern
regarding the source of the activity and its potential hazard to local communities and energy industry
infrastructure. Since early 2010, numerous organizations have deployed temporary portable seismic stations
in central Oklahoma in order to record the evolving seismicity. In this study, we apply a multiple-event
relocation method to produce a catalog of 3639 central Oklahoma earthquakes from late 2009 through 2014.
Regional moment tensor (RMT) source parameters were determined for 195 of the largest and best recorded
earthquakes. Combining RMT results with relocated seismicity enabled us to determine the length, depth,
and style of faulting occurring on reactivated subsurface fault systems. Results show that the majority of
earthquakes occur on near-vertical, optimally oriented (NE-SW and NW-SE), strike-slip faults in the shallow
crystalline basement. These are necessary first-order observations required to assess the potential hazards of
individual faults in Oklahoma.

1. Introduction

Since late 2009, the rate of magnitude 3 or larger earthquakes in north central Oklahoma is nearly 300 times
higher than in previous decades (Figure 1). Several of these earthquakes caused damage and many were felt
with over 153,000 individual felt reports for 474 separate earthquakes entered at the Did you feel it? (DYFI)
website of the U. S. Geological Survey’s (USGS) Did You Feel It? website. The earthquakes are located within the
upper crust on subsurface reactivated structures in the Nemaha and Wilzetta fault zones (Figure 2). These fault
systems bound a broad region of uplift in central Oklahoma that was originally formed as a result of the
Ancestral Rocky Mountains orogeny during the Pennsylvanian period [Joseph, 1987; Luza and Lawson, 1982].
The uplifted region is a complex belt of ancient, buried, high-angle faults [Northcutt and Campbell, 1995]
that have been exploited for the past 100 years for their reservoirs of oil and gas [Dolton and Finn, 1989]. The
recent increased seismicity poses an elevated earthquake hazard to the infrastructure, communities, and
regional population.

Beginning in early 2010, the USGS cooperated with the Oklahoma Geological Survey (OGS) to deploy temporary
portable seismic stations in order to improve monitoring of the increasing earthquake rate in central Oklahoma
and potentially capture ground shaking from a large event (see supporting information for additional details).
The largest seismic sequence was a series of three moderate, but damaging earthquakes (Mw 4.8, 5.6, and 4.8)
that occurred in early November 2011 near the town of Prague (Figures 1 and 2). The sustained increase
in earthquake rates has raised both interest and concern among numerous research groups as well as state
and federal agencies [Petersen et al., 2014]. Llenos and Michael [2013] have noted that the recent activity does
not follow the statistical distribution of naturally occurring tectonic earthquakes, indicating a fundamental
change in the earthquake triggering process may have occurred. Of particular concern is whether
wastewater injection by the oil and gas industry is influencing seismic activity and what the potential hazards
are to the communities and structures in the seismic zone [Keranen et al., 2013, 2014; Ellsworth, 2013].
Earthquake source characterization is essential to address these questions. Understanding the orientation
and style of the faults along with their location relative to larger, established faults in the region is critical in
determining both the cause of the activity and the potential hazards. Drawing from the analysis presented in
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this study, we identified several factors that signify the potential for larger and more damaging earthquakes
to occur in the future. Key findings include the following: (1) the majority of the faults in the region are
favorably oriented relative to the regional compressive stress field (N85E) and thus susceptible to rupture;
(2) earthquakes are shallow and primarily constrained to the upper portion of the crystalline basement
(less than 6 km depth); (3) a substantial number of faults are relatively long (up to 10 km), and (4) in a
few cases, earthquakes are occurring on well-known, subsurface faults that have the potential to produce
larger earthquakes. Together these findings indicate an increased level of potential earthquake hazard in
central Oklahoma.

2. Data and Methods

Immediately following the Mw 4.8 earthquake of 05 November 2011 in the Prague region, the University of
Oklahoma, the USGS and the Incorporated Research Institutions in Seismology (IRIS) installed additional
broadband seismograph stations near the epicenter of the earthquake; fortunately, three stations were
deployed in time to record theMw 5.6 Prague earthquake on the following day [Keranen et al., 2013]. Since the
November 2011 Prague sequence, additional seismic stations have been deployed to improve monitoring of
earthquake sequences near Oklahoma City (Guthrie, Langston, Jones, and Cushing) and in north central
Oklahoma near the towns of Medford and Stillwater (Figure 2). Complementing the portable deployments
were temporary regionally distributed stations in the Earthscope Transportable Array and permanent stations
operated by the OGS and USGS. Waveforms and phase picks from over 100 seismic stations were analyzed in
this study to determine detailed earthquake source parameters that can be used to characterize regions of
reactivated faulting in central Oklahoma (see supporting information for additional details).

Figure 1. Earthquakes from the NEIC COMCAT system. (a) Plot showing Oklahoma cumulative seismicity (M> 2.5) from 1975
through December 2014. (b) Timeline showing earthquake magnitude from 1975 through December 2014.
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2.1. Multiple-Event Location

An initial catalog of USGS National Earthquake Information Center (NEIC) hypocenter locations and phase data
was used as input to determine calibrated multiple-event relocations using the Hypocentroidal Decomposition
(HD) method first developed by Jordan and Sverdrup [1981]. HD is a multiple-event procedure in the same
class ofmethods that include Joint Hypocentral Determination [Dewey, 1972] and Double Difference [Waldhauser
and Ellsworth, 2000]. The HD relocation method provides improved hypocenter locations with minimized
location bias and realistic estimates of location uncertainty for each earthquake. When local seismic stations
are available, location uncertainty is reduced to <1 km. In other cases uncertainty is reduced to <2 km. In
addition, relocating earthquakes using HD can reduce, by a factor of 2, the scatter in hypocenter locations
determined using single-event methods. Another advantage of this method is the ability to accurately
relocate a main shock using regional stations that also recorded aftershocks on the more dense local network.
Recent examples of HD applications can be found in McNamara et al. [2014], Hayes et al. [2013], [2014], and
Rubinstein et al. [2014] (see supporting information for additional details).

2.2. Regional Moment Tensors

We took advantage of the fact that the regional moment tensor (RMT) method provides good estimates of
the earthquake depth, magnitude, and style of faulting. RMT solutions were computed using the broadband
waveform modeling method described in Herrmann et al. [2011] and the multiple-event HD hypocenter
locations determined in this study. The waveforms were typically filtered between 16 and 50 s periods but
were filtered to shorter periods of 12–30 s for smaller earthquakes (typically<Mw 3.5). Green’s functions
were computed using the western U.S. model of Herrmann et al. [2011], a model that best fit the observed
local and regional P wave travel times and surface wave amplitude and dispersion in the period band
10–100 s for Oklahoma earthquakes. RMT source parameters were determined for 195 of the largest
and best recorded earthquakes modeled in this study (Figures 3 and 4) (see supporting information for
additional details).

3. Results

The complete catalog of 3639 central Oklahoma earthquakes produced in this study is magnitude complete
to 2.5 (Table S1). Additional processing was done to the Prague sequences to lower the magnitude of
completeness to 0.5. The Prague sequence was a special study because of a deployment of temporary
stations in the area prior to and following the Mw 5.6 main shock. Of the 3639 relocated earthquakes in this
study, 1434 are associated with the Prague sequence.

Figure 2. Map showing the USGS NEIC single-event epicenters (1974 to December 2014). Grey lines are subsurface and
surface faults from Northcutt and Campbell [1995]. Dashed black lines outline the regions discussed in the section 3 and
shown in Figures 4 and S7. The Meers fault is also shown and is the only known active fault in Oklahoma prior to the
recent increase in seismicity.
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From late 2009 through 2013, the most intense seismic activity was primarily observed in central
Oklahoma, east and northeast of Oklahoma City (Figure 2). Starting in late 2013, activity began to occur
in a broader region of north central Oklahoma extending from Oklahoma City into south central Kansas
(Figure 2). The increase in seismicity is best illustrated in a plot of cumulative seismicity versus time
(Figure 1), which shows a steady increase until late 2009, followed by another increase in 2011 due
to the November 2011 Prague sequence. The latter includes a damaging Mw 5.6 and several Mw ≥ 4
earthquakes. Following the Prague sequence, cumulative seismicity rose moderately into 2014 (Figure 1),
when it began to climb significantly due to an expanded area over which earthquakes were occurring
and a significant increase in the number of Mw> 4 earthquakes in the larger area of active seismicity
(Figures 1 and 2).

The majority of the recent earthquakes in central Oklahoma define reactivated ancient faults at shallow
depths in the crust (<6 km) (Figure 3c); these faults cut through the Cambro-Ordovician Arbuckle Group
and extend down into the crystalline basement. The RMT focal mechanisms determined in this study
are predominantly strike slip with one nodal plane oriented on average 45° ± 5° and the other oriented
135° ± 5° (Figure 3) (Table S2). These nodal planes are optimally oriented relative to the maximum
horizontal compression direction (N85E) for reactivating earthquake activity on ancient faults [Alt and
Zoback [2014]; Zoback and Zoback, 1991; Holland, 2013]. The following sections describe results in each
region shown in Figure 2.

Figure 3. Histograms of RMT source parameters. (a) Rose histogram showing strikes of all nodal planes. (b) Histogram showing dips of all nodal planes. (c) Histogram
showing RMT depths.
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3.1. Seismicity in the Vicinity
of Prague, Oklahoma

The Prague earthquake sequence has
been well studied by numerous groups
[Holland, 2013; Keranen et al., 2013;
Sumy et al., 2014] with an emphasis on
understanding the connection between
the Mw 4.8 foreshock, the Mw 5.6 main
shock and the injection of hydraulic
fracturing wastewater into deep
disposal wells. Our HD relocation
moved the November 2011 Prague
main shock (Mw 5.6) approximately
1 km to the southwest, placing it well
within the main aftershock zone and
directly along a southwest trending
splay of theWilzetta Fault (Figure 4a). The
earthquake was one of the largest in
Oklahoma history and caused major
damage to residences in the epicentral
region (MMI VIII USGS PAGER). Relocated
seismicity of the Prague earthquake
sequence (Figure 4a) defines a complex
intersection of reactivated fault
segments within the Wilzetta fault
system that includes a relatively long
(approximately 20 km) main branch,
along with several shorter (2–4 km)
antithetic structures (Figures S5 and S6)
(see supporting for additional details).

The Wilzetta fault (also known as the
Seminole uplift) is one of a series of
small faults formed in the Pennsylvanian
Epoch (approximately 300 Ma ago)
during the formation of the Nemaha
fault system [Northcutt and Campbell,
1995]. The northern portion of the
northeast southwest trending belt of
seismicity closely aligns with the spatial
location of a splay of the Wilzetta fault
(red line Figure 4a). The southern half,
however, deviates westward away
from the previously mapped main
trace of the Wilzetta Fault (dashed red
line Figure 4a). The extension of the
aftershocks well past the mapped splay
of the Wilzetta Fault follows a
topographic low in the pre-Pennsylvanian
unconformity [Joseph, 1987], suggesting
a possible continuation of the fault
(Figure S5). At depth, the aftershocks

define the active fault as a near-vertical structure. Aftershocks within this band of seismicity died off very
rapidly (p value=1.3, Figure S7) and occur primarily in the depth range of about 1 to 10 km, placing the

Figure 4. Oklahoma HD relocated epicenters and RMTs shown in three
regions corresponding to boxes in Figure 1. Grey squares show Oklahoma
cities within each region. Circles show the HD relocated hypocenters sized
by magnitude and colored by depth. Green triangles show the locations
of seismic stations used in this study. Red lines are subsurface and surface
faults from Northcutt and Campbell [1995] and Joseph [1987]. (a) Prague
Region. (b) Jones Region. (c) Guthrie-Langston Region.
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shallow aftershocks (<3 km depth) within the Arbuckle Group, the primary wastewater disposal formation,
and deeper earthquakes in the underlying basement rocks.

The RMT analysis for the Mw 4.8 foreshock and Mw 5.6 main shock defines a near-vertical northeast striking
nodal plane with, right-lateral strike-slip motion that aligns with the relocated seismicity (Figure 4a). The 08
November 2011 Mw 4.8 aftershock also has a near-vertical, strike-slip mechanism, but with an E-W nodal
plane that aligns with a ~5 km splay of aftershock seismicity. The seismicity and mechanism combined
indicate activity on an antithetical left-lateral strike-slip fault, likely activated in response to the stress changes
from the Mw 5.6 main shock (see supporting information for additional details).

3.2. Seismicity in the Vicinity of Jones, Oklahoma

Beginning in 2010, earthquake rates increased in the Jones region. The over 420 earthquakes shown in this
region are more diffuse and occur within several different clusters with the largest area of activity occurring
northwest of the town of Jones (Figure 4b). This cluster of over 100 earthquakes lies on an approximately
6 km long northwest southeast trending fault consistent with one of the RMT nodal planes. The cluster of
earthquakes has been previously linked to fluid migration from high-rate disposal wells (averaging about
1,000,000 barrels/month) located about 20 km SSW in southeast Oklahoma City [Keranen et al., 2014]. Relocated
earthquake depths (1–10 km) are within large disposal formations and deeper basement structures
[Gay, 1999].

3.3. Seismicity in the Vicinity of Guthrie and Langston, Oklahoma

In mid-2013, earthquake activity significantly increased in the Guthrie-Langston region as shown by the
nearly 400 earthquakes in Figure 4c. Relocated seismicity identifies two large and several small earthquake
clusters in the area. The largest earthquake in the area is anMw 4.4 about 12 km SSW of Guthrie. The trend of
the seismicity and RMT focal mechanisms suggests the active structure is a left-lateral strike-slip basement
fault that strikes to the NW. The largest earthquake cluster in this region is SW of Langston where the
trend of seismicity and RMT focal mechanisms indicates faulting on a right-lateral strike-slip basement fault.
This sequence is unusual in being relative long (approximately 12 km) as compared to clusters that are
typically less than 5–6 km in length. In total 15 RMT solutions have been computed in the region, and all RMT
solutions are characteristically near-vertical strike-slip mechanisms that only fit well using a shallow source
(<4 km depth).

3.4. Seismicity in the Vicinity of Cushing, Oklahoma

In late 2014, a new area of seismicity was observed in a region between Chandler and Cushing, Oklahoma
(Figure S8a). The two largest earthquakes (Mw 4.0 and Mw 4.3 on 7 and 10 October, respectively) occurred
approximately 5 km south of Cushing with reported minor damage at the regional airport and community
youth center. Earthquakes within this cluster died off rapidly after the largest Mw 4.3, are relatively shallow
(<5 km) and align along an approximately 5 km long E-W trending basement fault that is consistent with a
RMT nodal plane and runs directly beneath the Cushing airport and eastward under the southern end of
the Cushing oil storage and transportation facility (Figure S8a). The relocated seismicity occurs at a complex
intersection of conjugate strike-slip faults within the Wilzetta-Whitetail fault zone and represents a significant
hazard to energy industry infrastructure [Bennison, 1964; Joseph, 1987; McBee, 2003].

3.5. Seismicity in North Central Oklahoma Region (Medford, Stillwater)

This area of Oklahoma has only experienced significant increases in seismicity since late 2013. Station coverage
in the region is relatively limited as compared to farther south near Oklahoma City. However, the recent
addition of stations in southern Kansas [Rubinstein et al., 2013] enables us to identify several small clusters
of earthquakes and relocate 1320 shown in Figures S8b and S8c. Twelve earthquakes were large enough
to compute RMTs, the two largest (Mw 4.1 and Mw 4.2 on 30 March 2014 at 14:09:59 UTC and 06:51:56 UTC,
respectively) occurred on a northeast to southwest striking splay of the Nemaha fault zone north of Crescent,
Oklahoma (Figure S8b). The trend of this relocated sequence is consistent with the right-lateral nodal plane
of six the RMTs.

In the Medford region (Figure S8c), seventeen earthquakes were large enough to compute RMTs; the two
largest were a Mw 4.0 on 19 September 2014 at 01:31:53 UTC and a Mw 4.3 on 29 July 2014 at 02:46:36 UTC.
According to the USGS Did You Feel It system, the Mw 4.3 event was felt widely up to 250 km away in central
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and eastern Kansas and south to Oklahoma City and Norman, Oklahoma. Locally, the maximum earthquake
shaking was estimated to be Mercalli Intensity VI. We can identify several small clusters within the generally
dispersed seismicity with a mix of northwest to southeast and northeast to southwest striking fault planes.
Several small 1–2 km long earthquake clusters are of significance to future earthquake hazards due to their
proximity to longer faults associated with the Nemaha fault zone. Both the seismicity and RMT solutions
constrain source depths to be less than about 5 km.

4. Discussion

Developing spatial correlations between earthquakes and specific faults in the Central United States (CUS)
has traditionally been difficult. This has primarily been due to low seismicity rates and few well-constrained
earthquake locations and moment tensor solutions. The combination of the recent increased earthquake rate,
good station coverage over a broad region of the CUS and strategically located temporary stations enabled
us to build a catalog of calibrated earthquake locations and RMT solutions to relatively small magnitudes
(typicallyM3.5 or larger). Combining RMT results with relocated seismicity enabled us to determine the length,
depth, and style of faulting occurring on ancient reactivated fault systems. These are necessary first-order
observations required to assess the potential hazards of individual faults in Oklahoma.

Based on our catalog of earthquake source parameters, we can delineate numerous reactivated subsurface
faults throughout central Oklahoma and provide guidance on which faults are of most concern. The majority
of the reactivated faults in the region are favorably oriented for earthquake rupture relative to the regional
compressive stress field (Figure 3) [Alt and Zoback, 2014]. Earthquakes are shallow and primarily constrained to
the upper portion of the crystalline basement (less than 6 km depth) with some seismicity reaching into the
overlying sedimentary bedrock. The shallow earthquake depths can increase ground shaking from smaller
earthquakes. A substantial number of previously unmapped subsurface faults are relatively long (up to
10 km). For example, the largest observed active earthquake sequence (Prague) ruptured a previously
unmapped portion of the Wilzetta Fault (Figure 4a). In other regions relocated seismicity can be associated with
structures and splays along the Nemaha fault zone. In a few cases, earthquakes are occurring on well-known,
larger faults that have the potential to produce larger earthquakes. Of particular concern are active earthquake
clusters that are associated with long fault structures that may be capable of supporting significantly larger
earthquakes (M5–6). Examples include the approximately 10 km long sequence south of Langston (Figure 4c),
the sequence south of Cushing along the Wilzetta fault zone (Figure 4d) [Bennison, 1964], and several smaller
clusters in the Medford and Stillwater regions that are located along very long and optimally oriented splays of
the Nemaha fault zone (Figures 4e and 4f).

In several cases, aftershocks are distributed over a much larger area than predicted for the associated main
shock and died off rapidly (Prague, Jones, Langston, and Cushing) [Wells and Coppersmith, 1994]. In the
specific case of the Prague sequence, aftershocks are distributed for a length of approximately 20 km and
depth range of approximately 10 km, which is 12–15 km longer than expected for a Mw 5.6 main shock
subsurface rupture. The very large modeled rupture area requires very low stress drop (<1MPa, 10 bars)
[Eshelby, 1957], which is consistent with a growing body of evidence that injection-induced earthquakes are
characterized by low stress drop [Hough, 2014; Sun and Hartzell, 2014 and Block et al., 2014].

Currently, the USGS National Seismic HazardMap Project (NSHMP) does not include human-induced seismicity,
and therefore, likely underestimates earthquake hazard in the region [Petersen et al., 2014]. A significant
issue for government earthquake hazard scientists is to consider how to incorporate injection-induced
earthquakes into the calculation of the NSHMP. Engineers, architects, and regulatory bodies in the region
should be aware of the current increased earthquake hazard in central Oklahoma whether the seismicity
increase is natural or is induced by wastewater injection.

5. Conclusions

To better understand the spatiotemporal distribution and source mechanisms of earthquakes in central
Oklahoma, we computed well-constrained earthquake locations and magnitudes for 3639 earthquakes and
195 regional moment tensor (RMT) solutions. Improved earthquake source parameter estimates were derived
using all available seismic data in the central and eastern United States. Results show that the majority of
earthquakes occur on near-vertical, strike-slip faults in the shallow crystalline basement (<6 km depth). These
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reactivated structures trend either northeast or northwest, which is consistent with a favorable orientation for
failure from a regional compression stress that is orientated N85E [Alt and Zoback, 2014; Zoback and Zoback,
1991]. Many of the earthquakes relocated in this study coalesce from diffuse and scattered locations into
discontinuous small clusters with fault lenghts of 1–3 km. Some of these discontinuous clusters are aligned
along trends suggestive of faults several tens of kilometers long, but we are very uncertain about whether
there are longer fault structures tying together these independent clusters. Based on this study, we suggest
that the increased rate and occurrence of earthquakes near optimally oriented and long fault structures has
raised the earthquake hazard in central Oklahoma and increased the probability for a damaging earthquake.

References
Alt, R., and M. Zoback (2014), Development of a detailed stress map of Oklahoma for avoidance of potentially active faults when siting

wastewater injection wells, AGU Fall Meeting 2014, abstract.
Bennison, A. (1964), The Cushing field Creek County, Oklahoma, in Tulsa Geological Society, Symposium on the Arbuckle, Tulsa Geol. Soc., Digest,

vol. 32, pp. 158–159, Tulsa, Okla.
Block, L. V., C. K. Wood, W. L. Yeck, and V. M. King (2014), The 24 January 2013 ML 4.4 Earthquake near Paradox, Colorado, and its relation to

deep well injection, Seismol. Res. Lett., 85, 609–624.
Dewey, J. (1972), Seismicity and tectonics of western Venezuela, Bull. Seismol. Soc. Am., 62, 1711–1751.
Dolton, G. L., and T.M. Finn (1989), Petroleum geology of the Nemaha uplift, central Midcontinent: U.S. Geol. Surv. Open File Rep., 88–450D, p. 39.
Ellsworth, W. L. (2013), Injection-induced earthquakes, Science, 341, 142–149.
Eshelby, J. D. (1957), The determination of the elastic field of an ellipsoidal inclusion and related problems, Proc. R. Soc. London, 241, 376–396.
Gay, S. P., Jr. (1999), Strike-slip, compression thrust-fold nature of he Nemaha system in eastern Kansas and Oklahoma, in D.F. Merrian (ed.)

Transactions of the 1999 AAPG Midcontinent section meeting: Kansas Geol. Surv. Open File Rep., 99–28.
Hayes, G. P., E. Bergman, K. Johnson, H. Benz, L. Brown, and A. Melzer (2013), Seismotectonic framework of the February 27, 2010Mw 8.8 Maule,

Chile earthquake sequence, Geophys. J. Int., 195, 1034–1051, doi:10.1093/gji/ggt238.
Hayes, G. P., M. W. Herman, W. D. Barnhart, K. P. Furlong, S. Riquelme, H. Benz, E. Bergman, S. Barrientos, P. S. Earle, and S. Samsonov (2014),

Continuing megathrust earthquake potential in Chile after the 2014 Iquique earthquake, Nature, 512(7514), 295–298.
Herrmann, R. B., H. M. Benz, and C. J. Ammon (2011), Monitoring the earthquake source process in North America, Bull. Seismol. Soc. Am., 101,

2609–2625.
Holland, A. A. (2013), Optimal fault orientations within Oklahoma, Seismol. Res. Lett., 84, 876–890.
Hough, S. (2014), Shaking from injection-induced earthquakes in the Central and Eastern United States, Bull. Seismol. Soc. Am., 104,

2619–2626.
Jordan, T. H., and K. A. Sverdrup (1981), Teleseismic location techniques and their application to earthquake clusters in the south-central Pacific,

Bull. Seismol. Soc. Am., 71, 1105–1130.
Joseph, L. (1987), Subsurface analysis, “Cherokee” Group (Des Monesian), Portions of Lincoln, Pottawatomie, Seminole, and Okfuskee Counties,

Oklahoma, Oklahoma City Geological Society Shale Shaker, December 1986/January 1987.
Keranen, K. M., H. M. Savage, G. A. Abers, and E. S. Cochran (2013), Potentially induced earthquakes in Oklahoma, USA: Links between

wastewater injection and the 2011 Mw 5.7 earthquake sequence, Geology, doi:10.1130/G34045.1.
Keranen, K. M., M. Weingarten, G. A. Abers, B. A. Bekins, and S. Ge (2014), Sharp increase in central Oklahoma seismicity since 2008 induced by

massive wastewater injection, Science, doi:10.1126/science.1255802.
Llenos, A. L., and A. J. Michael (2013), Modeling earthquake rate changes in Oklahoma and Arkansas: Possible signatures of induced seismicity,

Bull. Seismol. Soc. Am., 103(5), 2850–2861, doi:10.1785/0120130017.
Luza, K. V., and J. E. Lawson Jr. (1982), Seismicity and Tectonic Relationships of the Nemaha Uplift in Oklahoma, Part IV, Oklahoma Geol. Surv.,

Spec. Publ., vol. 82–1, p. 52, Norman, Okla.
McBee, W. (2003), Nemaha strike-slip fault zone, in AAPG Mid-Continent Section Meeting, p. 14, Tulsa, Okla., 13 Oct.
McNamara, D. E., H. M. Benz, R. B. Herrmann, E. A. Bergman, and M. Chapman (2014), The Mw 5.8 Central Virginia seismic zone earthquake

sequence of August 23, 2011: Constraints on earthquake source parameters and fault geometry, Bull. Seismol. Soc. Am., 104, 1.
Northcutt, R. A., and J. A. Campbell (1995), Geological provinces of Oklahoma, Oklahoma Geol. Surv. Open File Rep., OF5–95.
Petersen, M. D., et al. (2014), Documentation for the 2014 update of the United States national seismic hazard maps, U.S. Geol. Surv. Open

File Rep., 2014–1091, xii, p. 243.
Rubinstein, J., W. L. Ellsworth, A. L. Llenos, and S. R. Walter (2013), Is the recent increase in seismicity in southern Kansas natural?, AGU Fall

Meeting 2014, Abstract S53E-8.
Rubinstein, J. L., W. L. Ellsworth, A. McGarr, and J. Benz (2014), The 2001–present induced earthquake sequence in the Raton Basin of northern

New Mexico and southern Colorado, Bull. Seismol. Soc. Am., 104(5), 1–20.
Sumy, D. F., E. S. Cochran, K. M. Keranen, M. Wei, and G. A. Abers (2014), Observations of static Coulomb stress triggering of the November

2011M5.7 Oklahoma earthquake sequence, J. Geophys. Res. Solid Earth, 119, 1904–1923, doi:10.1002/2013JB010612.
Sun, X., and S. Hartzell (2014), Finite- fault slip model of the 2011 Mw 5.6 Prague, Oklahoma earthquake from regional waveforms,

Geophys. Res. Lett., 40, 4207–4213, doi:10.1002/2014GL060410.
Waldhauser, F., and W. L. Ellsworth (2000), A double-difference earthquake location algorithm: Method and application to the northern

Hayward fault, California, Bull. Seismol. Soc. Am., 90(6), 1353–1368.
Wells, D. L., and K. J. Coppersmith (1994), New empirical relationships among magnitude, rupture length, rupture width, rupture area, and

surface displacement, Bull. Seismol. Soc. Am., 84, 974–1002.
Wessel, P., and W. H. F. Smith (2004), The Generic Mapping Tools (GMT) version 4 Technical Reference & Cookbook, SOEST/NOAA.
Wiemer, S. (2002), A software package to analyze seismicity: ZMAP, Seismol. Res. Lett., 72, 373–382.
Zoback, M. D., and M. L. Zoback (1991), Tectonic stress field of North America and relative plate motions, in Neotectonics of North America,

edited by D. B. Slemmons et al., pp. 339–366, San Francisco, Calif.

Acknowledgments
This research was supported by the
United States Geological Survey’s National
Earthquake Hazards Reduction Program.
Source parameters determined in this
study contribute to improving the
understanding of earthquake hazard in
Oklahoma and are available to research
scientists and engineers from the USGS
COMCAT system (http://earthquake.usgs.
gov/). All waveform data used in this
study, from both portable and permanent
seismic stations, are archived and
available for download from the IRIS Data
Management Center (DMC). Earthquake
hypocenter uncertainty was significantly
reduced due to the high density of
portable seismic stations. The RMTs
benefited from high-quality broadband
data recorded at permanent stations
in the ANSS RSNs, Backbone, and
Earthscope TA seismic networks. GMT
was used to generate maps [Wessel and
Smith, 2004] and ZMAP for earthquake
FMD andOmori’s law calculations [Wiemer,
2002].The authors greatly appreciate
the hard work of people that have
responded to the evolving sequences.
USGS field crews included Alena Leeds,
Jim Allen, Steve Roberts, Dave Worley,
M. Meremonte, and E. Cochran. We
would also like to thank staff at IRIS
PASSCAL, Oklahoma State University
and the Oklahoma Geological Survey
for material and logistical support.
D. Ketchum provided easy access to
waveform and meta-data. We also
thank the NEIC analysts for initial
single-event locations and phase picks.
The manuscript greatly benefitted
from editorial reviews by M. Zoback,
R. Keller, R. Williams, O. Boyd, N. Vance,
J. Rubenstein, J. McCarthy, and L. Gee.

The Editor thanks G. Keller and Mark
Zoback for their assistance in evaluating
this paper.

Geophysical Research Letters 10.1002/2014GL062730

MCNAMARA ET AL. ©2015. The Authors. 2749

http://dx.doi.org/10.1093/gji/ggt238
http://dx.doi.org/10.1130/G34045.1
http://dx.doi.org/10.1126/science.1255802
http://dx.doi.org/10.1785/0120130017
http://dx.doi.org/10.1002/2013JB010612
http://dx.doi.org/10.1002/2014GL060410
http://earthquake.usgs.gov/
http://earthquake.usgs.gov/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


