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Abstract 14 

Large-scale wastewater disposal has led to a fast-paced reawakening of faults in the Oklahoma/Kansas 15 

region. High resolution earthquake relocations show that the inventory of ancient basement faults in the 16 

study region differs from results of seismic surveys and geologic mapping focused on the sedimentary 17 

cover. We analyze the evolution of seismic activity in the Guthrie-Langston sequence in central 18 

Oklahoma in greater detail. Here, seismic activity has reactivated a network of at least 12 sub-vertical 19 

faults in an area less than 10 km across. Recorded activity began in late 2013 and peaked about 6 20 

months later and includes two M4 earthquakes. These earthquakes characteristically occur at about 4 21 

km depth below the top of the basement and do not reach the sedimentary cover. The sequence shows 22 

a radial growth pattern despite being no closer than 10 km to significant wastewater disposal activity. 23 

Hydrologic modeling suggests that activity initiated with a time lag of several years relative to early 24 

injection activity. Once initiated, earthquake interactions contribute to the propagation of seismicity 25 

along the reactivated faults. As a result, the spatio-temporal evolution of the seismicity mimics a 26 

diffusive pattern that is typically thought to be associated with injection activity. Analysis of the Fault 27 

Slip Potential shows that most faults are critically stressed in the contemporary stress field. Activity on 28 

some faults, for which we find low slip probability, suggest a significant contribution of geomechanical 29 

heterogeneities to the reawakening of these ancient basement faults.  30 

  31 



 32 

Introduction 33 

Since about 2009, the induced seismicity crisis in Oklahoma has produced a carpet of earthquakes that 34 

spans an area about 200 km across, stretching from Oklahoma City into southern Kansas. It is now 35 

generally accepted that the uptick of seismicity is caused by large-scale wastewater injection into the 36 

Arbuckle Group (Ellsworth, et al. 2015, Walsh and Zoback, 2015, Weingarten et al., 2015). Recent efforts 37 

to precisely relocate the activity ς made possible through waveform data provided by private companies 38 

ς show that the carpet of earthquakes is composed of discrete basement faults. This high-resolution 39 

image of the earthquakes provides unprecedented insights into the regional network of ancient 40 

basement faults in this previously quiescent intraplate region (Schoenball and Ellsworth, 2017).  41 

In Figure 1 we summarize the current understanding of the link between wastewater and induced 42 

earthquakes in Oklahoma and Kansas. Wastewater is disposed into over 800 UIC class II wells. Wells are 43 

drilled into the Arbuckle Group and sometimes reached into the basement. Fluids are transported by 44 

trucks or through pipelines to disposal wells and injected into the high permeability Arbuckle Group. 45 

Addition of fluid creates a far-reaching plume of modestly elevated pore pressure (< 2 MPa) relative to 46 

the natural underpressured state of the Arbuckle. Permeable pathways from the Arbuckle into the 47 

basement raises the pressure in hydrologically connected basement faults, reducing their strength 48 

through the well-known effective stress relation (Raleigh et al., 1976). Earthquake sequences have been 49 

observed several 10s of kilometers away from large injectors elsewhere in Oklahoma (Keranen et al., 50 

2014) where modeled effective stress changes at hypocentral depth are less than 0.5 MPa. Because of 51 

the many active disposal wells and the far-reaching pressure perturbation, it is generally impossible to 52 

associate induced sequences with injection activity of specific wells. 53 

 54 

Figure 1: a) Conceptual model of induced seismicity in Oklahoma and southern Kansas. b) Observed focal depths of induced 55 
earthquakes in Oklahoma and southern Kansas relative to the base of the Arbuckle Group/top of basement (from Schoenball 56 
and Ellsworth, 2017). 57 

Walsh and Zoback (2016) developed a probabilistic method to estimate the potential for fault 58 

reactivation based on geomechanical theory and Monte Carlo sampling of the relevant input parameter 59 

distributions. Based on known fault orientation and assumptions of the geomechanical conditions, they 60 



estimate the Fault Slip Potential (FSP) as a proxy for the probability of reactivating specific faults through 61 

injection operations. 62 

Here we compare the fault structures resolved from precise earthquake relocations with the known 63 

inventory of basement faults. We model pore pressure changes in the Arbuckle Group and at 64 

hypocentral depths and test the FSP framework by applying it to these faults, and focus on a sequence 65 

of earthquakes between Guthrie and Langston, Oklahoma. 66 

Regional fault network 67 

 68 

Figure 2: Map of relocated earthquakes in the Oklahoma and southern Kansas area. Earthquakes on interpreted faults are 69 
drawn in distinct colors. Brown lines are faults from Marsh & Holland (2016). The box shows the area of Figure 5. 70 

The refined earthquake relocations of Schoenball and Ellsworth (2017) are shown in Figure 2. 71 

Earthquakes cluster along tight lineations that we interpreted as individual basement faults. Both near-72 

vertical and dipping structures are found, with most displaying strike-slip movement. Earthquakes 73 

generally occur in the basement, with the distribution of hypocentral depth peaking at 4 km below the 74 

top of basement (Figure 1b). Hypocenters in the sedimentary section are extremely rare.  75 

Also shown in Figure 2 are the Oklahoma faults compiled by Marsh & Holland (2016). This map was 76 

compiled from interpretation of reflection seismic data and geologic mapping. Almost none of the 77 



earthquake sequences are associated with any of the mapped faults. Furthermore, we notice that the 78 

trends of mapped fault structures differ from the trends that are apparent from the earthquake 79 

locations. To further study the network of faults, we applied the DBSCAN algorithm (Ester et al., 1996) to 80 

objectively identify individual faults in the basement (Schoenball and Ellsworth, 2017). For each fault, we 81 

measure strike and dip using principal component analysis. More than 300 faults could be characterized 82 

in this way. We compare the strike of fault segments weighted by fault length with the mapped faults in 83 

Figure 3. For the Oklahoma Fault Map, we only consider fault segments that are at least partially within 84 

the area that has seen widespread seismicity in the last few years.  85 

There is a clear difference in the dominant fault trends between both fault maps. In the Oklahoma Fault 86 

Map a large-scale NNE-SSW trend, related to the Nemaha Uplift and Midcontinent Rift System, 87 

predominates. This trend is absent in the faults illuminated by the earthquakes. Those faults show a 88 

clear pattern of conjugate faulting, that are favorably aligned for slip within the contemporary tectonic 89 

stress state. The predominant fault strikes from earthquake locations are in rough agreement with what 90 

would be expected from strike-slip faulting with the observed stress orientation (Figure 3). Strike 91 

directions that are associated with the Nemaha Uplift are stable in the contemporary stress field and, 92 

from a geomechanical perspective, are highly unlikely to reactivate regardless of the fluid pressure rise 93 

(Walsh and Zoback, 2016). 94 

 95 

Figure 3: Comparison of fault strikes from (a) the Oklahoma Fault Map (Marsh and Holland, 2016) and (b) resolved from 96 
earthquake hypocenters. The colors show the fault slip potential for vertical faults for comparison. (c) shows the orientation of 97 
critically stressed fault assuming SHmax oriented at N85°E (Alt and Zoback, 2017). 98 

Case study: The Guthrie-Langston sequence 99 

The sequence of earthquakes that began in late 2013 between Guthrie and Langston in central 100 

Oklahoma is particularly rich in earthquakes (Benz et al., 2015) and resolved fault structures (Figure 4). 101 

We want to emphasize however, that many of the observations that we detail below are not specific to 102 

this sequence, but are found for other sequences in Oklahoma and Kansas as well.  103 

We summarize the injection history and seismic activity in the Guthrie region in Figure 5. Minor 104 

wastewater injection about 10 km east of the Guthrie-Langston sequence occurred at least since 1997. 105 

Significant wastewater disposal with injection rates greater than 100,000 m³ per month in single wells 106 

began in 2001. Injection in this area peaked between 2002 and 2007 and declined thereafter. Most of 107 

these wells are located along a N-S striking fault (Marsh and Holland, 2016) that potentially acted as a 108 

high permeable fluid conduit allowing for large injection volumes. North of Guthrie, large-scale injection 109 

started in 2012 and peaked in 2015. The monthly and cumulative injection volumes in the north never 110 

surpassed the volumes injected to the east.  111 



 112 

Figure 4: Evolution of the earthquake Guthrie-Langston sequence. (a) Map view with earthquakes colored by order of occurrence 113 
as in (b). Fault trends interpreted from the distribution of hypocenters are shown in dashed lines with the sense of slip indicated 114 
by arrows. Focal mechanisms are courtesy of Robert Herrmann (see Herrmann et al. 2011). The inset in the bottom right shows 115 
the location of the map in the state of Oklahoma. (b) shows the temporal evolution of the sequence with colors the same as in 116 
(a). 117 

 118 

Figure 5: Injection wells and earthquakes around the Guthrie area. Earthquakes (dots) are colored by their time, injection wells 119 
(triangles) are sized by their cumulative injection volume between 1995 and 2016 and colored according to the period of highest 120 
injection (mean injection time weighted by volume). The box shows the area of Figure 4. 121 


