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Abstract

Largescale wastewater disposal has led to a fpated reawakening of faults in the Oklahoma/Kansas
region.High resolution earthquake relocatiosfiow that the inventory of ancient basement faults in the
study region differs fromresults of seimic surveys and geologic mapping focused on the sedimentary
cover. W& analyze the evolution of seismic activity in the Guthr@amgston sequence in central
Oklahomain greater detail Here, gismic activity has reactivatea network ofat least 12 sulvertical
faults in an area less than 10 katross Recorded activity began in late 2013 and peaked about 6
months laterand includeswo M4 earthquakesThese arthquakes characteristicallyoccurat about 4

km depth below the top of the basement and do not iathe sedimentary covef.he sequence shows

a radial growth pattern despite beinmgp closer tharilO kmto significant wastewater disposal activity.
Hydrologicmodeling suggests that activity initiated with a time lag of several years relative to early
injection activity. Once initiated, earthquake interactions contributettie propagation of seismicity
along the reactivated faults.As a result, the spatitemporal evolition of the seismicity mimics a
diffusive patternthat is typicallythought to be associated with injection activitAnalysis of the Fault
Slip Potential shows that most faults are critically stressethe contemporary stress field\ctivity on
some faults, for which we find low slip probabilitysuggest a significant contribution of geomechanical
heterogeneitiedo the reawakening otheseancient basement faults
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Introduction

Since about 2009he induced seismicity crisiis Oklahomahasproduced acarpet of earthquakeshat
spans an area about 200 km acrostretchingfrom Oklahoma City into southern Kans#sis now
generallyaccepted that the uptick of seismicity is causedldngescale wastewater injectiomto the
ArbuckleGroup(Ellsworth et al. 2015, Walsh and Zoba@015 Weingarten et al., 20)5Recent efforts
to preciselyrelocate the activityg madepossible througtwaveform data providedby private companies
¢ show that the carpebf earthquakesis composedof discrete basemenfaults. This highresolution
image of theearthquakes providesinprecedented insights into the regiahnetwork of ancient
basement faultsn this previouslyquiescentintraplate region(Schoenball and EllswortB017)

In Figurel we summarize thecurrert understanding of the link between wastewater aimtluced
earthquakes irDklahoma and Kansa#/astewateris disposednto over800 UIC class Il weli/ells are
drilled into the ArbuckleGroupand sometimes reached into the basemeRtuids are transporig by
trucks or through pipelines tdisposalwells and injected into thehigh permeability Arbuckl€roup
Addition of fluidcreatesa farreaching plume ofmodestly elevatechore pressurg< 2 MP3) relative to
the natural underpressured statef the Arbukle. Permeable pathways from the Arbuckle intioe
basement raises the pressure in hydrologically connediadement faults reducing their strength
through the wellknown effective stress relatiojRaleigh et al.1976) Earthquake sequences have been
observed several 10s of kilometers away from large injecttsswhere in Oklahomé&eranen et a).
2014)where modeled effective stress changashypocentral depthare less than @ MPa Because of
the many active disposalells and the fareaching pressure perturbatigrnt is generally impossible to
associate induced sequences with injection actigitgpecificwells
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Figurel: a) Conceptual model of induced seismicity in Oklahoma and southern Kar@aseb)ed focal depths of induced
earthquakes in Oklahoma and southern Kansas relative to the base of the Arbuckle Group/top of bafsem&ahenball
and Ellsworth, 2017).

Walsh and ZobacK2016) developed a probabilistic method to estimate the potential for fault
reactivationbased on geomechanical theory ahtbnte Carlo samplingf the relevant input parameter
distributions Based on known faulirientation and assumptions of the geomechanical conditiptizey
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estimatethe Fault Slip Potential (FS#)a proxy for the@robabiity of reactivatingspecific faultgshrough
injection operations.

Here we compare the fault structures resolved from precise earthquake relocations with the known
inventory of basement faultsWe model pore pressure changes in the Arbuckle Group and at
hypocentral depths andest the FSHramework by applying it tothese faults and focus ora sequence

of earthquakedetweenGuthrieand LangstonOklahoma.
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Figure2: Map of relocated earthquakes in the Oklahoma andthernKansas aga. Earthquakes on interpreted faults are
drawn in distinct colors. Brown lines are faults from Marsh & Hol{28d6) The box shows the area of Figbre

The refined arthquake relocationsof Schoenball and Ellswort(2017) are shown in Figure 2.
Earthquake<luster along tight lineations thate interpreted asindividual basement faultBoth near
vertical anddipping structuresare found with most displayingstrike-slip movement Earthquakes
generally occur in the basement,tvithe distribution of hypocentral depth peaking at 4 km below the
top of basemen{(Figurelb). Hypocenters in the sedimentary section are extremely rare

Also shown irFigure?2 are the Oklahomafaults compiled by Marsh & Hollan(2016) This map was
compled from interpretation of reflection seismic data and geologic mappidmost none ¢ the



78 earthquake sequenceare associated witlany of themappedfaults. Furthermore, we notice that the
79 trends of mapped fault structures differ from the trends thatare apparent from the earthquake
80 locations To further study the network of faults, wapplied theDBSCAN algorithfister et al.1996)to

81 objectively identify individual faults in the basemd®ichoenball and EllswortB017). For each fault, we
82  measurestrike and dipusing principal component analysiore than 300 faults could be characterized
83 in this way We comparethe strike of fault segments weighted by fault lengtlith the mapped faultsn
84  Figure3. For the Oklahoma Fault Map, we only considerittaegments that are at least partially within
85 the area that has seen widespread seismicity in the last few years

86  There isa clear difference in the domamt fault trends betweerboth fault mapsin the Oklahoma Fault
87 Map a largescale NNESSW trend,related to the Nemaha Upliftand Midcontinent Rift System

88 predominates This trend is absent in the faglilluminated by the earthquakes Those faults shova

89 clear pattern ofconjugatefaulting, that are favorably aligned for slip with the contemporary tectonic

90 stress stateThepredominantfault strikesfrom earthquake locationare inroughagreement withwhat

91 would be expected fromstrike-slip faulting withthe observedstress orientation(Figure 3). Strike

92  directionsthat are associted withthe Nemaha Uplift are stabl@ ithe contemporary stress field and
93 from a geomechanicaperspective are highly unlikely to reactivate regardless of the fluid pressure rise
94  (Walsh and Zoba¢k016)
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96 Figure3: Comparison of fault strikes from (a) the Oklahoma Fault [#égorsh and Holland®2016)and (b) resolved from
97 earthquake hypocenters. The colors show the fault slip potential for vertical faults for comparison. (c) shows the or@ntatio
98  critically stressed fault assumings3xoriented at N85°FEAIt and Zoback2017)

99 Case studyTheGuthrieLangstorsequence
100 The sequence of earthquakes thdiegan in late 2013etween Guthrie and Langstonin central
101 Oklahomais particularly rich in earthquakdBenz et al.2015)and resolved fault structure@-igure4).
102 We want to emphasize however, that many of the observatitmas we detail below are not specific to
103 this sequence, but are found for other sequence®kiahoma and Kansas well

104 We summarize the injection history and seismic activity in the Guthrie regidrigare 5. Minor
105 wastewaterinjection about 10 km eas of the GuthrieLangstorsequence occurred at least since 1997
106  Significant wastewater disposal with injection rates greater than 100,000 m3 per niorgingle wells
107 began in 2001Injection in thisareapeaked between 2002 and 2007 and deetirthereafter. Most of
108 these wells are located along adtrikingfault (Marsh and Holland2016)that potentially acted as a
109 high permeable fluidonduitallowing for large injection volumeBlorth of Guthrie, largescale injection
110 started in 202 and peaked in 2015The monthly and cumulative injection volumasthe northnever
111  surpassed the volumes injectéal the east
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Figure4: Evoluton of the earthquake Guthrieangston sequence. (a) Map view with earthquakes colored by order of occurrence
as in (b). Fault trends interpreted from the distribution of hypocenters are shown in dashedting® sense of slip indicated
by arrows FocaAmechanisms are courtesy of Robert Herrmésee Herrmann et al. 201IJhe inset in the bottom right shows
the location of the map in the state of Oklahoma. (b) shows the temporal evolution of the sequence with colors the same as in

(a).

Figure5: Injection wells and earthquakes around the Guthrie area. Earthquakes (dots) are colored by their time, injection wells
(triangles) are sized by their cumulative injection volume between 1995 and 2016 and colored according to the pericgt of highe
injection (mean injection time weighted by volume). The box shows the area of Bigure



