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ABSTRACT 

Transient deformation has been observed in a number of different types of tectonic 

environments.  These transient deformation signals are often observed using continuous GPS 

(CGPS) position time-series observations.  Examining transient deformation using CGPS time-

series is problematic due to the, often, low signal-to-noise ratios and variability in duration of 

transient motions observed.  A technique to estimate a continuous velocity function from noisy 

CGPS coordinate time-series of is examined. The resolution of this technique is dependent on the 

signal-to-noise ratio and the duration or frequency content of the transient signal being modeled.  

Short period signals require greater signal-to-noise ratios for effective resolution of the actual 

transient signal.  The technique presented here is similar to a low-pass filter but with a number of 

advantages when working with CGPS data.  Data gaps do not adversely impact the technique but 

limit resolution near the gap epochs, if there is some a priori knowledge of the noise contained 

within the time-series this information can be included in the model, and model parameter 

uncertainties provide information on the uncertainty of instantaneous velocity through time. 

 A large transient has been observed in the North-American stable continental interior as a 

significant increase in the number and moment release of earthquakes through time.  This 

increase in the number of earthquakes has been suggested to be largely related changes in oil and 

gas production activities within the region as triggered or induced seismicity, primarily from 

fluid injection.  One of the first observed cases of triggered earthquakes from hydraulic 

fracturing where the earthquakes were large enough to be felt by local residents is documented.  

The multiple strong temporal and spatial correlations between these earthquakes indicate that 

hydraulic fracturing in a nearby well likely triggered the earthquake sequence.  The largest 

magnitude earthquake in this sequence was a magnitude 2.9 with 16 earthquakes greater than 
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magnitude 2.  The earthquakes in this sequence occurred within 2.5 km of the hydraulic 

fracturing operation and focal depths are similar to the depths of hydraulic fracturing treatment 

depths.  In addition to the documentation of a transient earthquake signal associated with 

hydraulic fracturing, the observed focal mechanisms throughout Oklahoma are documented.  

These focal mechanisms were used to examine the maximum horizontal stress orientations and 

active fault orientations associated with the increased rates of seismicity observed in the region.  

Generally, active-fault orientations and the stresses are consistent through broad portions of 

Oklahoma with one exception, the onging Jones earthquake sequence in central Oklahoma that 

started in 2009.  In the Jones earthquake sequence a bi-modal distribution of focal mechanisms 

are observed.  One orientation of active faults observed in the Jones earthquake sequence would 

not be expected to be active in the observed regional stress field.  This unfavorably oriented set 

of faults appear to be pre-existing structures and activity on these structures may suggest that 

pore-pressure increases in the sub-surface due to fluid injection in the area make it possible for 

faults that are not optimally oriented within the regional stress-field to reactivate.
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INTRODUCTION 

 Aseismic transient deformation has been observed in a variety of tectonic settings using 

continuous GPS (CGPS) time-series observations.  Dragert et al. (2001) documented one such 

occurrence in 1999, where aseismic slip occurred on the Cascadia subduction interface.  

Transient deformation is best modeled by 2cm of slip on a 50x300 km portion of the subduction 

interface.  The transient motion occurred over a period of 6 to 15 days and had an equivalent 

moment magnitude of 6.7.  A similar aseismic slip transient on a subduction zone was observed 

in the Guerrero gap of southern Mexico, and the “silent-slip” had an equivalent moment release 

of M ≥ 6.5 (Lowry et al., 2001).  Aseismic transient deformation has also been inferred using 

CGPS in an extensional tectonic regime of the North American Basin and Range which was 

modeled as a large-scale transient with a lateral extent of ~1,000 km wide and lasting five and a 

half years (Davis et al., 2006, Wernicke et al., 2008).  Transient signals in CGPS have also been 

observed on the slope of a shield volcano in Hawaii, which lasted 36 hours and had a maximum 

aseismic slip velocity of ~6 cm per day (Cervelli et al., 2002).  Transient deformation signals 

from magmatic processes have also been observed such as that from a dike intrusion in Japan, 

which lasted 9 days (Aoki et al., 1999). 

The rapid expansion of CGPS networks globally has lead to a comparable increase in 

techniques to identify and model transient deformation signals (Lohman and Murray, 2013).  

One challenge when using CGPS to investigate transient deformation is the potentially small 

signal-to-noise ratios for CGPS (Linde et al., 1996).  Another challenge when developing 

transient deformation models is the dramatically different time-scales that may characterize 

transient events from hours to years.  In addition data gaps can be problematic for common 

signal processing methods designed to enhance signal-to-noise in various ways.  In addition to 
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tectonic signals CGPS coordinate time-series may have time-correlated noise as well as seasonal 

signals (S.D.P. Williams and Johnson, 2004, Johnson and Agnew, 1995, Mao and Dixon, 1999, 

Langbein and Johnson, 1997, J. Zhang and Behr, 1997, Bennett, 2008, Blewitt and Lavallee, 

2002).  Wernicke and Davis (2010) proposed a method to correct the CGPS position time-series 

to a time-variable velocity record.  Improved techniques are still needed to examine transient 

signals in CGPS position time-series.  What is currently missing is ways to analyze the resolving 

power of CGPS coordinate time-series.	  

Recently the North American mid-continent has experienced a significant deformation 

transient associated with an increased occurrence of earthquakes in an intra-plate, stable 

continental interior.  This increase in earthquakes has occurred over the larger mid-continent 

region (Ellsworth, 2013). The suggestion has been raised that nearly all of the increase in 

earthquakes in the mid-continent may be attributed to triggered, or induced, seismicity from 

changing oil and gas operations and fluid injection within the region (Ellsworth, 2013).  Many 

potential cases of induced seismicity have been documented in the North American mid-

continent over the past few years (Rubenstein et al., 2013, Brown et al., 2013, Horton, 2012, 

Frohlich et al., 2011, Keranen et al., 2013, Frohlich and Brunt, 2013, Justinic et al., 2013, Kim, 

2013).  Many potential cases of induced seismicity have been catalogued (Suckale, 2009, 

Nicholson and Wesson, 1990, Hitzman et al., 2012).  It has long been recognized that fluid 

injection in the subsurface can trigger earthquakes on nearly critically stressed faults (Hitzman et 

al., 2012, Ellsworth, 2013).  In addition fluid extraction due to the production of oil and gas can 

trigger earthquakes (Hitzman et al., 2012, Segall, 1989, Suckale, 2009).   

The largest and most sustained increase in mid-continent seismicity has occurred in 

Oklahoma. The rate of earthquakes increased in 2009 and has continued to increase through 
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time.  It has been suggested that all of this increase may be induced seismicity from fluid 

injection or extraction associated with the oil and gas industry (Ellsworth, 2013, Llenos and 

Michael, 2013).  The cumulative moment release for all of Oklahoma since the beginning of 

2009 is 4.845 ×1017  Nm within an area of ~138,800 km2, which is equivalent to a magnitude 5.7 

earthquake (Hanks and Kanamori, 1979).  Most of this moment release occurred during the 

magnitude 5.6 Prague, Oklahoma, earthquake on 6 November 2011 (Holland et al., 2012, 

Keranen et al., 2013).  This earthquake may have been triggered by fluid injection in nearby 

wells (Keranen et al., 2013, Sumy et al., 2014).  Most of the total seismic moment release has 

occurred over a significant portion of central and north-central Oklahoma (Figure 0.1), within an 

area of ~25,600 km2.  The Prague earthquake dominates the total seismic moment release, but 

excluding that event the total moment release is 1.588 ×1017  Nm, equivalent to a magnitude 5.4.  

While the total moment release occurring in Oklahoma is small on a global scale, it is much 

greater than for the period from 1999 to 2008.  There have been a number of earthquake 

sequences potentially triggered by fluid injection in Oklahoma partly due to the large number of 

salt water disposal wells operating in Oklahoma, with a growing number of high volume wells 

(Murray and Holland, 2014).  The high volume injection wells may pose a greater risk as there is 

some indication that the maximum magnitude of induced seismicity may be related to total 

injected volume (McGarr, 2014, Hitzman et al., 2012).  The increased rate of earthquakes and 

moment release also significantly changes the seismic hazard for Oklahoma (Holland et al., 

2013), and as such requires careful study and perhaps new methods to address the seismic hazard 

where seismicity rates are no longer constant. 
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Figure 0.1 - Cumulative moment release normalized by analyzed area for earthquakes in the 

Oklahoma Geological Survey catalog since 2009.  Blue line shows the cumulative moment 

release normalized by the area over which all of the earthquake activity in Oklahoma.  The red 

line shows the cumulative moment release for central and north-central Oklahoma with the 

dashed line indicating the moment release excluding the M5.6 Prague, Oklahoma, earthquake.  

Moment was determined from magnitude using the relationship of Hanks and Kanamori (1979). 

Triggered, or induced seismicity, from fluid injection is accepted to occur due to 

increases in pore-pressure effectively reducing the coefficient of friction on the fault making it 

more likely for favorably and unfavorably oriented faults to slip (Sibson, 1990, Hubbert and 
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Rubey, 1959).  The natural existing stress state and pre-existing faults within the crust also are 

major contributor to the potential for triggered seismicity (Zoback, 2012, Nicholson and Wesson, 

1990). A better understanding of the orientations and magnitudes of stresses within the mid-

continent crust may help to identify faults that are favorably oriented within the regional stress-

field and as such would be more likely to experience triggered seismicity.  Earthquakes with 

focal mechanisms not oriented in a favorable orientation within the regional stress field may be 

an indicator that a sequence of earthquakes is responding to increased pore-pressure in the 

subsurface.  If triggered seismicity has become more prevalent in the mid-continent, it is 

important to understand the state of stress within the seismogenic crust.  Stress orientations have 

been determined for the mid-continent (Zoback and Zoback, 1980, Hurd and Zoback, 2012, 

Herrmann et al., 2011), but a greater understanding of stress orientations from focal mechanism 

is possible to obtain from the increased number of earthquakes occurring within the mid-

continent.  
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 SUMMARY OF WORK 

In this section I present a summary of the work included in the appendices.  All 

appendices involve examining transient geophysical signals of different types.  The first 

appendix examines the resolution capabilities of the CGPS technique for studies of time-variable 

crustal velocity (Appendix A).  The second appendix describes an earthquake sequence that was 

spatially and multiple temporal correlated to hydraulic fracturing of a well, likely triggered by 

fluid injection (Appendix B).  The third and final appendix examines the observed focal 

mechanisms, associated stress orientations, and optimal fault orientations for earthquakes 

associated with large increase in earthquake activity within Oklahoma (Appendix C). 

Detecting time-variable velocity from discrete noisy position time-series is a challenge as 

direct differentiation enhances high frequency noise.  I adapt a smoothing spline analysis method 

to overcome this issue, and provide a framework suitable for analysis of the capabilities of the 

GPS technique for resolving transient crustal velocities.  The technique uses a damped least 

squares method to generate continuous functions for position, velocity, and acceleration from 

discrete CGPS cordinate time-series.  The issue of selecting a damping value and a solution from 

the infinite number of possible solutions is addressed by considering estimation a low-pass filter.  

This allows the damping parameter to be associated with the highest frequencies that should be 

included in the model. 

The resolution of crustal velocity obtained by analysis of CGPS time-series is examined 

and it is demonstrated that method provides a smoothed response to a synthetic velocity 

transient.  The resolution of velocity naturally is greater for signals with higher signal-to-noise 

ratios, but signals with lower signal-to-noise ratios can be effectively modeled by not allowing as 

much high frequency content in the model at the expense of not resolving higher frequency 
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transient signals.  The technique has some advantages over typical signal processing techniques 

such that data gaps only affect resolution of the model at or near the data gap, and model 

parameter uncertainties provide information on the uncertainty of instantaneous velocity through 

time.  This technique and the assessment of resolution of velocity from CGPS position time-

series provide a useful method to examine transient deformation observed with CGPS data. 

Triggered seismicity from fluid injection is well documented (Nicholson and Wesson, 

1990, Hitzman et al., 2012, Ellsworth, 2013).  However, there are relatively few recognized 

cases of hydraulic fracturing triggering earthquakes, or referred to in the oil and gas industry as 

fault activation, large enough to be felt by local residents.  One such case is from the Bowland 

Shale in the United Kingdom (dePater and Baisch, 2011).  In January of 2011 a sequence of 

earthquakes occurred in close proximity to the Picket Unit B Well 4-18, which was being 

hydraulically fractured in south-central Oklahoma.  The hydraulic fracturing occurred from 16 

January 2011 18:43 through 22 January 16:54 UTC.  This vertical well penetrated into the 

mature Eola-Robberson oil field.  Earthquakes were identified by cross correlating template 

waveforms from manually identified earthquakes and cross correlating these templates through 

the entire operation period of the Earthscope Transportable Array (TA) station X34A; the closest 

seismic station to the earthquakes.  This produced a series of 116 earthquakes, which occurred 

from 17 January 2011 19:06 through 23 January 3:13 UTC with no other similar earthquakes 

identified at other times prior to or post-hydraulic fracturing. The identified earthquakes range in 

magnitude from 0.6 to 2.9 ML with 16 earthquakes ML 2 or greater and a b-value of 0.98. There 

is a strong temporal correlation between hydraulic fracturing and the earthquakes.  This 

correlation is strengthened because hydraulic fracturing operations ceased for ~2 days due to bad 
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weather, and earthquakes can be seen to cease during this period and resume after hydraulic 

fracturing had resumed.   

Earthquakes were relocated using cross-correlated phase arrivals and bootstrap iterations 

of HYPODD. Consistent earthquake locations and uncertainties within the bootstrap iterations 

were obtained for 86 earthquakes.  These earthquake locations clearly delineate a fault which 

strikes ~166°, sub-parallel to the mapped minor fault sets in the area, and dips steeply to the 

west.  The earthquakes appear to have occurred at shallow depths from about 2 to 3 km, and 

occurred within ~2.5 km horizontally of the well. The first earthquake occurred ~24 hours after 

hydraulic fracturing began at the well.  This delay is consistent with the diffusion of pore 

pressure in the subsurface over a distance of about 2 km (Talwani et al., 2007). 

The multiple temporal correlations observed in Figure 1.1 along with the close spatial 

correlation to the well make it likely hydraulic fracturing at the Picket Unit B Well 4-18 

triggered this earthquake sequence.  This earthquake sequence as well as other recently 

documented cases (Friberg et al., 2014, BCOGC, 2012) raise the question; how likely are 

triggered earthquakes from hydraulic fracturing?  There have been about 2,000 wells completed 

each year in Oklahoma over the past four years, and earthquakes triggered from hydraulic 

fracturing may represent a greater contribution to the observed increase of earthquakes in 

Oklahoma than previously recognized, including earthquakes large enough to be felt by local 

residents. 
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Figure 1.1 - Pumping curves through the entire time of hydraulic fracturing at Pickett Unit B 

Well 4-18.   (a) Number of earthquakes per hour and total injected volume of slick-water through 

time.  (b) Top-hole injection pressures, average for each interval in the hydraulic fracturing sub-

stage is solid, and the maximum values within the interval are dotted. (c) Injection rate, average 

for each interval in the hydraulic fracturing sub-stage is solid, and the maximum values within 

the interval are dotted. 

In order to address what faults may be more likely to experience triggered seismicity, the 

regional stress field and active fault orientations were examined using focal mechanisms within 

Oklahoma.  This study benefited from the additional seismic stations available during the study 

period as part of the Earthscope USArray Transportable Array as well as the greater number of 

earthquakes occurring in the region.  152 focal mechanisms determined for earthquakes 

(a)

(b)

(c)
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occurring in Oklahoma for about 30 months were used to determine the optimally oriented fault 

orientations within the region.  A large number of these focal mechanisms were concentrated in 

central Oklahoma and can be associated with the ongoing Jones earthquake swarm and the 

November 5, 2011 Prague earthquake sequence. Focal mechanisms used in this study include 

Regional Moment Tensor solutions when available and first motion focal mechanisms.  The 

probability density functions (PDF) with a 10-degree bin were calculated for the both possible 

nodal planes associated with the observed focal mechanisms.  Focal mechanisms within the 

Jones swarm are clearly different than those from the rest of Oklahoma, and appear to be 

primarily controlled by the orientation of existing natural fracture orientations.  The maximum 

horizontal stresses observed were determined from the observed focal mechanisms following the 

method of Zoback (1992).  The observed maximum compressive stresses are fairly consistent 

throughout Oklahoma with the exception of the Jones earthquake swarm (Figure 1.2).   

The results clearly demonstrate that strike-slip motion on steeply dipping faults 

predominate the focal mechanism distribution.  Fault strike was restricted to the range of 0 to 

180 degrees.  The optimal fault strike orientation ranges between 40°-60° and 130°-150° and 

represent fault orientations most likely to have an earthquake.  From the PDF it is possible to 

define orientations of moderate likelihood of having earthquakes with strikes in the range of 20°-

40° and 110°-130° with all other orientations of fault strike having a low likelihood.  These 

results may help oil and gas operators in Oklahoma modify operations to reduce the likelihood of 

triggered seismicity. 
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Figure 1.2 - Maximum horizontal stress orientation determined from orientation of P- and T-axis, 

following the method and convention of Zoback (1992).  Normal faulting is indicated in red, 

strike-slip faulting is indicated in green, and thrust faulting is indicated in blue. Maximum 

horizontal stress for each of the groups considered in this study; (a) Jones earthquake swarm, (b) 

Prague 2011 earthquake sequence, (c) “unclustered” or all earthquakes not associated with a or b. 

 

(a) (b)

(c)
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APPENDIX A - RESOLUTION OF INSTANTANEOUS VELOCITY FROM CONTINUOUS 

GPS COORDINATE TIME-SERIES 

 

Austin A. Holland and Richard A. Bennett 

Introduction 

Transient departures from steady-state crustal motion have been observed using 

continuous GPS (CGPS) at a growing number of locations in a wide variety of tectonic 

environments.  Transient motions caused by large earthquakes and volcanic systems have been 

recognized for decades.  These have been associated with afterslip (Smith and Wyss, 1968, 

Williams and Magistrale, 1989), viscoelastic relaxation  (Thatcher, 1983, Savage, 1990), 

poroelastic mechanisms (Segall, 1985; Wang and Kumpel, 2003), and magmatic processes 

(Dvorak and Dzurisin, 1997, Sturkell et al., 2006).   More recently, transient deformation 

associated with slow aseismic fault slip independent of large earthquakes has also been observed. 

These slow slip events (SSEs) are commonly observed in the subduction zone setting (Schwartz 

and Rokosky, 2007, Dragert et al., 2001, Lowry et al., 2001), but have also been observed in 

other settings not associated with subduction, including strike-slip faults (Linde et al., 1996, 

Murray and Segall, 2005, Gladwin et al., 1994), diffusely extending continental interiors 

(Wernicke et al., 2008, Wernicke and Davis, 2010, Lavier et al., 2013, Chamoli et al., 2014), and 

the flanks of shield volcanoes (Cervelli et al., 2002, Brooks et al., 2008, Segall et al., 2006).  

Volcanic systems may exhibit transient motions due to magma chamber pressure changes, 

magma chamber inflation, and/or magma movement (Aoki et al., 1999, Sturkell et al., 2006, 

Okada and Yamamoto, 1991). 
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Estimates for secular site motion are a primary outcome of standard analyses of GPS 

coordinate time series processing for tectonics and geodynamics research.  Effectively, secular 

site motion is determined by linear regression to daily coordinate time-series.  Blewitt and 

Lavallee (2002) demonstrated the importance of modeling annual and semi-annual periodic 

terms simultaneously with a secular velocity term, which is required to avoid biased estimates 

for secular rates when time series are of duration ~2.5 years or less.    Langbein (2008) 

demonstrated a marginally significant spatial correlation between precipitation and temporally 

correlated residual-error time series for CGPS networks located in the southwestern US, 

suggesting that some portion of seasonal variations are not adequately represented by sinusoids 

with time-invariant period and/or amplitude.  Variation in the amplitudes of otherwise 

periodically recurring signals may also bias estimates for secular velocity or appear as a time-

correlated error process  (Bennett, 2008).  The effect of time-correlated noise on estimates of 

secular site motion was explored extensively as the CGPS technique was developing (S.D.P. 

Williams and Johnson, 2004, Johnson and Agnew, 1995, Mao and Dixon, 1999, Langbein and 

Johnson, 1997, J. Zhang and Behr, 1997).  However, there is a danger in attributing all 

departures from secular and perfectly periodic motion to noise; in doing so potential important 

transient signals go undetected. 

Identification of transient deformation signals is an area of appreciable current research 

(Lohman and Murray, 2013).  The problem is challenging for a variety of reasons.  When 

transient deformation is associated with a known source, such as post-seismic relaxation 

following an earthquake, or periodic loading, then parameters describing that deformation may 

be included in the kinematic model to improve estimates for secular velocity as well as improve 

understanding of the deformation source.  However, often the source of transient deformation is 
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poorly understood.  It is even possible that small amplitude transient signals may be present but 

go undetected, as they may be difficult to identify by casual inspection of coordinate time series.  

Moreover, as the number of CGPS sites continues to grow, it may become cost- or time-

prohibitive to visually inspect available CGPS time-series.   Finally, unidentified and un-

modeled transients may bias studies of GPS error processes, which are based on residual misfits 

to site motion models.  For these cases a more flexible automated method of estimating and 

assessing time variations in crustal velocities would be desirable. 

GPS coordinate time series record secular site motion relative to an external frame, 

superimposed by periodic or quasi-periodic motion, error processes, and other potential site 

motions typically of unknown origin.  Current methods for analysis of GPS coordinate time-

series for studies of non-secular site motion employ smoothing techniques such as Kalman 

filters, statistical methods, or other digital filtering techniques (Li et al., 2000, Larson et al., 

2001, Kumar et al., 2002, Davis et al., 2006, Ji and Herring, 2013, Granat et al., 2013, Wang and 

Bebbington, 2013).  These methods provide smoothed position time-series or piecewise constant 

velocities that help to reveal changes in site velocity through time.  Another technique for 

smoothing applies a spatial smoother that can additionally include a temporal smoother as well 

(Segall and Mathews, 1997, Ohtani et al., 2010, Tape et al., 2009a, Tape et al., 2009b).     

All of these applications are limited by finite sampling interval, data gaps, and 

measurement errors.  Thus, a general analysis of the resolving power afforded by CGPS data for 

detecting anomalous crustal motions is desirable for all of these techniques.   In this study, we 

restrict our analysis to individual coordinate time series, as opposed to an analysis of spatially 

correlated signals in network mode.  We address the question of position and velocity resolution 

achievable using CGPS coordinate time series for the general case of time variable site motion 
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associated with a generic transient deformation process.  Toward this goal, we adapt a smoothing 

spline method (Craven and Wahba, 1979, Gu, 2002) for application to GPS coordinate time 

series, to facilitate inferences on instantaneous site position, velocity, and acceleration at any 

given point in time.   Coordinate estimate uncertainties are mapped into model estimate 

uncertainties using standard least squares error propagation.   This estimation scheme allows us 

to explore the trade-offs between the precision and temporal resolution of position, velocity, and 

even acceleration using concepts from traditional geophysical inverse theory (Backus and 

Gilbert, 1970, Menke, 1989).   We examine the resolution capabilities of this method to model a 

known velocity transient. 

 

Method 

We consider the following model for a discrete series of observed coordinate 

displacement  

	   di = y(ti )+ ε(ti ) ,	  	   (	  .1)	  
where di  is a measured position at the corresponding time ti , y(ti )  represents the true position, 

andε(ti )  is a noise process with a mean of zero. We choose to model the position function as a 

sum of constant and time varying terms.   

	   	  

	   y(t) = x0 + v0t + a0
t 2

2
+ c(t)+ Δx(t)+ ε(t) 	  	   (	  .2)	  

Where , ,  represent a constant coordinate offset, and time-invariant components of site 

velocity, and acceleration.  The function  represents understood motions for which analytical 

expressions are available, including periodic site motions or motions arising from known 

geodynamic processes. For simplicity these terms are not considered in the modeling technique.  

x0 v0 a0

c(t)
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The term containing Δx(t)   represents the time variable part of the solution not characterized by 

the other terms.   

 The method considered here is applicable to any specific sampling rate and does not 

presume a sampling interval.  The problem is underdetermined, because we seek to determine a 

continuous function y(t)  from a discrete set of noisy measurements di .  Thus, there are an 

infinite number of possible solutions to the problem (	  .2).  Following the method of Craven and 

Wahba (1979) we seek solutions ŷ(t) approximating the true motion of the Earth’s surface y(t)  

or a single GPS coordinate time-series, which take the form of  smoothing splines of order m=2.  

For convenience, we normalize the set of coordinate time-series observations epochs to the unit 

interval, (Gu, 2002, Craven and Wahba, 1979).  

	   We	  can	  now	  define	  an	  algorithm	  to	  generate	  an	  infinite	  number	  of	  possible	  solutions	  

parameterized	  by	  a	  damping	  value,	  λ .	  	  For	  any	  given	  value	  of	  λ 	  there	  is	  a	  solution	   ŷλ (t) 	  

that	  minimizes	  the	  following	  functional	  

	   R(λ) = 1
n

(ŷλ (
j=1

n

∑ t j )− dj )
2 + λ

0

1

∫ (y ''(u))2du, 	  	   (	  .3)	  

where	   	  is	  the	  mean	  square	  error	  of	  the	  misfit	  between	  the	  best-‐fit	  model,	  n	  is	  the	  

number	  of	  samples,	  and	   is	  a	  damping	  parameter	  that	  controls	  the	  roughness	  of	  the	  

model.	  	  Each	  of	  theses	  solutions	   ŷλ (t)will	  have	  variable	  roughness,	  precision	  and	  misfit	  

depending	  on	  the	  value	  of	  λ .	  	  We	  will	  examine	  how	  these	  properties	  of	  the	  solution	  family	  

vary	  with	  λ below.	   	  

	   We	  can	  write	  the	  solution	   ŷλ (t) 	  following	  Craven	  and	  Wahba	  (1979)	  are	  	   	  

	   ŷn,λ (t) = ŷλ (t) = θr
r=0

2

∑ kr (t)−1 α j
j=1

n

∑ k4 (t,t j ) 	  	   (	  .4)	  

where  are scaled Bernoulli polynomials defined as 

t ∈[0,1]

R(λ)

λ

kr (t j )
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kr (x, y) = 1
r!
Br([x − y]) = kr ([x − y])

k0 (x) = 1
k1(x) = x − 0.5

k2 (x) = 1
2

k1
2 (x)− 1

12
⎛
⎝⎜

⎞
⎠⎟

k3(x) = 1
6

k1
3(x)− k1(x)

4
⎛
⎝⎜

⎞
⎠⎟

k4 (x) = 1
24

(k1
4 (x) -  k1

2 (x)
2

 + 7
240

)

	  	   (	  .5)	  

where	  Br	  are	  the	  Bernoulli	  polynomials.	  	  Let	  d = (d1,d2,...,dn ) 	  m = (θ1,θ2,θ3,α1...α n ) 	  is	  the	  

vector	  representation	  of	  model	  coefficients,	  and	   e 	  is	  the	  vector	  representation	  the	  noise	  

process	  ε(ti ) .	  	  We	  may	  then	  write	  equation	  (	  .1)	  in	  vector	  form	  as	  

	   d =Gm+ e .	   (	  .6)	  
The matrix G is composed of basis functions, which can be shown to span the space of 

continuous, twice differentiable functions on [0,1].  For any given value of λ , equation ( .6) may 

be solved for m̂λ by the generalized inverse e.g. (Menke, 1989) given by 

	   m̂ = [GTG+ Δ]-1GTd 	  	   (	  .7)	  
where  is the generalized inverse and Δ  is the damping matrix.  

The matrix G is generated from our basis functions from ( .4) in the following manner.  

The time-invariant, constant, terms are expressed in the matrix T as 

	   	  	   (	  .8)	  

	   	  

K is the  matrix describing the time-dependent terms within the solution 

	   .	  	   (	  .9)	  
We can express the design matrix as 

	   	  	   (	  .10)	  

[GTG+ Δ]-1GT =G−g

Tjr = kr (t j )
r = 0,1,2,
j = 1,2,...,n

n × n

K jk = −k4 (t j ,tk )

G = [ T K ]
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 is the damping matrix that takes the following form as described in Craven and Whaba 

(1979), 

	   	  	   (	  .11)	  

where , and   and  is the selected damping for a solution.  The damping 

of the time-variable and acceleration portion of the model is scaled by the number of data points 

and as such has an effective damping of . 

We may express the solution for ŷn,λ (t)  as a sum of time-invariant and time-variable 

terms.  The time invariant portion of the solution is expressed as 

	   ŷλ ,0 (t) = x0 + v0 (t − 0.5)+ a0
1
2
(t − 0.5)2 − 1

12
⎛
⎝⎜

⎞
⎠⎟ 	  	   (	  .12)	  

where x̂0 = θ̂0 /T , v̂0 = θ̂1 /T , â0 = θ̂2 /T  where T is the total duration of observation time.   

The time-varying portion of the solution in position can be expressed as 

	   hn,λ (t) = Δx̂(t) = −1 α̂ j
j=1

n

∑ k4 (t,t j ) 	  .	   (	  .13)	  

By simply taking the derivatives of our basis functions we can describe the solution for 

instantaneous velocity in a single coordinate direction.  The scaled Bernoulli polynomials have 

well behaved derivatives such that   

	   dkr (t)
dt

= k 'r (t) = kr−1(t) .	   (	  .14)	  

We	  can	  take	  the	  derivative	  of	  equation	  (	  .4)	  to	  obtain	  an	  expression	  for	  instantaneous	  

velocity	  

	   v̂n,λ (t) = ˆ′yn,λ (t) = θ̂1 + θ̂2k1(t)− α̂ j
j=1

n

∑ k3(t,t j ) 	  	   (	  .15)	  

The solution for acceleration is also easy to derive using the RKHS kernels as 

Δ

 

Δ =
λ1 0 0
0 ! 0
0 0 λn+3

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

λ1 = λ2 = 0 λ3...n+3 = nρ ρ

nρ
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a! n,λ (t) = ˆ′′yn,λ (t) = θ̂2 − α̂ j

j=1

n

∑ k2 (t,t j ) 	  .	   (	  .16)	  

 

The variance-covariance matrix for the model parameters can be expressed as 

	   En,λ[m,m]=
1
σ 2 G

−gG−gT 	  	   (	  .17)	  

	   	  	  

The model variance covariance matrix ( .17) provides the uncertainty for terms in the model, 

where is the standard deviation of the original position data. The diagonal of the model 

variance covariance matrix ( .17) provides the variances for terms in the model vector m̂ .  

Uncertainty in the model ŷn,λ (t)  and its derivatives for any given t may be evaluated by 

propagation of error using equations ( .4), ( .15), and ( .16). 

 

Selecting a Value for the Damping Parameter 

There are a number of ways to determine an appropriate damping parameter  from the 

infinite number of possibilities.  It is important to note that the portion of the damping matrix Δ

which coincides with time-variable basis functions, is scaled by the number of observation 

points, n.  For this reason when comparing damping value parameters we will represent the 

damping as the effective damping, λ = nρ  .  Craven and Wahba (1979) provide significant 

discussion concerning the best way to find the optimum damping for a given problem.  They 

demonstrate the generalized cross validation is one effective way to choose the optimum 

damping.   If there is also a good estimate of  for the data then there may be better methods to 

find the optimum solution (Craven and Wahba, 1979).  There are many useful discussions on 

selecting the appropriate smoothed model and is a common problem in inverse methods (Menke, 

σ

λ

σ
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1989).  While many of these methods find the smoothest model with the smallest misfit to the 

observational data, we will look at a physical method of selecting the damping parameter. 

Craven and Wahba (1979) derive the representation of Fourier coefficients for the 

solution shown above.  This solution is for the case of equally spaced data   

	   fv,ρ ,n ≈
1

1+ nρ(2πv)1/4
	  ,	   (	  .18)	  

where n is the total number of samples , the samples v=1,2,…,n, ρ  is the damping value, and 

 v≪ n  (Craven and Wahba, 1979).  These Fourier coefficients have a similar form to a 

Butterworth low-pass filter.  Thus, we interpret the solution ŷ(t) as an approximation to a low-

pass filtered version of the true site motion y(t) , rather than an approximation of the 

instantaneous position y(t) .  Given the sampling information and ( .18) we can determine a 

filters response and half power frequency as described in Craven and Wahba (1979), 

	   Tλ =
1
fλ

= 2π (λ)(1/4 ) 	  	   (	  .19)	  

where fλ  is the half power frequency and the damping period Tλ  represents the corner period of 

the low-pass filter and is dependent on the number of samples, damping parameter.  These values 

are also dependent on total observation time and sampling rate because its units are defined by 

the total observation time, such that the number of samples per unit time (sample rate) is 

captured in the low-pass estimator.  The frequency response can be seen to be similar in form to 

a Butterworth low-pass filter, but there is slightly lower power admitted at low periods because 

the damping of the model occurs on the acceleration term (Figure A.1).  This formulation 

provides a method with physical meaning for selecting a damping value, ρ , based on the period 

of the signals that the GPS time-series analyst would like to investigate. 
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Resolution of Velocity 

We will now examine the ability to resolve deformation transients from CGPS time series 

using the method previously described.  The synthetic transient we will examine will be a 

Gaussian function in velocity, which provides an analytic expression for the true signal in both 

position and velocity.  The Gaussian functions can be expressed as 

	  

x(t) = A
2
1+ erf (t − µ)

2ς 2
⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

v(t) = x '(t) = dx
dt

= A
ς (2π )

e
−1(t−µ )2

2ς 2
⎛

⎝⎜
⎞

⎠⎟

	  ,	   (	  .20)	  

where A is the amplitude, µ  is the center of the transient and is the time with the greatest 

velocity, and ς  is the standard deviation of the Gaussian.  The Gaussian width will be referred to 

in units of time as TG = 4ς which is the time period that captures 95% of the transient 

deformation.  It is recognized that a Gaussian function has no beginning and end and as such 

does not completely represent a slow-slip type event as well as other transient signals, but the 

choice does provide an analytic expression for comparison of both position and velocity.    

We will now examine the ability to resolve deformation transients in velocity from CGPS 

time series using the previous method.  The transient we will examine will be a synthetic 

Gaussian function in velocity, which provides an analytic solution for comparison in both 

position and velocity.  We can use this model to evaluate both the behavior of the estimator and 

the resolution of time-varying position and velocity.  We could examine the impulse response of 

the estimator by sufficiently collapsing the Gaussian function to very short duration transient.  

However, we here restrict our analysis to transients of finite duration similar to the durations of 

previously studied slow-slip events (Schwartz and Rokosky, 2007, Dragert et al., 2001, Lowry et 
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al., 2001, Aoki et al., 1999, Cervelli et al., 2002).  The Gaussian function is generated with a 

ς = 7  days, and a non-dimensional amplitude A=1.5 for a four year daily position time-series. 

 The first synthetic we will consider is one with a high signal-to-noise ratio, SNR=15, 

defined for this paper as the ratio A /σ .  This synthetic has a TG = 28  days. Figure A.2 shows 

the dependence of the estimator on the prescribed damping parameter λ , with corresponding 

damping period Tλ .  From Figure A.2 we see that the estimator generates a smoothed version of 

the position and velocity with the amount of smoothing being controlled by the damping period.  

As the damping period approaches the sample period the estimator begins to model the white 

noise added to the synthetic, falsely attributing the variations associated with white noise to time-

variable signal.  The estimator that uses a smaller damping period does a better job of modeling 

the amplitude and temporal character of the Gaussian transient in position and velocity at the 

expense of having more fluctuation in the time periods where the true velocity is not fluctuating.  

Figure A.3 shows the PSD of the data compared to the model for both damping periods.  From 

this we can see that for periods greater than the damping period of the model we nearly perfectly 

fit the data spectrum, that is the ratio of the power spectra are ~1.  As the period shown in the 

PSD become smaller and approaches the damping period, the ratio of the power spectra becomes 

larger and indicates that the model is fitting less of the data at frequencies approaching the 

damping period and smaller.  

 Backus and Gilbert (1970) demonstrate that for an underdetermined problem we cannot 

estimate the true properties of the system we are modeling.  Instead what is being approximated 

is an average of the true model.  The averaging kernel for some inverse problems can be written 

analytically as shown by Peng et al. (1993), but here we will use a Butterworth low-pass filter to 

approximate the averaging kernel associated with our estimator.  By examining the predictive 
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properties of the model to a smoothed version of the position data, we are able to evaluate the fit 

of the model and the effects of damping.  When referring to the corner period of the low-pass 

filter we will use TC . We chose to use a four-pole Butterworth filter because as can be seen in 

Figure 1 it has a comparable roll-off in amplitude as the model solutions we are evaluating. 

We can now demonstrate the effect of damping on our model resolution by examining a 

number of different damping periods for the same synthetic signal as above.  Figure A.4 shows a 

comparison of PSD for multiple damping periods ranging from 5 to 180 days.  From Figure A.4, 

we infer that long period signals in the form of a Gaussian departure from steady state may be 

modeled over a range of damping periods.   Figure A.5 compares different measures of fit for the 

model.  One measure of fit is to calculate the sum of the absolute difference between the 

modeled velocity and the actual velocity for our synthetic Gaussian equation ( .20).  Another 

approach is to calculate the sum of the absolute difference between the model estimates of 

position and a time-averaged version of the synthetic position data. Figure 5 also shows that as 

the damping period decreases significantly the uncertainty in the acceleration term increases, in 

alignment with the expected trade-off between model uncertainty and resolution. 

 We use the same Gaussian synthetic as before but examine the dependence of the 

estimator on SNR for white noise added to the data.  We compare the sum of the absolute 

difference between the model for position and the time-averaged, low-pass filtered synthetic 

data, for different SNR as well as different damping period and filter corner period ratios (Figure 

A.6).  This shows that with higher signal-to-noise ratios the estimator approximates the time-

averaged position data.  That is, the estimator reproduces a filtered version of the synthetic 

position time-series with damping period similar to the corner period of the Butterworth low-
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pass filter.  As the SNR gets smaller the minimum misfit shifts to ratios less than one, indicating 

that more noise is being filtered by the Butterworth low-pass filter than by the estimator. 

 We can now examine the misfit between the filtered synthetic data and the modeled 

position time-series as a function of both the SNR and the ratio of the damping period Tλ  and 

Gaussian width, TG .  For this test, we fixed the ratio of Tλ /TC = 1  and compare the misfit to the 

time-averaged (filtered) synthetic position data and the true velocity signal (Figure 7).  Figure 

A.7a, shows that for high SNR greater Tλ /TG  ratios provide the best estimator of the time-

averaged signal and that as SNR gets smaller the optimal ratio for Tλ /TG  also decreases until the 

SNR is such that an optimal ratio cannot be identified  SNR ∼ 2 .  Figure A.7b, shows that the 

actual velocity signal is best estimated with  Tλ /TG ∼1  or less for high SNR, but the optimal 

Tλ /TG  increases as the SNR decreases. 

 

Discussion 

We provide a physically meaningful method of selecting an appropriate damping 

parameter for estimating time-varying position, velocity, and acceleration from noisy GPS 

coordinate time-series.  We demonstrate that the estimation method is similar in effect to 

applying a four-pole low-pass Butterworth filter to the position time-series.  One notable 

difference is that the estimator performs without fail in the presence of data gaps, and provides a 

procedure for separating signal from noise.  Of course the ability to resolve signal within or near 

data gaps is diminished.  Another important feature of the estimator is that it produces a 

continuous, twice differentiable function representing site motion, allowing for the direct 

calculation of estimates for time-averaged site-velocity and acceleration. 



 55 

If a particular transient signal is predicted by theory, an analyst may have a reasonable a 

priori expectation regarding the SNR.  We show in Figure A.7, that the ability to adequately 

resolve a short duration transient requires a greater signal-to-noise ratio to adequately resolve the 

signal.  If the SNR is higher than ~3 the analyst may be able to use a single coordinate time-

series to analyze the signal.  Our findings regarding the dependence of the estimator on SNR are 

similar to those reported by Ji and Herring (2013) who used a somewhat different analysis 

method.  Our assessments of the resolution of time-varying site-motion are dependent upon our 

initial assumption of white noise.  Time-correlated error processes might affect this assessment.  

Future work is required to assess the effects of time-correlated noise on the performance of the 

estimator.  Time-correlated noise is well documented within continuous GPS data (S.D.P. 

Williams and Johnson, 2004, Johnson and Agnew, 1995, Mao and Dixon, 1999, Langbein and 

Johnson, 1997, J. Zhang and Behr, 1997, Langbein, 2008).  If a particular noise process is 

suspected at a site these effects could potentially be addressed for either in the original time-

series, or removed after modeling with time-correlated noise models often incorporated into 

different deformation analysis (Amiri-Simkooei and Teunissen, 2007, Li et al., 2000, Johnson 

and Agnew, 1995). Because the method provides a smoothed model based on low-pass filtering 

it may also be a useful method for evaluating time-correlated noise and the potential causes of 

such noise.  The same is true for periodic terms generated from seasonal site effects and other 

kinematic models (Williams, 2003, Blewitt and Lavallee, 2002, Bennett, 2008, Gourmelen and 

Amelung, 2005, Burgman et al., 2001); these can be removed before, during or after model 

estimation.  If periodic signal parameters are estimated concurrently with the estimator described 

here there will be a large trade-off between these terms and the time-varying site-motion model 
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parameters.  The estimator described here models time-varying site-motion over the periods 

defined by the damping period and reduces misfit within these periods to white noise. 

 

 

Conclusions 

 The method described here to obtain time-varying velocity from position time-series is 

subject to the typical constraints of estimating a continuous function from noisy discrete data.  

However, we provide a physically meaningful recipe for selecting a damping parameter, by 

viewing the estimator as a low-pass filter; the damping may be selected to obtain estimators of 

time-averaged site motion over a prescribed range of periods . The major differences between 

this technique and typical low pass filters from signal processing literature is that data gaps do 

not require special treatment and the uncertainties of estimated parameters are provided, and 

measurement errors are explicitly separated from signal by least squares optimization.  In 

addition the model smoothing occurs on acceleration such that the model can be used to obtain 

both acceleration and velocity that would be too noisy to be useful by applying a traditional low-

pass filter directly to the noisy time-series data.  The estimation of time-variable position and 

velocity is limited by the signal-to-noise ratios associated with a given time-series and transient 

signal.  Long duration transients may be relatively well approximated for low SNR.  However, 

short period transient motions require greater signal-to-noise ratios to be resolved.  Not only does 

the method described here determine the time-variable position and velocity from a position 

time-series, but also allows for a representation of acceleration.   The method makes no 

assumption of data sampling rates and is appropriate for daily position estimates as well as high-

rate GPS coordinate estimates. 
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Figure A.1 - a) Estimator amplitude for a given frequency for different effective dampings for 

daily position estimates of a 3-year time-series.  The half amplitude point Tλ  (damping period) is 

a)

b)
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determined as described in equation ( .19) and is shown as a plus.  b) Comparison of a the power 

spectral densities of original synthetic data, a solution to the estimator described above and of 

data filtered using a four-pole Butterworth filter with the same corner period as the model. 
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Figure A.2 – Synthetic time-series and modeling results for two different model dampings 

corresponding to 80 days (a-d) and 5 days (e-h).  a) Position time-series (grey) and model result 

for the 80 day damping period (solid black line), b) Residual time-series or misfit between the 

model and original data, c) Velocity time-series model for the 80 day damping period (black) and 

a)

b)

c)

d)

e)

f)

g)

h)

Year
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the true velocity (grey), d) Acceleration time-series for the 80 day damping period (black) and 

the true velocity (grey), e) Position time-series (grey) and model result for the 5 day damping 

period (solid black line), f) Residual time-series, g) Velocity time-series model for the 5 day 

damping period (black) and the true velocity (grey), h) Acceleration time-series for the 5 day 

damping period (black) and the true velocity (grey). 
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Figure A.3 - Power spectral density (PSD) plots for model, data, and the ratio of data to model.  

A ratio of one indicates that the model has perfectly fit the data at that frequency.  a) PSD for a 

a)

b)
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model with a damping period of 80 days, b) PSD for a model with a damping period of 5 days.  

The estimator can be seen to effectively filter the shorter period noise. 
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Figure A.4 - Power Spectral Density (PSD) for different damping periods of 5, 10, 20, 80 and 

180 days, and the PSD of the synthetic data (grey). 
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Figure A.5 - Measures of model misfit and model uncertainty for different damping periods 

applied to synthetic data with a SNR=15.  a) Sum squared residual (SSR) of misfit of original 

synthetic data and model, the less damped the model the lower the SSR.  b) The absolute misfit 

between the true velocity and the model velocity, which has a clear minimum at 20 days 

damping. c) Sum of the absolute difference between estimated position data and time-averaged 

position data, Butterworth low-pass filtered position time-series data, TC = 20 days,  d) and its 

associated uncertainty as a function of damping period. 

  

a)

b)

c)

d)
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Figure A.6 – Comparison of mean absolute error between filtered position data and modeled 

position by ratios of damping period to filter period for different SNR for synthetic data with a 

single instance of a Gaussian transient.  As the SNR decreases the minimum error is obtained for 

ratios less than one. 
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Figure A.7 – a) Comparison of mean absolute difference between filtered position data and 

modeled position by ratios of damping period Tλ  to Gaussian width TG  ranging from 5 to 95 

a)

b)
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days for different SNR for synthetic data and varying the Gaussian , where Tλ /TC = 1 .   b) 

Comparison of the mean absolute error between the true velocity and the modeled velocity for 

different SNR and ratios damping period and Gaussian width.   
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Abstract 

In January of 2011 a sequence of earthquakes occurred in close proximity to a well, which was 

being hydraulically fractured in south-central Oklahoma.  The hydraulic fracturing of the Picket 

Unit B Well 4-18 occurred form 16 January 2011 18:43 through 22 January 16:54 UTC.  This 

vertical well penetrated into the mature Eola-Robberson oil field.  Earthquakes were identified 

by cross correlating template waveforms from manually identified earthquakes and cross 

correlating these templates through the entire operation period of the Earthscope Transportable 

Array (TA) station X34A.  This produced a series of 116 earthquakes, which occurred from 17 

January 2011 19:06 through 23 January 3:13 UTC with no other similar earthquakes identified at 

other times prior to or post-hydraulic fracturing. The identified earthquakes range in magnitude 

from 0.6 to 2.9 ML with 16 earthquakes ML 2 or greater and a b-value of 0.98. There is a strong 

temporal correlation between hydraulic fracturing and earthquakes.  This correlation is 

strengthened because hydraulic fracturing operations ceased for ~2 days due to bad weather, and 

earthquakes can be seen to cease during this period and resume after hydraulic fracturing had 

resumed.  Earthquakes were relocated using cross-correlated phase arrivals and bootstrap 

iterations of HYPODD. Locations were well constrained for 86 earthquakes.  These earthquake 

locations clearly delineate a fault which strikes ~166°, sub-parallel to the mapped minor fault 

sets in the area, and dips steeply to the west.  The earthquakes appear to have occurred at shallow 

depths from about 2 to 3 km, and occurred within ~2.5 km horizontally of the well. The first 

earthquake occurred ~24 hours after hydraulic fracturing began at the well.  This delay is 

consistent with the diffusion of pore pressure in the subsurface over a distance of about 2 km. 

 

Introduction 
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Induced seismicity from fluid injection at depth is often identified by spatial proximity and 

multiple temporal correlations between fluid injection parameters and earthquake occurrence 

(Healy et al., 1968, Raleigh et al., 1976, Baisch et al., 2002, Ake et al., 2005, Baisch et al., 2006, 

Majer et al., 2007).  However, these cases involve fluid injection at depth over longer time 

periods than what is associated with hydraulic fracturing.  Generally earthquakes associated with 

hydraulic fracturing are very-small microseismic events with reported magnitudes in the range of 

-3.0 to -0.5 (Maxwell et al., 2009, Maxwell et al., 2002, Warpinski, 2009, Verdon et al., 2010).  

Fault activation associated with hydraulic fracturing has been observed in microseismic 

monitoring of hydraulic fracturing.  In one example (Maxwell et al., 2009), during hydraulic 

fracturing operations microseismic events had b-values near 2 and after injection ceased the 

earthquake magnitudes began increasing with b-values<1.  The largest earthquake was a 

magnitude -0.5, but their interpretation is that hydraulic fracturing triggered seismicity on a 

nearby fault (Maxwell et al., 2009).  In a recently documented case, small earthquakes of 

mangnitudes 2.3 and smaller were observed associated with hydraulic fracturing of the Bowland 

Shale in the United Kingdom.  Earthquakes in this case can be seen to occur during or after 

multiple hydraulic fracturing stages with 50 identified earthquakes (dePater and Baisch, 2011).  

Previous cases have shown a possible link between hydraulic fracturing and earthquakes in 

Oklahoma, but the available data were limited, drawing definitive conclusions was not possible 

for these cases.  The first case occurred in June 1978 in Carter and Love Counties, just south of 

Garvin County, with 70 earthquakes in 6.2 hours.  The second case occurred in Love County in 

May of 1979 with 90 earthquakes following the first and second hydraulic fracturing stages 

(Nicholson and Wesson, 1990).  This study provides another example similar to that described 

by dePater and Baisch (2011), for which multiple stages of hydraulic fracturing have possibly 
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triggered earthquakes on nearby faults.  The difference is that the largest magnitude earthquake 

in this study is of ML 2.9 with 16 earthquakes having magnitudes of 2.0 or greater, and multiple 

earthquakes felt by a local resident.   

 

The accepted mechanism for triggered seismicity for both hydraulic fracturing and injection of 

fluids at depth is the diffusion of pore-pressure and subsequent increase in pore-pressure 

effectively reducing the normal stress on a fault, releasing stored stress on the fault and 

triggering an earthquake (Raleigh et al., 1976, Hsieh and Bredehoeft, 1981, Talwani and Acree, 

1985, Nicholson and Wesson, 1990, Shapiro et al., 1999, Rothert and Shapiro, 2003, Talwani et 

al., 2007).  Rozhko (2010), however, argues that seismicity is triggered by the migrating 

effective stress front, which is also related to the diffusion of pore pressure.   

 

On 18 January 2011, a resident in south-central Oklahoma, Garvin County, contacted the 

Oklahoma Geological Survey (OGS) to report feeling several earthquakes throughout the night 

with the first occurring at approximately 00:10 UTC on 17 January and another large one at 

about 8:50 UTC on 18 January.  The resident also reported that there was an active hydraulic 

fracturing project being conducted in a nearby well.  Examination of the available seismic data 

including Earthscope USArray Transportable Array stations in the region, confirmed that 

earthquakes were occurring in the area.  The Picket Unit B Well 4-18 was being hydraulically 

fractured at the time-period when the small earthquakes started occurring.  The Picket Unit B 

Well 4-18 is located on the edge of one of the largest concentrations of historical seismicity in 

Oklahoma (Figure 1).  This well is located in the Eola-Robberson oil and gas field, which has 

been actively producing oil since 1947 (Swesnik and Green, 1950).  The total production from 
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the Eola-Robberson field as of 2002 was 109 TCF of natural gas and 21 million barrels of oil 

(Boyd, 2002).   

 

The Eola-Robberson field lies at the northern edge of the Ardmore Basin and the buried 

northwestern extent of the Arbuckle Mountains and is part of a highly folded and faulted thrust 

system (Harlton, 1964, Swesnik and Green, 1950, Granath, 1989).  In the Cambrian this area 

experienced significant rifting associated with the Southern Oklahoma aulacogen (Keller et al., 

1983).    After the initial rifting the area experienced thermal subsidence and sedimentation 

(Granath, 1989).  The area continued to see periods of subsidence and sedimentation with a few 

periods of erosion represented by unconformities (Swesnik and Green, 1950).  In the mid-

Pennsylvanian the area began to experience significant transpression associated with the 

Ouachita Orogen (Granath, 1989).  Normal faults associated with the aulacogen and later basin 

accommodation were reactivated in the mid to late-Pennsylvanian with a transpressional sense of 

motion.  The Washita Valley fault is the largest fault in the area, with a surface trace of 

approximately 56 km (Tanner, 1967).  It is a major fault that is known to extend nearly 180 km 

from the Ouachita thrust system in the southeast to the Anadarko basin to the northwest (Tanner, 

1967).  Estimates for the amount of left-lateral strike-slip accommodated on this fault vary 

dramatically, but reasonably range from 65 km (Tanner, 1967) to 26 km (McCaskill, 1998).  The 

Roberson fault, to south of the Washita Valley fault, is a thrust fault with an associated 

overturned syncline with significant shortening (Swesnick and Green, 1950).  The Reagan, Eola 

and Mill Creek faults as mapped by Harlton (1964) all show significant components of left 

lateral strike slip (Granath, 1989).   The Eola field contains several fault blocks in between these 

major faults, with all the faults in the subsurface having near vertical dips (Harlton, 1964).  To 
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the southeast of the Eola oil field is the highly faulted West Timbered Hills of the northwestern 

Arbuckle Mountains (Harlton, 1964).    There is no evidence the large faults in the study area 

have had large Quaternary earthquakes (Wheeler and Crone, 2001).  The previously mapped 

fault locations in the study area can be seen in Figure 2. 

 

Hydraulic fracturing of Picket Unit B Well 4-18 occurred from 16 January 2011 at 18:43 UTC.  

The hydraulic fracturing of the well occurred in four stages with depth intervals of 2996-3134 m, 

2537-2710 m, 2335-2477 m and 2133-2304 m.  Formations identified in the treatment intervals 

include the inverted Woodford and inverted Viola with the last hydraulic fracturing stage 

completed on 22 January 2011.  During hydraulic fracturing operations at the well a blizzard 

occurred which caused the first two hydraulic fracturing stages to be separated from the final two 

stages by about two days.  The well was then flushed until 6 February 2011. The Picket Unit B 

Well 4-18 is a nearly vertical well, and located at 34.55272°N 97.44580°W, elevation 277.4 m.  

 

The study presented here is an improvement on the study of Holland (2011), because the 

operator provided detailed pumping curves for the Picket Unit B Well 4-18 that were not 

available before.  In addition the earthquake locations are improved, more earthquakes are 

identified and located, and their magnitude estimates are more robust. The detailed pumping 

curves and times of hydraulic fracturing improve the temporal correlation of earthquakes to 

hydraulic fracturing. 

 

Methods and Analyses 
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Initially more than 70 earthquakes were identified through visual inspection and 50 were located 

using P and S-phase arrivals with duration magnitude estimates ranging from 1.0 to 2.8.  Initial 

locations using HYPOCENTER (Lienert et al., 1986, Lienert and Havskov, 1995) were within 

the epicenter location uncertainty of the Picket Unit B Well 4-18 (Holland, 2011).  The 

waveforms from these earthquakes have a distinctly different character from other earthquakes 

recorded in the region.  These differences include subdued P-wave amplitudes and generally 

emergent first arrivals.  The P-wave coda contained significant energy most likely due to 

multiple conversions and were often nearly as prominent on horizontal as vertical components.  

No first motion focal mechanisms could be obtained for any of the earthquakes.  First motion 

focal mechanisms were routinely calculated for earthquakes with magnitudes greater than ~2.8 

while the Earthscope US Array Transportable Array (TA) was located in Oklahoma.   

 

The nearest seismic station to these earthquakes is TA station X34A at ~35 km distance from the 

earthquakes.  Three earthquakes identified by Holland (2011) were used as templates to identify 

repeating earthquakes using cross-correlation similar to the method of Gibbons and Ringdal 

(2006). The vertical component of X34A was used for cross-correlation templates to identify 

earthquakes.  The template windows were generated beginning at the calculated origin time for 

each earthquake with a total duration of 60 seconds.  The template was then bandpass filtered 

between 1 and 3 Hz and a 10% cosine taper was applied.  These templates were then cross-

correlated with the vertical channel for X34A with the same bandpass filter as the template for 

the entire TA operation period of X34A.  TA station X34A was in operation from November 23, 

2009 through September 6, 2011.  116 unique earthquakes were identified through this technique 

with many earthquakes being identified by more than one template.  Events that correlated to 
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more than one template were associated to the template for which the normalized correlation 

coefficient was the greatest.  Normalized cross-correlation coefficients ranged from 0.42 to 1.0 

with a mean value of 0.75.  It is recognized that generally a correlation coefficient of 0.4 is quite 

low; the low cut-off threshold for the correlation coefficient was selected to ensure that any 

similar earthquakes that occurred outside of the time-period of hydraulic fracturing would be 

identified.  Gibbons and Ringdal (2006) discussed the ambiguity of correlation coefficients, 

which are dependent on selected bandpass filters and suggested that some low correlation values 

can occur and accurately identify an earthquake if the correlation coefficient is significantly 

larger than the surrounding correlation values.   

 

The local magnitude (ML) relationship of Miao and Langston (2007), which was determined for 

the New Madrid region of the Central US, was used to calculate ML.  The maximum zero-to-

peak amplitude measurements were determined for horizontal components at X34A using the 

same window and filtering as for the event cross-correlation identification, and the mean of the 

ML estimate for the horizontal channels was assigned as the ML for each event.   The identified 

earthquakes range in magnitude from 0.6 to 2.9 (Figure 3) with a b-value (Gutenberg and 

Richter, 1944) of 0.98 determined using least squares (Figure 4).  

 

Cross-correlated phase arrivals were determined using eleven template earthquakes for seven TA 

stations, W35A, W36A, X34A, X35A, X36A, Y34A and Y35A (Figure 1) similar to the method 

of Schaff and Waldhauser (2005) for phase cross-correlation.  A 5 second window was selected 

around the manually identified P and S phase arrivals for the template earthquakes.  The phase 

template windows contained 1-second pre-phase arrival and 4 seconds of post-phase arrival and 
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the 1 to 3 Hz bandpass filter and a 10% cosine taper were applied to each phase template.  Each 

event waveform was then cross-correlated with the P and S waveform template for the associated 

station component.   P-phases were correlated on vertical components and S-phases on horizontal 

components.  Initial attempts to use cross-correlated phases were unsuccessful.  It was common 

for the P-wave cross-correlation to have a higher correlation coefficient with the coda than the P-

phase even when correlating with the associated template event.  In order to avoid correlations in 

the coda, the phase arrival time was assigned to the earliest time in the waveform for which the 

normalized cross correlation coefficient exceeded 0.6.   Because of their greater amplitudes, S-

phase arrivals correlated better than the P-phase arrivals.  Figure 5 shows waveforms for 

earthquakes with magnitudes of 2.0 or greater with respect to their relocated origin times. 

 

 These cross-correlated phase difference times were used to locate the earthquakes using the 

double-differencing technique, HYPODD, of Waldhauser and Ellsworth (2000).  An initial trial 

depth of 3.5 km was assigned to each earthquake, and the starting location for each event was 

based on the previously determined location for the associated template earthquake.  The least 

squares option in HYPODD was used to solve for the earthquake locations.  This choice allowed 

the damping of early iterations during which phase pick outliers were identified by a dynamic 

cutoff, and removed as described in Waldhauser (2001).   The damping was relaxed in later 

iterations of the relocations.  There were initially 3707-P and 7915-S cross correlation 

differential travel times for 776 event pairs.   

 

In order to identify as accurate location uncertainties as possible, a bootstrap method was 

implemented where 90% of the event pairs were randomly selected in each iteration of 
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HYPODD.  Five different velocity models (Holland, 2011) that have been used for earthquake 

location in Oklahoma were incorporated into the bootstrap routine to address the uncertainty that 

may be associated with the velocity model.  1000 iterations were done for each velocity model 

for a total 5000 iterations of HYPODD.  The variation in location was determined at the 95% 

confidence interval for the hypocenter locations obtained from iterations of the bootstrap 

implementation of HYPODD.  This yielded 86 well-located events (Table S1 available in the 

electronic supplement) with another 30 earthquake locations being poorly constrained (Table S2 

available in the electronic supplement).  The poorly constrained earthquakes generally had 

magnitudes less than 1.5.  It is recognized that HYPODD provides excellent relative earthquake 

locations, but the absolute locations of earthquakes may not be well constrained mostly due to 

the lack of close seismic stations. 

 

To evaluate whether pore pressure diffusion from the Picket Unit B Well 4-18 might be 

responsible for these earthquakes, the hydraulic diffusivity was determined for the timing and 

location of the 86 relocated earthquakes.  The hydraulic diffusivity (c) as defined by Talwani et 

al. (2007) is 

𝑐 = 𝑟!/4∆𝑡; 

where r is the distance from injection at the well to an earthquake, and Δt is the lag time 

between onset of injection at the well and the earthquake.  The value for c is determined for each 

earthquake and the c at the 95% percentile was considered the hydraulic diffusivity 

representative of the sequence; all values below this threshold are consistent with triggering by 

the diffusion of pore pressure. Location uncertainties from the relocations were used to 

determine the uncertainty in hydraulic diffusivity. 
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Results 

The 86 well-constrained earthquake relocations from the HYPODD bootstrap have a mean 2σ 

variation in location of 20.1, 58.3, 550.0 meters in longitude, latitude, and depth, respectively.  

There were no earthquakes identified by cross-correlation of template waveforms outside of the 

six days around the hydraulic fracturing of Picket Unit B Well 4-18.  Waveforms for stations 

X34A for earthquakes with magnitudes of 2.0 or greater are shown in Figure 5.  The earthquake 

relocations in relationship to the local structures as mapped by Harlton (1964) are shown in 

Figure 2.  These locations are quite similar to those that only used P and S phase arrival picks 

from routine earthquake processing (Holland, 2011), with much less scatter in the earthquake 

relocations.  The earthquakes occur on a trend sub-parallel to the secondary NW-SE striking 

faults in the area with a strike of ~166° and dipping steeply to the W.  The average depth of the 

earthquakes after relocation was 2.53 km (Figure 6).  

 

The operator of the Picket Unit B Well 4-18 provided pumping curves for the hydraulic 

fracturing.  A time comparison between the number of earthquakes and hydraulic fracturing 

injection (Figure 7) shows a strong correlation between injection and the occurrence of 

earthquakes.  The first earthquake followed the onset of the first hydraulic fracturing stage by 

24.4 hours. The majority of earthquakes observed in this study occurred during and following the 

second hydraulic fracturing stage with only about 7% of the earthquakes occurring during and 

after completion of the fourth hydraulic fracturing stage.  The second and third hydraulic 

fracturing stages were separated by about 2.5 days due to inclement weather.   
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The earthquakes shown in Figure 5 were located nearly 2 km from the Pickett Unit B Well 4-18; 

this is a significant distance for pore pressure diffusion to occur just 24 hours after initiation of 

hydraulic fracturing.  The earthquake relocations where used to determine the hydraulic 

diffusivity (c) of 13.8±5.4 m2/s, 2σ uncertainty (Figure 8).  Talwani et al. (2007) showed that for 

most cases of triggered seismicity the hydraulic diffusivity ranges from .1 to 10.0 m2/s within the 

seismogenic zone, which is within the range of uncertainty determined for this earthquake 

sequence.  

 

Raleigh et al. (1976) identified a critical bottom hole pressure of 25.7 MPa (3727 psi) at 

Rangely, Colorado, above which earthquake occurrence dramatically increased.  Taking this 

model the delay times between injection pressures in excedence of 41.37 MPa (6000 psi) and all 

subsequent earthquakes, were calculated (Figure 9).  The value of 41.37 was chosen because it is 

one of the highest pressures reached in all of the hydraulic fracturing stages, but was not very 

typical which allowed for the calculation of delay times.  The delay times have a roughly tri-

modal distribution the first mode ranges from 0 to 5 hours centered at 0, one mode centered at 

about 20 hours and another mode centered at ~33 hours.  Because there are no identified 

earthquakes concurrent with the first hydraulic fracturing stage the first mode at 0 to 5 hours is 

most likely a coincidence due to the other lag times and timing of hydraulic fracturing stages.   

 

Discussion 

At first glance, it appears there is a strong correlation between injection volume and earthquake 

occurrence.  However, if one assumes a radial pattern of fluid flow from the perforated interval 

for each hydraulic fracturing stage and an effective porosity of 1%, the maximum distance of 
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fluid flow in any hydraulic fracturing stage is about 50 m.  This distance is much less than the 

north-south extent of earthquakes, which is approximately 2 km.  This is not contrary to 

published mechanisms for triggered seismicity, which suggest the diffusion of pore-pressure and 

subsequent change of pore-pressure within a fault is the primary driver for triggering 

earthquakes.  

 

Uncertainty in the absolute earthquake locations due to a lack of very close seismic stations 

hinders a full evaluation and adds uncertainty to the interpretation.  From the independent 

earthquake locations and the robust relative locations using multiple velocity models it is clear 

that the earthquakes occurred in close proximity (<5 km) of the Picket Unit B Well 4-18. The 

preferred model for triggering these earthquakes associated with hydraulic fracturing is one in 

which the fluid pressure diffuses through a more permeable fracture or fault systems for about 2 

km to a fault that was critically stressed and triggered earthquakes by increasing the pore 

pressure within the fault. The area is a highly folded, fractured, and faulted thrust belt which 

could reasonably provide a number of highly permeable pathways for pressure to reach a 

critically stressed fault.  If the actual earthquake locations were either closer or farther away, it 

would change the results obtained for the calculated hydraulic diffusivity, but the mechanism for 

triggering the earthquakes would remain the same, because the earthquakes did occur near the 

well. 

 

This earthquake sequence represents the largest magnitude earthquakes linked to hydraulic 

fracturing to date.  Even when existing faults and fractures are thought to be triggered or 

activated by hydraulic fracturing the associated earthquakes are generally quite small with 
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magnitudes less than 0 with the largest documented magnitude being 2.3 (de Pater and Baisch, 

2011).  The moment magnitude of an earthquake depends upon the slip area and the average 

dislocation on that fault area (Kanamori and Anderson, 1975).  The triggering of earthquakes by 

the addition of pore pressure effectively reduces normal stress on the fault (Nicholson and 

Wesson, 1990).  The area of fault that experiences increases in pore pressure and the magnitude 

of that increase, may in part control the magnitude of a triggered earthquake.  This would be 

consistent with the work of Shapiro et al. (2007), which show that for some examples the 

number of larger earthquakes increases with duration of injection. This does not appear to be the 

case for the sequence considered here, at least over the duration of hydraulic fracturing.  

However, if the fault is already critically stressed over a significant area, there may be nothing 

limiting the size of triggered earthquake except the properties of the fault, the existing stresses on 

the fault, and initial rupture energy (Steacy and McCloskey, 1998, Olson and Allen, 2005). 

 

While this series of earthquakes appear to be triggered due to hydraulic fracturing this 

occurrence does appear to be rare.  In Oklahoma there have been more than 100,000 wells 

hydraulically fractured and only three suggested cases of triggered seismicity associated with 

hydraulic fracturing (Nicholson and Wesson, 1990; Holland, 2011).  Assuming a significant 

number of triggered earthquakes were not detected or identified the percentage of wells 

hydraulically fractured that potentially trigger earthquakes would still be small.  The 

phenomenon is not widely reported by microseismic monitoring service companies, which 

monitor hydraulic fracturing operations on a small percentage of completed wells.  

Understanding whether or not earthquakes may have been caused by hydraulic-fracturing could 

potentially help us learn more about subsurface properties such as stresses at depth, strength of 
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faults, rupture initiation and propagation, fluid flow, pressure diffusion or other triggering 

mechanisms, and long term fault and earthquake behaviors of the stable continent.  It may also 

be possible to identify what criteria may affect the likelihood of induced earthquakes and provide 

oil and gas operators the ability to mitigate the possibility of triggering a damaging earthquake.  

It is possible that modification of hydraulic fracturing operations, such as rapid flow-back after 

each hydraulic fracturing stage, could reduce the likelihood of triggering earthquakes (de Pater 

and Baisch, 2011).  

 

Conclusions 

At least 86 earthquakes occurred during or shortly after hydraulic fracturing operations of the 

Picket Unit B Well 4-18 in south-central Oklahoma.  Cross-correlation identification of events 

identified no similar earthquake waveforms occurring prior to or after hydraulic fracturing.  The 

sequence had 16 earthquakes having ML magnitudes of 2.0 or greater.  The first earthquake to 

occur was ~24 hours after the onset of hydraulic fracturing. The vast majority of earthquakes, 

93%, occurred during or shortly after the second hydraulic fracturing stage suggesting that most 

of the stored stress in the shallow section of the fault was released at that time.  Adding strength 

to the time correlation between earthquakes and hydraulic fracturing is the unique circumstance 

generated by poor weather conditions, which caused the second and third hydraulic fracturing 

stage to be separated by more than 2 days and led to multiple temporal correlations between 

hydraulic fracturing and the occurrence of earthquakes.  While the absolute location of the 

earthquakes may have some uncertainty these earthquakes clearly occurred in close proximity to 

the Picket Unit B Well 4-18.  The largest magnitude earthquake to occur in this sequence was a 

ML 2.9.  While cases of hydraulic fracturing triggering earthquakes of this size have not been 
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previously identified, instances triggering or fault activation associated with hydraulic fracturing 

have been previously observed (Maxwell et al., 2009; Warpinski, 2009; de Pater and Baisch, 

2011). The strong temporal and spatial correlation between hydraulic fracturing and the 

earthquakes observed in this study suggest it is likely that hydraulic fracturing triggered these 

earthquakes. 

 

Data and Resources 

Seismograms from the Earthscope USArray Transportable Array were used in this study.  Data is 

available from the IRIS Data Management Center at www.iris.edu (last accessed February 2011).  

Seismograms from Oklahoma Geological Survey seismic stations are available upon request.  

Cimarex Energy Co. provided drilling and completion reports for Picket Unit B Well 4-18, 

which are proprietary, and cannot be released to the public.  Waveform filtering and cross-

correlations were done using ObsPy (Beyreuther et al., 2010) and NumPy (Oliphant, 2007).  

Maps and figures were generated using Matplotlib for Python (Hunter, 2007). 
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Figure 2.1 – Map showing the location of seismic stations (triangles) used in this study, historical 

earthquakes (x) from 1897-2010, regional faults as solid black lines (Northcutt and Campbell, 

1995), and the study area is outlined by the thick black box. 
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Figure 2.2 – Map showing the location of the Pickett Unit B Well 4-18, earthquakes located in 

this study (x), and mapped subsurface faults, solid black lines with tick marks indicating 

downthrown side of fault from Harlton (1964). 
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Figure 2.3 – Normalized correlation coefficients for the identified earthquake using the three 

different template earthquakes (1, 2, and 3) compared to the ML magnitudes determined for each 

earthquake. 
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Figure 2.4 – Cumulative number of earthquakes with magnitudes greater than those for the 

abscissa value (+).  The resultant b-value is 0.98 (dashed line) determined using a least squares 

regression. 
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Figure 2.5 – Waveforms recorded by X34A BHZ for earthquakes of magnitude 2.0 and greater 

plotted relative to origin time determined from bootstrap iterations of HYPODD.  Waveforms 

used for phase correlations are shown in bold, and event identification numbers can be found in 

Table S1 of the electronic supplement.   
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Figure 2.6 – (a) Map showing the bootstrap HYPODD locations of earthquakes shaded by origin 

time.  Pickett Unit B Well 4-18 is located at the point labeled “B” on the map. (b) Cross-section 

of earthquakes shaded by origin time along fault strike.  (c) Cross-section of earthquakes nearly 

perpendicular to strike with origin point “B” located at the Pickett Unit B Well 4-18.  (d) Time-

magnitude plot of earthquakes shaded by time.  Black horizontal bars indicate the time of 

hydraulic fracturing stages at Well 4-18. 

 

Figure 2.7 – Pumping curves through the entire time of hydraulic fracturing at Pickett Unit B 

Well 4-18.   (a) Number of earthquakes per hour and total injected volume of slick-water through 

time.  (b) Top-hole injection pressures, average for each interval in the hydraulic fracturing sub-

stage is solid, and the maximum values within the interval are dotted. (c) Injection rate, average 

for each interval in the hydraulic fracturing sub-stage is solid, and the maximum values within 

the interval are dotted. 

(a)

(b)

(c)
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Figure 2.8 – (a) Comparison between hydraulic diffusivity model through time where 

c=13.8±5.4 m2/s (dashed lines) and distance and timing of earthquakes (black +) from Pickett 

Unit B Well 4-18.  (b) Location of hydraulic fracturing stages (indicated next to the depth 

interval) at Well 4-18 with the complete drilled interval (gray), and radial distance from the well 

to the earthquakes (circles).  Error bars include the uncertainties for each earthquake determined 

by bootstrap iterations of HYPODD.  
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Figure 2.9 – Calculated delay times from each time injection pressures exceeded 41.37 MPa and 

all subsequent earthquakes.  The delay times have a tri-modal distribution with each mode 

identified in the plot for reference. 
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Abstract 

 

152 focal mechanisms determined for earthquakes occurring in Oklahoma for about 30 months 

were used to determine the optimally oriented fault orientations within the region.  A large 

number of these focal mechanisms were concentrated in central Oklahoma and can be associated 

with the ongoing Jones earthquake swarm and the November 5, 2011 Prague earthquake 

sequence.  In addition there are focal mechanisms determined throughout Oklahoma while the 

Earthscope Transportable Array was located in the region.  Focal mechanisms used in this study 

include Regional Moment Tensor solutions when available and first motion focal mechanisms.  

The probability density functions (PDF) with a 10-degree bin were calculated for the both 

possible nodal planes associated with the observed focal mechanisms.  Focal mechanisms within 

the Jones swarm are clearly different than those from the rest of Oklahoma, and appear to be 

primarily controlled by the orientation of existing natural fracture orientations.  The results 

clearly demonstrate that strike-slip motion on steeply dipping faults dominate the focal 

mechanism distribution.  Fault strike was restricted to the range of 0 to 180 degrees.  The optimal 

fault strike orientation ranges between 40°-60° and 130°-150° and represent fault orientations 

most likely to have an earthquake.  From the PDF it is possible to define orientations of moderate 

likelihood of having earthquakes with strikes in the range of 20°-40° and 110°-130° with all 

other orientations of fault strike having a low likelihood.  These results may help oil and gas 

operators in Oklahoma modify operations to reduce the likelihood of triggered seismicity. 

 

Introduction 
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Identifying the optimal fault orientations likely to have an earthquake within the contemporary 

stress-field is important to identifying the potential earthquake hazard of both naturally occurring 

and triggered seismicity.  In order to address this need all focal-mechanisms calculated within 

the state of Oklahoma are examined and a probability of an earthquake occurring on a fault with 

a given orientation established.  The probabilities offer only a guide as to the potential of an 

earthquake occurring on a fault with a particular orientation.  These results do not indicate that 

earthquakes occurring on faults oriented with a low probability cannot occur, but simply that 

they are less likely.  For example significant increases in pore pressure at depth can cause 

earthquakes on faults that have unfavorable orientations capable of earthquake nucleation 

(Sibson, 1990).  The focal mechanisms within Oklahoma are generally consistent with those 

calculated through the mid-continent region (Herrmann et al., 2011), and this method could 

possibly be extended to include a wider geographic region.   

 

The technique described here is similar to a recent study in which the stress-field was modeled 

from very high quality focal mechanisms and the likelihood of fault orientations was then 

determined from the modeled stress field (Hurd and Zoback, 2012). (Hurd and Zoback, 2012) 

generally found that only one of the focal mechanism nodal planes was consistent with the 

modeled stress field.  Applying this technique may reduce uncertainty in the results and better 

identify the actual fault orientations, which pose the greatest hazard.  Since the technique does 

require assumptions to model the stress field, the results can depend significantly on these 

assumptions (Hurd and Zoback, 2012).   Further work would be required to select the appropriate 

assumptions to model stresses for the entire state of Oklahoma.  Since the (Hurd and Zoback, 
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2012) study was just released and the inversion from focal mechanisms to stress benefits from 

higher quality focal mechanisms than is currently available for Oklahoma this technique will not 

be used in this study.   

 

Methods 

 

The Oklahoma Geological Survey (OGS) has calculated a large number of first-motion focal 

mechanisms for earthquakes within Oklahoma.  The calculation of focal mechanisms was made 

possible by the additional 39 seismic stations within Oklahoma associated with the NSF 

Earthscope USArray Transportable Array, and in addition several telemetered temporary seismic 

stations provided by the USGS.  Whenever a regional moment tensor was calculated for an 

earthquake that mechanism was generally preferred over the first motion focal mechanisms.  

However, with these larger earthquakes the focal mechanisms between the two methods are quite 

comparable.  First-motion focal mechanisms were calculated using a variety of methods 

including HASH (Hardebeck and Shearer, 2002), FOCMEC (Snoke et al., 1984), and FPFIT 

(Reasenberg and Oppenheimer, 1985).  A few focal mechanisms were also constrained with 

measured amplitude ratios (Snoke et al., 1984).  Generally the resulting focal mechanisms 

compare quite well among different computational algorithms with most of the focal 

mechanisms calculated using HASH.  (Herrmann et al., 2011) calculated regional moment 

tensors for larger earthquakes throughout the North America and offer a good summary.   The 

focal mechanisms only include data from telemetered seismic stations.  There have been many 

temporary seismic stations within Oklahoma that were not telemetered.  These seismic stations 
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could both improve the quality and uncertainty of hypocenters and focal mechanisms as well as 

add additional focal mechanisms for the region.  

 

The focal mechanisms used in this study are shown in Table 2. Both nodal planes of a focal 

mechanism are considered in this study since both are consistent with the same P- and T-axis 

orientations.  The auxiliary nodal plane and the P- and T-axis orientations are calculated from the 

focal mechanism following the method outlined by (Stein and Wysession, 2003). The orientation 

of nodal planes are binned into 10° bins for each grouping of data.  The probability density 

function is determined by dividing the number of nodal plane orientations in each bin by the total 

number of nodal plane orientations and the number of degrees in each bin.  

 

Observed focal mechanisms can help define active fault structures and their orientations by 

correlating inter-event azimuths and nodal plane orientations.  440 focal mechanisms throughout 

Oklahoma were used in an attempt to identify active fault structures.  Precise relative earthquake 

locations were obtained through double-differencing (HYPODD) (Waldhauser and Ellsworth, 

2000).  Two techniques were used to correlate observed focal mechanisms to obtain the 

orientation of active fault structures.  Both techniques look at each focal mechanism and find all 

earthquake focal mechanisms that haven’t been examined yet (sampling without replacement), 

within a 3 km radius around the epicentral location of the focal mechanism.  For each focal 

mechanism pair the inter-event azimuth and distance between the two earthquakes is determined.  

The strikes of both nodal planes for each focal mechanism are then compared to the inter-event 

azimuth and if both focal mechanisms have nodal planes that lie within 10° of the inter-event 

azimuth then a potential fault segment has been identified.  The first technique simply identifies 



 

	  

119 

all such combinations as potential fault segments.  The second technique only records the 

segment with the smallest inter-event distance. 

 

Results 

 

The majority of focal mechanisms within Oklahoma (Figure 1) are determined from regional 

seismic stations within or near Oklahoma.  The focal mechanisms determinations are 

concentrated in central Oklahoma due to the occurrence of the Jones earthquake swarm (Figure 

2) and the 2011 Prague earthquake and its associated aftershocks (Figure 3).  It is likely possible 

to calculate more focal mechanisms, within these sequences, but currently there are 116 focal 

mechanisms associated with these two sequences.  There are 37 focal mechanisms distributed 

throughout Oklahoma (Figure 4) not associated with either sequence.  Results will be presented 

grouped by the Jones Swarm, the 2011 Prague sequence, and those earthquakes not associated 

with either sequence as “Unclustered”.  

 

The probability density functions PDF’s for each grouping clearly show internally consistent 

orientations of faults (Figure 5-7) for the different focal mechanism groups.  The focal 

mechanisms generally show slip on steeply dipping faults with dips greater than 60°.  The 

distribution of rake is also quite consistent between the different focal mechanism groups and 

clearly shows that strike-slip mechanisms are the primary source mechanisms in all data groups.  

For the Jones earthquake swarm (Figure 5) the greatest number of nodal planes occur between 0° 

and 20° and 90° to 100°, with a large amount of variability.  There are also significant peaks in 

the PDF at 40°-60° and 130°-150° within the Jones earthquake swarm for which the boundaries 
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were selected somewhat arbitrarily.  The secondary peaks in the PDF for the Jones swarm are 

consistent with those observed in 2011 Prague sequence with sharply defined peaks in the PDF 

at strikes of 230°-240° and 140°-150° (Figure 6).  The unclustered focal mechanisms (Figure 7) 

have a generally broad distribution with peaks in the ranges of 20°-60° and 290°-330°.  

 

The maximum horizontal stress orientation is estimated from the orientation of the P- and T-axis 

associated with the focal mechanisms (Zoback, 1992) which can be seen in Figure 8.  The 

orientations of maximum horizontal stress is somewhat different for the Jones earthquake swarm 

compared to the other two data sets in that they show more variability and generally have a more 

northeast-southwest trend than the general east-west trend observed from most of the maximum 

horizontal stress orientations outside of the Jones earthquake swarm.   

 

Because the Jones earthquake swarm is slightly different from the other two data sets all data is 

considered both including the Jones swarm and excluding it from the solution.  The combined 

results that include the Jones earthquake swarm (Figure 9) have more variability within the data 

and spread out the probability of fault orientations more likely to have earthquakes.  The 

combined results that include only the “unclustered” and 2011 Prague earthquake sequence 

(Figure 10) provide a much more narrow range of favorably oriented faults and is more 

consistent with definitions of optimally oriented faults (Sibson, 1990).  At this point the azimuth 

of nodal plane strike is constrained to the range of 0° to 180° this is done because the seismicity 

is generally occurring on steeply dipping strike-slip faults. Table 1 shows the probability for each 

10° bin in fault strike.   
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Discussion 

 

This technique provides a statistical representation of the optimally oriented faults within the 

regional stress field and the amount of variation about that orientation for past seismicity.   Since 

there are no identified tectonic forces actively changing the regional stress field through time 

within the mid-continent, the fault orientations on which earthquakes were more likely to occur 

in the past should represent orientations that are more likely to have earthquakes in the future.    

 

It is recognized that the first motion focal mechanisms contain errors.  The true amount of error 

is unknown and different techniques provide entirely different estimates of the focal mechanism 

uncertainties.  Using waveform modeling to determine the focal mechanisms provides greater 

quality focal mechanisms (Hurd and Zoback, 2012). The OGS is moving toward waveform 

modeling for all focal mechanisms, but currently only the first motion focal mechanisms are 

available.  Some of the variability in fault orientation is partly due to uncertainty in the first-

motion focal mechanisms and some of this variability is likely due to variability in fault and 

stress orientations.  The results presented here will help to extend this analysis similar to that of 

Hurd and Zoback (2012), which can help characterize a specific fault or region.   

 

It is unclear as to the cause of the Jones earthquake swarm, but it is clear that whatever the cause 

the resulting seismicity is quite different from that observed elsewhere in Oklahoma.  High-

volume disposal wells are located within 15 to 20 km from the center of the earthquake swarm, 

but only low volume disposal wells are located within the earthquake swarm itself.  Image logs 

from a disposal well 20 km to the southwest from the centroid of the Jones swarm show natural 



 

	  

122 

open fractures corresponding to both distribution orientations of observed focal mechanisms 

(Figure 11).  The observed orientations of focal mechanisms clearly show that the natural 

fractures within the basement are the primary control on observed focal mechanism orientations. 

Significant structures within the swarm are not able to be determined from the location of 

hypocenters. Seismicity does not follow the normal mainshock aftershock sequence, but rather is 

clearly a swarm with an average of 1.7 earthquakes per day, but with significant variation on the 

number of earthquakes in any given day.  The b-value (Gutenberg and Richter, 1944) for the rest 

of Oklahoma remains at about 1.0 which would be consistent with the observed strike-slip stress 

regime (Schorlemmer et al., 2005).  However, the b-value for the Jones earthquake swarm for 

the years 2010 and 2011 is b=1.32 which would indicate a low stress regime much different from 

what is observed throughout the rest of the region (Figure 12).   For this reason, the preferred 

results are the results which do not include the Jones earthquake swarm in the final probability 

density function. 

 

The correlation between inter-event orientations and focal mechanism nodal plane orientations 

were calculated using two different methods.  Both methods yielded similar results.  The primary 

difference is that the method that selects only the smallest inter-event distance has only 172 

potential fault segments while the method that considers all possible segments had 447.  The 

methods identify the same fault systems, but the method that uses all possibilities has more 

segments identifying the well-correlated fault structures such as the Wilzetta Fault splay known 

as the Prague-Meeker Fault (Dycus, 2013).  Very few possible fault segments correlate well to 

mapped faults within the region; the exceptions are the M5.7 Prague earthquake rupture, a 

sequence in central Logan County and a sequence in north-west Logan County Figure 3.14. 
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Conclusions 

 

Because of the great concern over triggered seismicity from fluid injection associated with oil 

and gas activities within the mid-continent, the results of this study can be used to quantify the 

probability or risk of triggered seismicity within an area. Mapped faults can be assigned a 

likelihood of having triggered or natural seismicity by their orientations.  For the combined 

results excluding the Jones earthquake swarm, 57% of all nodal plane strikes used in this study 

fall within the range of 40°-60° and 130°-150°.  These orientations represent the orientation of 

the most optimally aligned faults within the regional stress-field within Oklahoma, and as such 

the greatest risk.  Another ~27% of all nodal plane strikes lie in the range of 20°-40° and 100°-

130°.  These ranges represent fault strikes with a moderate risk of having earthquakes within the 

regional stress-field.  Faults with strikes in the range outside of the above ranges represent the 

lowest risk with only 16% of the focal mechanism nodal planes.  The maximum horizontal stress 

is generally east-west throughout most of Oklahoma with some variability.  The greatest 

variability observed for maximum horizontal stress is within the Jones earthquake swarm and 

may represent a localized perturbation to the regional stress field or activation of poorly aligned 

pre-existing. 

 

The ranges specified above have been used to classify the hazard of different faults in a manner 

similar to that of (Morris et al., 1996) except that in this case we are only considering fault strike 

for faults within Oklahoma using the regional fault map (Northcutt and Campbell, 1995) (Figure 

13).  It is recognized that many faults with dimensions capable of producing damaging 
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earthquakes are not captured in the regional fault map of Oklahoma.  Two such examples are the 

two largest earthquakes to have occurred in historical times in Oklahoma both the April 9, 1952 

El Reno earthquake and the November 6, 2011 Prague earthquake did not occur on fault 

segments expressed in the regional fault map.  The OGS is building a comprehensive subsurface 

fault database from published literature.  However, there are a great number of faults that the oil 

and gas industry has mapped that are not available within the published literature.   

 

These results are intended to allow those with greater information on the faults to assess the 

potential hazard of faults by orientation within potential areas of concern, such as near fluid 

injection wells or hydraulic fracturing operations.  In addition most earthquakes appear to have 

occurred within the basement where very little is known about the faults throughout Oklahoma 

except where there is surface exposure of the basement. 
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Figure 3.1 – Locations of focal mechanisms, 152, determined throughout Oklahoma and used in 

this study.  Mapped regional faults are shown as black lines (Northcutt and Campbell, 1995), and 

counties in Oklahoma are shown as thin black lines. 
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Figure 3.2 – 69 first-motion focal mechanisms for the region shown associated with the Jones 

earthquake swarm. Solid black lines represent faults (Northcutt and Campbell, 1995), upright 

triangles represent regional seismic stations, and inverted triangles represent accelerometers 

provided by the USGS. 



 

	  

129 

 

Figure 3.3 – Prague 2011 earthquake sequence, 47 focal mechanisms for earthquakes occurring 

in the region shown following the M4.7 foreshock on November 5, 2011.  Solid black lines 

represent faults (Northcutt and Campbell, 1995). 
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Figure 3.4 – 36 focal mechanisms throughout Oklahoma that are not associated with either the 

Jones earthquake swarm or the 2011 Prague earthquake sequence.  Thin black lines are regional 

scale faults (Northcutt and Campbell, 1995), upright triangles represent regional seismic stations, 

and inverted triangles represent accelerometers provided by the USGS. 
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Figure 3.5 – Probability density functions for fault orientations within the Jones earthquake 

swarm with 10° bin intervals with a total of 138 nodal planes; (a) PDF of fault strike, (b) PDF of 

fault dip, (c) PDF of fault rake. 

(a)

(c)

(b)
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Figure 3.6 – Probability density functions for fault orientations associated with the Prague 2011 

earthquake sequence with 10° bin intervals with a total of 94 nodal planes; (a) PDF of fault 

strike, (b) PDF of fault dip, (c) PDF of fault rake. 

(a)

(c)

(b)
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Figure 3.7 – Probability density functions for the “Unclustered” fault orientations with 10° bin 

intervals with a total of 72 nodal planes;  (a) PDF of fault strike, (b) PDF of fault dip, (c) PDF of 

fault rake. 

(a)

(c)

(b)
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Figure 3.8 – Maximum horizontal stress orientation determined from orientation of P- and T-

axis, following the method and convention of (Zoback, 1992).  Normal faulting is indicated in 

red, strike-slip faulting is indicated in green, and thrust faulting is indicated in blue.  mechanisms 

projected on a lower hemisphere equal area stereonet for each of the groups considered in this 

study; (a) Jones earthquake swarm, (b) Prague 2011 earthquake sequence, (c) “unclustered” or 

all earthquakes not associated with a or b. 

(a) (b)

(c)
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Figure 3.9 – Probability density functions for fault orientations for 152 focal mechanisms within 

Oklahoma with 10° bin intervals with a total of 304 nodal planes; (a) PDF of fault strike, (b) 

PDF of fault dip, (c) PDF of fault rake. 

(a)

(c)

(b)
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Figure 3.10 – Probability density functions for fault orientations for 83 focal mechanisms within 

Oklahoma, excluding earthquakes associated with the Jones earthquakes swarm, with 10° bin 

intervals with a total of 166 nodal planes;  (a) PDF of fault strike, (b) PDF of fault dip, (c) PDF 

of fault rake. 

 

(a)

(c)

(b)
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Figure 3.11 – (a) Strike orientation of natural open fractures in the Pre-Cambrian basement 

determined from Electrical Micro Imaging (EMI) data from the Deep Throat SWD #1 at depth 

between 3,271 and 3,334 m.  Drilling induced fractures were identified with east-west 

orientations at about 150 m above the interval shown here.  This well is located ~20 km 

southwest of the center of the Jones earthquake swarm. (b) Rose diagram demonstrating the 

number of focal mechanisms with the given strike orientation for both possible nodal planes 

within the Jones earthquake swarm.   

(a) (b)
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Figure 3.12 – Summary of Jones earthquake swarm seismicity (a) b-value plot comparing the 

Jones earthquake swarm to the rest of Oklahoma.  (b) time-magnitude plot for the Jones 

earthquake swarm.   

 

(a)

(b)
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Figure 3.13 – Map of optimally oriented regional faults within Oklahoma (Northcutt and 

Campbell, 1995).  Most likely faults to have an earthquake are shown in red, moderate likelihood 

fault orientations are shown in yellow, and low likelihood fault orientations are shown in green.  

These are based on the probability density function for fault azimuth with the focal mechanisms 

from the Jones earthquake swarm removed. 
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Figure 3.14 - Potential fault segments (dark green) identified through correlation of inter-event 

azimuth and orientation of focal mechanism nodal planes.  Focal mechanism epicenter locations 

are shown as white circles.  Less than half of the focal mechanisms and hypocenter locations 

were constrained well enough or close enough to others for correlation.  Very few possible fault 

segments correlate well to mapped faults within the region (red)(Cardot, 1989, Rottman, 1994, 

Dycus, 2013, Luza and Lawson, 1981, Stoeser et al., 2007); the exceptions are the M5.7 Prague 

earthquake rupture, a sequence in central Logan County and a sequence in north-west Logan 

County.  
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Table C.1 – The probability density function (PDF) for fault strike constrained to the range of 0° 

to 180°, which includes the Jones earthquake swarm contains 152 earthquake focal mechanism 

in this probability density function, for a total 304 nodal planes.  The PDF that only includes the 

“unclustered” and Prague 2011 has 83 earthquake focal mechanisms for a total of 166 nodal 

planes.  The PDF for each data set is summed for each bin demonstrating the probability for each 

binned interval of fault strike. 

 

Fault Strike 

(°) 

PDF (Jones 

Included) 

PDF (Without  

Jones) 

0-10 0.0657 0.0120 

10-20 0.0592 0.0060 

20-30 0.0526 0.0602 

30-40 0.0526 0.0783 

40-50 0.0822 0.1024 

50-60 0.1316 0.1867 

60-70 0.0263 0.0301 

70-80 0.0197 0.0120 

80-90 0.0296 0.0241 

90-100 0.0724 0.0241 

100-110 0.0625 0.0060 

110-120 0.0493 0.0602 

120-130 0.0493 0.0783 
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130-140 0.0657 0.0843 

140-150 0.1349 0.1987 

150-160 0.0263 0.0181 

160-170 0.0099 0.0120 

170-180 0.0099 0.0060 

 

Table C.2 – Earthquake focal mechanisms used in this study with origin-time, hypocenter 

location, and group designation, the method used to determine the focal mechanism is indicated 

with RMT being regional moment tensor, H indicating HASH (Hardebeck and Shearer, 2002), 

FM indicating FOCMEC (Snoke et al., 1984), and FP indicating FPFIT (Reasenberg and 

Oppenheimer, 1985).  The focal mechanisms were assigned a qualitative assessment of the 

quality of the focal mechanism with A being the best and D being the worst, this is based on 

different quality criteria provided with the different methods. 
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