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Abstract

High bvalue,proper stress orientation and low stress drop are three factors sggiport the
suggestiorthat a majority of events in central Kansas are induced as a result of changes in pore
pressure. Furthermore, stress orientation and seismic trends align with regioeatitinsinterpreted
from magnetic data. These linear trends are likely gritingseismicity in the northern part of thetate
and the feature that supports the suggestion that injection of wastewater in an area 90km away is

influencing seismicity in Sthj Jewell and Republic counties in Kansas.

Kansas seismicity started in 2014 and rapidly increased in frequency, culminating in the largest
recordedearthquake in state history on November 2014. Thisizeevent led to a drastic increase in
interest and therefore the number ceismic stationsglistributed in areas previously determined
aseismic. Thigesultedin the discovery of newarthquakeclusterslocatedoutsidehistorically active
seismicareas. The Kansas Geological Su(i&Syleployed a temporary and permanent station array to
significantly improve coveragdfered by atemporary network installed by the United States Geological
Surveyin 2013 This enhancelGSetwork along with other stations installed across the state revealed

new clustersn Jewell and Saline County, areéhat were considered seismically quiescent.

The focus of this research is to expltine characteristics aseismic activitylusteingin
locations outside thdiigh profileareain southcentral Kansas with theost proliferate seismic activity
(Harper and Sumner Countie$hese focus areas inclutkeno, Salina, and Jewell Countidgere new
clusters of seismic activityave devadpedsince 2016. These three area® host to notable clusters

andwere chosen base amique and historically inconsistent seismic activity

For each of the three study are@®well, Saline, and Rerfour focal mechanismlgorithms
determined the foal sphere orientation of 95 events using 34 different stations and the maximum

horizontal stres$or each areavas calculated using a Michael 1984 inversiimess orientations in



Reno County are consistent with those calculated in Oklahoma but raastesst 90 further north in

Jewell CountyBrune stress drop was calculated for 90 events in eatheothree studyareas to

compare with stress drops calculated in the south portbthe state(Harper and Sumner counties)

and across th€entral United Sttes Low stress drops throughout the state are consistent with the

range of stress drops found for induced events in Oklahoma (Hough, 2014; Sumy et al., 2014) and other

parts of theCentral United StateBoyd et al., 2017).
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Figures

Figure 11 - Map ofhistorical earthquakes in Kansas from 1867 to 2018 (www.kgs.ku.edu). Areas of
interest outlined in red; from north to soutgJewell County Area, Saline County, Reno County (City
of Hutchinson) and the City of Milan, near the, M9earthquakein 2014...........ccevvvvvvvveiieennne... 5

Figure 12 - Diagram from Ellsworth, 2013 depicting the two most likely mechanisms of inducing
earthquakes. The first (leftide), is from increased pore pressures, and the second (right side), is
from changes in the shear and normal stresses from loading acting on a fault.................... 6

Figure 13- (a) Count of operational seismometer stations in Kansas per quarter. (b) Quarterly
earthquake rates for the state of Kansas with overlain cumulative number of >M2 earthquakes.
Gray shading outlines Kanddsbraska networkGreen shading outlines the EarthScope
Transportable Array network (TA). Orange shading outlines more recent networks operational (KM,

ZA, GS, US, etc.). White space denotes relative state network hiatus (no monitoring).......... 7
Figure 14 - Map showing the 2018 chance of minor damaging earthquakes in the United States
(Modified from Peterson et al., 2018)........uuueiiiiiiiiiiiiiiieeee e 8

Figure 21 - Map of Kansas showing the relationship between the Central Kansas Uplift, the Salina Basin
and the Nemaha Ridge (Merriam, 1963). Up to the creatiohisfrhap there were 24 earthquakes
located in Kansas from 1867. These earthquakes were given their respective Mercalli magnitudes.

Figure 22 ¢ Map of Kansas showing all Underground Injection Control (UIC) Class | and Class Il wells
from 20002017 (KGS, 2018). Areas of interest vary in proximity to high injection areas......13

Figure 23 - Residual Bouguer gravity anomaly map (Top) from Xia et al., 1995a and Aeromagnetic map
(Bottom) from Xia et al., 1995b. Blues represent low residuagBer gravity values and magnetic
values. The bright pink spot is the strongest expression of this anomaly in the state. Reds represent
high residual Bouguer gravity values and magnetic values. Maps modified to include areas of

interest in this StUAY (FEHNES).......ooviiiiiii e 14
Figure 24 - Magnetic lineations derived from magnetic data in figure 2.3. Area of study for this paper

are outlined in rel. (Modified from Yarger, 1983)........cccuiiiiiiiiiiiiiiiieie e 15
Figue 2-5 - Map of basement faults in Kansas. Counties outline in red from North to South are

Smith/Jewell/Republic, Saline, Reno, and Sumner (Modified from Baars, 1995).................. 16
Figure 26 - Arbuckle Group isopach map from well data up to 1965 (Cole, 1975)...........cvvvveeeee. 17

Figure 27 - Map of maximum horizontal compressive stress orientations, modified from Zoback and
Zaoback, 1989. Alt and Zoback, 201 ggorovide one more data point within Kansas, but the
stress state is unknown for a large portion of the state............ccccceiiiiiiiiieeeeeeee e, 18

Figure 22-8 ¢ Map of stress orientations calculated from both wellbore data and focal mechanism
inversion. Red Box outlines Sumner County, an area of interest in this study. (Modified from Alt and
o] o =T o] -G 0 OSSPSR 19

Figure 31 - (a) Count of operational seismometer stations in Kansas per quarter. (b) Statiahaition
timeline, horizontal blocks represent a stations active period. Color groupings represent network,
as indicated. Certain Transportable Array stations were converted into permanent stations making
up a new networlg Central and Eastern US Netwd@EUSN), network code N4. One station in
Kansas was converted (R32A, now R32B). Operational efficiency of various stations installed after
2014 and not part of the KGS network may be poor. These data points do not reflect station
downtime, only commissioto decommission tiMe PeriodS............eevveeiiiivirireeeeenniiiieeeeee e 24
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Figure 32 - Map showing the locations of seismometers that operated in Kansas from 1977 ta;2013
Kansas\ebraska Network (KSNEot in IRIS) operated from 1977 to 1989, Rocky Mountain Front
Il (XG) operated in 1992, and the EarthScope Transportable Array (TA) had varying station coverage
from 2009 t0 €arlY 2012........cooiiiiii i a e e aaaaa e 25

Figure 33 - Map showing the locations of seismometer that operated in Kansas from 2014 to present
day¢ Kansas Geological Survey Primary and Temporary networksi@pldyed in 2014, US
Geological Survey networks (GS/US) deployed in early 2014, and the Wellington CO2 Sequestration
Monitoring Project (ZA) deployed in mif)14. The single Transportable Array Station converted to
a permanent station can be seen in thedallie of the state, this station is now actively apart of the
Central and Eastern US Network (CEUSN), network code N4. All networks are still operating in

Kansas to some extent. Red Boxes outline counties of interest.........cccccvvvivveeeeneiiniiiieennnn. 26
Figure 34 ¢ Typical earthquake seismic station (top right), inverted bucket housing seismometer

(bottom right) and equipment box attached to the solar panel g@é).......................ccoeeeeeees 27
Figure 35- KGS Station schetti@depicting all the components needed for a seismic station. (Credit:

Mary Brohammer, KGS)........ooi ittt e e e 28
Figure 36 - Felt earthquakes locatkin Kansas from 1867 to 1961 (Dubois and Wilson, 1978).....29
Figure 37 - Historical seismicity in Kansas from 1977 to 1989 (Steeplals, 1990)........................... 30
Figure 38 - USGS located earthquakes in Kansas between 1990 and 2013 (NEIC,.2019).......... 31

Figure 41- Example of pump jack noise from a KGS Regional Station. In an effort to place regional
network stations in areas with the best signal to naiso for optimal monitoring, this station was
moved further away from the noise source. The cyclicity of a pump jack degrade the signal
continuously and interferes with both the automated and manual process of detecting
CANNQUAKES. ... ettt e e e e e e e e e e e e e e e e e e e 41

Figure 42¢ A) Vertical component seismograms from an earthquake (top) and quarry blast (bottom)
taken from Frohlich, 2012. The prominent surface walvthe quarry blast is easily identifiable
within raw seismic data. B) Example of quarry blast observed in Barber County, Kansas...42

Figure 43 - Example of raw seismic data taken from 10 stations across the state. The event shown is the
largest magnitude seismic event recorded from Jewell Cotantglate. The 3.9Mw earthquake
occurred on June 13th, 2017 at 4:40AM. On the left are the Station, Component, Network, and
Location (SCNL) of each sensor used in the analysi$. BS I NNA @I fa | NS RSy23SR
2 1 @S | NNAR @I t A &Thevehd\l ti Racksdatiefed waye, thi lcdda) i® marked by
WO 2R ELQDiiieiiiiieetee ettt ettt bbbt end 43

Figure 44 - Plot of earthquake frequency versus magnitude. Bqubkes were grouped every 1/10th of
a magnitude. GutenberRichter Relationship (Green) is used to describe the recursion of higher
magnitude events and assess the completeness of the catalog.used..................ccceeeennns 44

Figure 45 - Instrument response correction generates simulated Wéadlerson seismographs which is
used in determining MagnitUAES...........cooiiiiiiiii e 45

Figure 46 - Instrument response correction generates simulated Wéadlerson seismographs which is
used in determining MagnitUAES...........coiiiiiiiiiii e 46

Figure 47 - Map of earthquakes in Kansas detected from the Earthscope Transportable Array data
between May 2009 and March 2010. The nine stations shown aub-aetwork of a larger array.
Earthquakes located using this data can be found in AppendiX.A.........ccccoovivivenneennnncnnnn A7

Figure 51 - Focal Sphere depicting the three focal mechanism solutions for the June 12th M3.9
earthquake in Jewell County. First motion plots can be seen on the left and right sides with red
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arrows ndicated picked compression (up) and tension (down). On the focal sphere blue circles
represent compression (P) and red triangles represent tension (T) used in 3 fault plane solution
software packages used. Note that a discrepancy between the pickethbt&in and the

calculated first motions are due to some algorithms allowing for first motion and amplitude errors.

Red vertical line represents the picked\Rve arrival for that station..............ccccccovvviiieeeeennne 51
Figure 52 - Idealized beachball diagrams showing mapview and side view of basic fault mechanisms.
(Stein and WYSESSION, 2003)-........uuuiriieeeiiiiieeeeeeee st e e e e s st e e e e e s s s e e e e e e e s anrrnr e e e e e e e 52

Figure 61 ¢ Log frequency vs. log seismic moment graph of an Idealized source spectra characterized by
the flat portion for frequencies smaller than the The amplitude for each flat portion (ff&
increases with seismic momentsMhile the £ decreases proportional to b. (Modified from Stein
and WYSESSION, 2003).....ccciieiiiiiiiii e ee e r et e e e e e e e e e e e e e e e e e e e e e e e e e e n e e 55

Figure 62 ¢ Sample waveform used to determine source parameters (top) and an example of seismic
source spectra (Bottom) of ground piacement (green) overlain by the calculated Brune
Displacement SPECIIA (BIUE)..........uuuriiiiiiiiiiiiiiiiieiiieeie et e e e e e e e ae e e e e e e e e e e e e e e s s s snnanee 56

Figure 71 - Beachball diagram of all earthquakes in Smith, Jewell and Republic counties. 18 events had
adequate misfit, station coverage, sigitatnoise and location to invert for stress orientation. Grey
dots ae the epicenters of earthquakes not used in the focal mechanism analysis. Inset map of
Kansas shows stations from across the state. Diagram below the inset map illustrates preferred
strike-slip and normal fault planes for a maximum horizontal stresd&F". .............cccoceveeern.d 65

Figure 72 - Beachball diagramfall earthquakes in Saline County that were used to determine the
stress field. 24 events had adequate station coverage, signal to noise and location. Thick grey lines
are magnetic lineations interpreted from Aeromag data; Yarger, 1983. Inset map shoWidl th
magnetic lineation interpretation from Yarger, 1983 and includes an outline of MGA........... 66

Figure 73 - Beachball diagram of all earthquakes in Reno County that were used to determine the stress
field; 21 events in total. Grey dots are the epicenters of earthquakes not used in the focal
mechanism analysis. Inset map of Kansas shows stations from across the state providing excellent
azimuthal coverage. Diagram to the right of the inset map illustrates preferred sfifkand
normal fault planes for a maximum horizontal Stress of A7.1..........ocoeeoveeeeeeeeeeeeeeeeeeeens 67

Figure 74 ¢ Rose diagram depicting&lorientation of the Paxis orientations (Right) and theakis
orientations (Left) for each of the 3 areas. Michael, 1984 focal mechanisms inversion method was
used in CONJUNCEION WItN SEISAN........uiiiiiiiiiiti e e e e e e e e e e e 68

Figure #5 - Moment Magnitude vs. Corner Frequency plot of study areas with Brune constant stress
drop lines indicated. A more detailed stress analysis of the Milan earthquake sequence can be
found in Choy et al., 2016 where similar stress drops were calculated....................cceeee..... 70

Figure 76 - Logoof stress drop in Jewell County overlain by focal mechanisms calculated in Chapter 8.
Size (magnitude) of strepoints are M and size of beachballs are.Mhick grey lines are magnetic
lineations interpreted from Aeromag data; Yarger, 1983. Diagram below the inset map illustrates
preferred strikeslip and normal fault planes for a maximum horizontal stresd&f". Inset map
shows all magnetic lineations interpreted from magnetic data from Yarger, 1983. Green polygon
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Figure 77 - Map of Saline County Legstress drops with surrounding injection wells sized to annual
injedion volume. Inset map shows all UIA Class | and Il injection wells in Kansas between 2000 and
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Figure 78 - Map of Reno County Lagstress drops with surrounding injection wells sized to annual
injection volume. Inset map shovadl UIA Class | and Il injection wells in Kansas between 2000 and

Figure 79 - Map of Milan area Lagstress drops with surrounding injection wells sized to annual
injection volume. Inset map shows all UIA Class | and Il injection wells in Kansas between 2000 and

2017. Stress drop seilts align well with previous studies from Choy et al., 2016................... 74
Figure 710 - Regional map of Kansas showing all four areas with stress drop in relation to local injection
LT 1= 75
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Chapter 1 Introduction
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companies, farmers and families across the Central United Stalisgvorth, 2013)Therise in
anthropogenic/inducd seismiity has been observed i@hio (Kim, 2013)exas (Frohlich, 2012),
Oklahoma (Keranen et al., 20a8d 2014, Colorado (Rubenstein, 2014) afickansas (Horton, 2012n
2014, thedozenavailable stations iKansadegan detectingin increase iiseismic activityn several
areas with the mostsignificant increases in thtevo-county arean south-centra KansasHarper and

Sumnej (Figure 1.1)Thesdwo adjacent countiesire located on the KansaSklahoma border

Of the thousands of waste water disposals wells in the United Statdg a fewcan belinked to
localanthropogenic seismicitgFrohlich, 2012)The two mostommonly referenced¢asesvere atRocky
a2dzy Gl Ay ! NESYLFf S [/ 2f 2 NHeRey et Aly196BKafd Pardrioxivallzy, 6 9 I y &
/| 2t 2N R2> Ay GKS wmddoofthasecadesiidd infdted infotdeXsubsurfacewasd Ly 0 2

interpretedto trigger seismic activity.

Elevated levels of fluimhjection andseismicityhavebeen generatig considerable research
interestover the last half dozen year§wo mechanisms are thought to explain how injection can
induce seismicity. The first is that injection volumes above critically stressed faults change the shear and
normal stresses on a fiubringing itto the point offailure (Ellsworth, 2013{Figure 1.2).Other studies
have shown that locally elevated pore pressures from nearby wastewater disposal wells reduce the
effective stress resulting in critical failure aloogfimally oriented and critically stressdéésement
faults (Raleigh et al., 1976; Hubbert aRdbey, 1959; Nicholson and Wesson, 1980Kansaghe most
activeinjection interval $the CambriarOrdovician Arbuckl&roup. With excellent porosity

permeability, depth of burialndthickness, fronB50feet thickin the north toalmost 1200 det in the



thick in thesouth, the Arbuckle is extensively usedi@ste water disposaln many placesafults

hydraulically connect thArbuckle withseismically aive crystalline basement.

Historically, Kansas has experienced a magnifije8 or larger earthquakevery one to two
years with aotal of 96 +M2 betweeri977 and2013 (National Earthquake Information Center (NEIC),
2019 Steeples et al., 1987, 199@}arting in2013 the rate at which Kansas experietiee+M2
earthquake began drastically increasinghrough 201&ver 3600 +M2 earthquakdsave been
recorded(Figure 1.3).Over 80%f theseearthquakes were located in th&uthern portion of the state
and hare beenwell studied (Ellsworth, 201&eraneret al., 2014 Walsh and Zoback, 2015,

Langenbruch and Zoback, 2016; Rubenstein, 2018; Choy et al), 2016

The Central Kansas Uplift has been seismically active since the first statewide network wa

z

installed in 1977. Other parts of the state have been seismically quiet for the majoiitko® a Gl G4 SQa

recordinghistory. The ground shaking hazards map published byuJthited States Geological Survey
(USG¥in 2018shows a majorityf the state havingy <1% chareof minordamage (Figure 1.4)The
USGS did not have accégshe greatly enhanced monitoringetworkin Kansas andid not locate
earthquakesn the central and northern part of the state that began in 20Mée USGS reported only

oneearthquake in Jewell County (NEIC, 20&83ling upto the immergence of this unique cluster

Kansas has had minimal station coveragenf1989to around 2013with the recent uptick in
seismicity TheunderutilizedEarthScopdransportable ArrayTA)project (Figure 1.3)as a temporary,
portable station array that operated in Kansas as part of the national profpamperiod of 24 months
per station.The data from tis project has seen littlgtility in cataloging and studgg seismicity in
KansasThetiming of this arrayprovidesgreatly increased network coverader this studyin the time

period immediatelyprecedngdrastic increases in wastewater disposaP013.



Discriminating naturally occurring events franduced eventdas vast economic, political and
scientific implicationsln Kansas, it has proven difficult to characterize properties that discriminate
natural from induced events because of an erratic monitoring history with predominately light
monitorind SELISNASYy O0Ss aK2NI fABSR 6AGK | (NI yaiaisdz2Ne

being monitored with a dense array in the south

The wave of newesearchin seismicity in Kansas is principally exploring various mechanisms
potentially responsible for this surge in seismicity. These research focus areas ipolelpressure
diffusion and far field effects (Peterie &k, 2018, skear wave anisotropy (Nolte, 201&nd Arbuckle

structure mapping (€hwab et al., 2017).

Although the goal of this study is to discriminate which earthquakes within the selected areas of
study are natural from those that are inducetkigorous investigation into the geological structures,
stress field and pressure regimes require more seismic stations nearphegeusly quiescent areas
As data quality increases in both sensitivity and abundance, other anatay be ppropriate foractive
areas inKansas.Nosingle testcan be used to determine the mechanism of an earthquake; presented in
this paper are a few indicators that can be interpreted to suggest nearly all the earthquakes occurring in

the state today are related to injection.

Following the emplacement of theitral networksby the KGS and USGl&ee areas of
increased seismicitiyave developedhat may provide ainiquelookinto changes in geologand
physical propertiegFigure 1.1). Thedlree areas vary ifocationuncertainty, station coverage,

proximityto high ifjection areas and an understanding of the regional stress.field

The northern most area includes thradjacentcounties alonghe KansadNebraska border:
Smith, Jewell, and Republi®Ve will efer tothese three countieas the JewélCounty Area sincéewd!

Countyhas a majority of théocated seismic eventSaline Countis 100km to he southeast of Jewel



County; snceJanuaryof 2016 68 seismic eents havebeenlocated in this arearhe third areaof
interest isapproximately 2 miles by 3 milsgction of Reno County thatas includedver 100seismic

eventsthat have beerocatedfrom 2016 to 2018.

Within thesethree areasof dense earthquake epicenterf®cal mechanism inversicshould
extend our understandingf the stress fielégimilar to advancements in previous studies (Alt and
Zoback, 2017Mapping @timally oriented faults in relation to thmaximum horizontal stress
determines theriskof damaging earthquakes$n addition to this stress drop f@ach event may be an
additional discriminating factor. Low stress diogs been suggested as a discriminating factor in
induced seismicityBoyd et al., 201)7 In addition to the above three areas, we will look at the area and
events relating to the layest earthquake in Kansas history, the 819 earthquake neahe City of
Milan, Kansas on November 12, 20$éce this event predates the KGS catalog, we will benchmark the

stress drop results against those of Choy et al., 2016.

From a catalog of over J@00seismiceventsfrom across the stateh-valuesince 2014vas
calculated to be higher than historical and regional val@&sess drop calculations within the areas of
interest are an order of magnitude lower than regional stress dropsldvinenedian stress drop of each
area may be on indication that many of these seismic events are injection relataddition to the
stress drop calculations the focal mechanisms were calculated for events with adequate station
coverage. Inversion of these focal mechanisndaicate the regional stress field rotating from the
southern portion of the state to the northern portion of the stafehe rotated stress field would suggest

that faults not previously thought to be optimally oriented to slip could in fact be optimally oriented.



‘ Smith Jewell Republic

Modified
Mercalli
Intensity

o 1l

O v

Magnitude
o 1

o 2
O3
O4

O Historic (1867-1976)

@ Historic (1977-2012)

O Recent (2013-2018)

Figurel-1 - Map of historical earthquakes in Kansas from 1867 to 2048~ .kgs.ku.edy Areas of

interest outlined in red; from north to soutf JewellCounty AreaSalinegCounty RenoCounty (City of
Hutchirson) andthe City ofMilan, near theM,, 4.9 earthquake in 2014
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Figurel-2 - Diagram from Ellsworth, 2013 depicting the two most likely mechanisms of inducing
earthquakes. The firstdft side), is from increased pore pressures, and the secoigtit(side), is from
changesin the shear and normal stressiem loadingacting on a fault.
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Based on the average of horizontal spectral response acceleration for 1.0-s period and peak ground acceleration
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Based on results from this study

Chance of potentially minor-damage ground shaking in 2018
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‘ equivalent to modified Mercalli intensity VI, which is defined as: "Felt by all, many frightened. Some heavy fumniture moved; a few
instances of fallen plaster. Damage slight."

Figurel-4 - Map showing the 2018 chance of minor damaging earthquakes in the United States
(Modified from Petersort al., 2018).



Chapter ; Geologic Setting

Kansas is situated anstable, platformlike extension of the Canadian Shi@\derriam, 1963).
Within Kansas here are fourmajor geologicstructures likelinfluencing the four areawith increased
seismicity that ar¢he subjectof this study 1) Salina Basi) Central Kansas Upli#) Midcontinent

Geophysical Anoma#) Nemaha RidgeHumboldt Fault Zone.

The Salina Basimderliesa large portion of nortkcentralKansas. The west most boundary of
the basin is defined by the Cambridge Arch and Central Kansas Uplift and the easbmusddy is the
Nemaha Uplift (Figurg.1). The Salina Basin extends to a southern saddle point between it and the
Sedgwick Basin formed from the Chautauqua arch and the Barton arch (Barwick, 1928). At its thickest,
the Mississippian limestone of the SaliBasin can be up to 350 fetitick butthins or is completely
removed on the margins due to pRennsylvanian erosion (Lee, 1956). There has been no oil or gas

production nor anydeepdisposal in Smith, Jewell or Republic County since 2000 (Rg)re

The western extent of the Salina Basin is defined by the Central Kansas Uplift, a Precambrian age
northwesttrending arch developed from multiple periods of warping and erosion during the Paleozoic
and Mesozoic timeKoester, 193b A late Cambrian compreisnal event related to the midcontinent
rift resulted in northwest trending normal faults that would laterriothe Ancestral Central Kansas
Uplift (Gerhard, 2004). Reactivation of these faults in late Mississippian and Early Pennsylvanian due to
the Auatita Orogeny reactivated uplift in portions of the Central Kansas Uplift (Ramaker, 2009). This
structural feature is the largest in Kansas and underlies ~7,506f tie state. At the crest of the upljft
Precambrian rocks are overlain by Pennsylvaniaimsents, and on the flanks pfieennsylvanian strata

are upturned, truncated, and overstepped by Pennsylvanian beds (Merriam, 1963).

The Midcontinent Geophysical Anomaly (MGA) is the largest gravity anomaly in North America

(Figure 2.3and extends fromake Superior area southwestward into the midcontinent with no surface
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topographic expressiofOcola and Meyer, 1973). More recent gravity and magnetic data shows that the
MGA extends down into Oklahoma (Yarger, 1983). During late Precambrian riftings baskdjabbros
developed forming a thick layer of mafic igneous rocks over witte rifted sectionThese igneous

rocks manifest as the bright pink gravity high (Figure 2.3); surrounding the gravity high is a large gravity
low of the Rice Formatiowhich iscomposed of arkosic sandstones to siltstones (Yarger, 188&ing

similar to this geologic feature are various magnetic lineati@aeseral different spectral filters were

used to eliminate unwanted characteristics of the original magnetic data. As a result of these filters
various magnetic lineations were infgeted. From e aeromagnetic data iarger {983 magnetic
lineations are revealed ithe northeast directiorandthe northwest direction (Figure 2.4Fhese drastic

changes in magnetic susceptibility may be caused by offset due to faulting in the basement.

Tothe east and striking similar to the MGA lies the Nemaha Ridge (Fd)rdhe Nemaha
Ridge is a granitic uplift formed during a posississippian uplift of grangt The ridge is bounded to the
east by the Humboldt fault system and dominated by rilgitéral, strikeslips crosscut by northwest,
left-lateral shears (Jewett, 195Hildebrandt, 1988; McBee, 2003Jhe northwest trending extensional
faults are prePhaneozoicandassociated with midcontinent rifting (Gerhard, 2004). This structure

extends fromnortheast Kansas down into central Oklahoma.

The Cambrias©rdovician Arbuckle Group is mostly composed of a cherty dolomite and extends
across much of thetate. However, portionsf the Groupthin or are absent on parts of the Central
Kansas Uplift and Nemalidge(Merriam, 1963) The Arbucklésroup is approximatel@00ft thick in
the northern most area of Jewell County (Figure 2.6) and thickens, southward to almost 1200 ft thick in
the Sumner County area (Merriam, 1963; Franseeal.e2004)The thickness of the Arbuckle Group
was primarily determined from well da&nd interpolated across the statBue to weathering and
erosion the upper most section of the Arbuckle has increagetbsity and permeability making it a

good candidate for waste water dispos@he weathering and erosiaare limited to the upper porion

10



(3050 feet) of the Arbuckle Group and the continuity and intensity of weathering is relatively unstudied
but is present in various parts of the state (Steinhauff et al., 1998).Arbucklé&roupis thought to
have slightly suihwydrostatic pore presses associated with adjacent undpressure crystalline

basement (Nelson et al., 205

Various studies have showvportions ofthe ArbuckleGroup are hydraulically conneetd to the
crystalline basemenwith multiple faults extending from the basement intiee Arbuckle in Sumner
Kansas$chwab et al., 2017nduced seismicity in crystalline basemdiais beerlinked to injection in
the Arbuckle in Oklahoma (Keranen et al., 20T4p crystallindbasementis composegrimarily of

igneous and metamorphic ro¢kerriam, 1963).

Kansas is situated in the middle of a relatively stable midplate réierriam, 1963) It is
unlikely that any shear forces associated wigmote faultsoutside the midcontinentvould influence
the stress field in the centrénited States (Zoback and Zoback, 1989), FiguteAlthough Kansas has
been relatively quiet seismicajlg small number of faulteelated to the four major structures are
optimally oriented to slip undethe existingn situ stress statéherebyaccountng for the natural
seismicity rates in the state. The stress state witkansas is not well understood, the most recent study
findsthe maximum horizontal stressrientationwithin Harper and Sumner Couetito be 71 + & (Alt
and Zoback, 2017). Alt and Zoback (2017) utilize both focal mechanism inversion and wellbore data to

determine the stress orientation in noribentral Oklahoma (Figui8).
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Figure2-3 - Residual Bouguer gravity anomaly map (Top) from Xéh €1995a and Aeromagnetic map
(Bottom) from Xia et al., 1995b. Blues represent low residual Bouguer gravity vathesagnetic

values The brightpink spot is the strongest expression of this anomaly in the st&es represent high
residual Bouguer gravity values and magnetic values. Maps modified to include areas of interest in this

study fed lines).
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Chapter 3 KansastationHistory and Installation

Frequency ofdlt seismicity in th&CUShas recentl\increased well above historical levelslie
region. There have been few earthquaitedies conducted specifically in Kansas since 1867. The
number of stations within the state peaked in late 2017 as&8ions but has had long periodsrmfne

to two activemonitoring stationsat scientific qualityithin the state (Figur8.1).
Section 3.1 Seismic Station History

The first government funderkgionalseismic networkn Kansasvas deployed in 187 original
designed to focus on US Army Corps of Engineers and Nuclear Regulatory Commission assets. The
network would ater expandinto Nebraskaand included 15 stations (FiguBe); nine stationsn
northeastern Kansas arsix stations southeastern Nebraskal987study was the culmination of 13
years of earthquake records and attempted &ate seismic activitjo tectonic featurego establisha
better understanding o$eismicityin Kansasnamely active faults, recursion relationships and max
ground shaking potential in a 100 year time frame. The study specifically focused munctbar power

plant site and propsed flood control reservoir safeplans (Steeples et al., 1987).

After the decanmissioning of thi&GS operated5 stationnetwork in 1980 more than two
seismic stdbns were located ilKansasnd providing regional monitoring until 2009. These two stations
arethe longestcontinuouslyoperatingstationswithin the state andare located atCedar Bluff and

Manhattan

In 2009 the EarthScope Transportable Arrags temporarily deployed along a gtlttough the
central portion of the United Statg®\NF, 201P This projecfeatured a temporary station array
designed for investigations into local, regional and teleseismic events as well as 3D resolution of crustal

and upper mantlestructures (Busby, et al., 2018stiz et al., 2004 Overall, 45 stations were installed
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across the state betweefpril 2009 andviay 2010. Stations recordddr approximately 2 months and
then were decommissioned and moved to the npktnnedlocationelsewhere in the countr{Figure

32).

The next regional network that operated in Kansas was deployé¢dddySGSThe USGS
installed a dense network 013 seismic station in Harper and Sumner countiisreaction tothe area
experiencing a drastic increaseféit seismic activity. lilate 2014 the Kansas Geological Survey (KGS)
deployed siadditionalstationsdesigned to surrounthe dense USGS netwarkhopes ofextendng
the coverage and sensitivity tot@n county area.As seismicity continued with the development of new
swarms outside the original ten county area, t&Snstalledeightadditional regional stations. These
regional stations were installed and designed for long term monitorirtgeoéntire state. At its peak,
Kansas was home to 65 seismic stations (22 YREPMC) 15 Wellington CO2 Sequestration Project
(Nolte, 2018) 16 KG®above)and 12 proprietary), ad hashadan average of 58 stations from 2017

2018 (Figure.3).

Section 3.2 Station Configuration

Each KGS seismic station contains a Hm@®ponent seismometer placed on a buried concrete
pad within a vault approximately 1m beneath thoundsurfae. A solar panel, antenna, digitizer,
cellular modem, battery and charge controller were installed on a pole approximately three meters from
the sensor(Figure 3.4)A major difference between the regional/permanent and temporary stations is
the sensor cotainer. Temporary stations avered with an inverted bucket and the regional stations
are installed in a standard water meter vawith a fourth recording channel collectingtdafrom a
downhole vertical seismometeFigure3.5 showsa schematic rendition of a typice@mporaryseismic

station installed by the KGS.
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Seismometers ar&uralp CM@&T Broadband sensowghichare capable of sensing ground
motion over a wide range of frequencies with the ftatvelocity portion of the bandwith from 1sec to
100Hz. Data was recorded at 100Hz (100 samples per second) using a Reftek RT130S Digitizer and then
transmitted, via cellular telemetry, to the KGS. The KGS stores, analyzes, maintains and archives all
seismic data acquired from this netwk. Stations outside of the KGS (network code KM) have varying

configurations that can be found using IRIS gmap&8DMC cite).

Section 3.3 Historical Seismicity in Kansas

Historical seismicity in Kansas dates back to 1867Aasbriginally ompiled by Merriam
(1956).Between1867 and 1961 Merriam (1956), widter additions fromDubois and Wilson (1978
well as Steeples (199@ompileda catalog of 29 felt earthquakes located in Kar{§agure 36). The first
felt earthquake located indhsas was later determined to have a magnitude of 5.1 (StwveiCoffman,
1993).Many of these earthquakes are located or associated withthe Nemaha ridge (Steeples et al.,

1979).

From 1977 to 1989 the Kanshiebraska seismic network located 171 evewithin the state
(Steeples 1989 and 1990). The network located numerous events in the western portion of the state
despite only have stations for this network deployed in the eastern and central portion of the state
(Figure 37). A majority of the eventare likely from faults associated with the two prominent structures
in the stateg the Central Kansas Uplift and the Nemaha Ridge. Steeples (1990) notes the drastic increase
in seismicity on the Central Kansas Uplift, this area has continued to be sdigradtive to today. In
addition to this new cluster, a small trend of earthquakes in the noghtral portion of the state run

roughly parallel to MGA.

From 1990 to 201#he USGS located 23 earthquakes in Kansas (Re)rd=rom the

decommissioningf the Kansa$Nebraska network to 2013 the network configuration of seismographs
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monitoring Kansas reliably detected edirthquakedvi3.4 and above (Rubinstein et al., 2018¥er half

these events are located on the Central Kansas Uplift.

From 1867 to 2014 various networks have cataloged two earthquakes in Jewell County, the
most recent event being a M3.3 in January 2013. During the same time there were no earthquakes
locatedin Saline or Reno County. One of the most seismically active counties in Kansas today, Sumner
County, had two smafbM2.0) earthquakes in 197More recently a M2.7 in 2008nda M3.8 in 2013

(NEIC, 2019).
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Station Operations in Kansas
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Figure3-1- (a) Count of operational seismometer stations in Kansas per quarter. (b) Station instal
timeline, horizontal blocks represent a staticamsive period. Color groupings represent network, as
indicated. Certain Transportable Array stations were converted into permanent stations making u
new network¢ Central and Eastern US Network (CEUSN), network code N4. One station in Kans
convered (R32A, now R32B)perational efficiency of various stations installed after 2014 and not
of the KGS network may be poor. These data points do not reflect station downtime, only commit
decommission time periods.
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Figure3-4 ¢ Typical earthquake seismic station (top right), inverted bucket housing seismometer
(bottom right) and equipment box attaell to the solar panel pole (gf
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Chapter 4 Catalogindgcarthquakes in Kansgz0152018)

Earthquakes across the state have been cataloged bKtB&ince January of 2015. Continuous
data is recordedcross thestate, transmitted via cellular telemetry to the KGS where it is gsed,
analyzed and archivedafaused in this study from 2015 to current include the KGS waveforms

combined withdata from thethree other networks operatingvithin the state

The KGS utilizes automatedanalysigprocedure followed by a manuptocess requiringpuman
interaction Resultingwaveforms and epicentensrovide scientists and government officialsth the

necessary information to make tip-date andinformed decsions.
Section 4.% Identifying and locating Earthquakes from Seismic Data

Continuous data for all stations apeocessed using Earthwormwhich isan open source software
package commonlysed in seismology for data processing and archistigmic evats (Wwww.ISTl.com).
This processingputine provides automated detection and location of events in Kamsesdingan
initial calculation of basic earthglea attributes. Simultaneously, raw data arenverted into hour long
MiniSEED fileshich are theranalyzedusing SeisANnandustry standardoftwarepackageaused in

earthquake analysis (Ottmoller et al., 2016).

Earthworm uses a ratio of sliding averages of the long term amplitude (LTA), 8 seconds long, to short
term amplitude (STA), 1 secolahg, to determine anomalous spikes in the seismic data. When the
LTA/STA ratio reaches acertafiNB a K2 f R GKSNB A& | GGNAIISNESD® hyS
more sophisticated methods there is no requirement for aaxample event waveform oipgcific
source mechanisms; as is the case with camsselation or any template matching method. This

methodis especially effective aletecting new clusters outsice known seismic area
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When multiple statios triggercoincidentally Earthworm generate a file of raw seismic dafeom
allthe stations used to locate the eve{n automatedemail is sent to the analyst with location,
attributes, and waveform data. Eadata fileis manuallyinspected toestablish if thedetected event is
an earthquake oa false trigger. False triggeage thrown out.Analystgrocess the raw dataometime
after the event triggers while Earthworm produces an earthquake parameter list in real time. This
results in dag between the catalog of events Earthworm produceshiignagnitude of completeness)

and the final generated eventsom the KGS analyst

Each hour of raw seidmdata idnspected by a human analy This process inecessaryo identify
any events the Earthworm software did mi¢tect. There are various asons arautomated system
would not idertify (or trigger on) an event.Heseincludelow signalto-noise ratio, delayed telemetry of
data, false triggers overlapping actual triggers or the event was just too fan#ike algorithm to detect
but they could be confidently identified with a human eye. False triggetgdinclude pump jack noise
(Figured.1), which are easily identified by cadenced impulses and quarry blasts (Figuteat are
similar to earthquakes. Quarry blasts typicalfyve much more prominent surfaseaves, lack clear-p

and s wave arrivabnd sometime cancontain anairwave.

Manualprocessing and analysisquiresthe analysto first inspectthe hour long MiniSEED files
of raw sésmic data generated as data streamfrom the stationsThen ay events of interest are cut
from the hour long files into smallslegmentscontaining the entire earthquake waveform as well as

adequate background signal before and after to help identify different parts of the wavetrain.

To locate an earthquakigom seismic data the first step is to identify tkempressional wave
and shear wave arral at each station. TheompressionaP-Waveis the first baly wave to reach the
sensor. A-WaveQ @articlemotion is in the direction of propagatiamaking it the fastest wave and

typically smaller in amplitude than the sheaave amplitude. The sheagsr SWave arrives after the>-
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Wavee odzi A& SIFaiafe A BRSpltuddcaniparedto$he badkgréutidZ@r@iguceS f | NH S N
4.3). The larger amplitude can often be mistaken for the surface arrival which is similar in velocity to the
SWavevelocity, VsurraceF 0. 9VS. Thimisidentification contributes to the error in origin time and location

of the event but is negligibldheP-Waveis picked on the vertical (or Z) channel and 8\&aveis

picked on the horizontal channels (E and N, or 1 and 2).

After identifying all possible-@mnd SWavearrivals from each station thdistanceto the epicenter
for each statiorcan be ciulated using a generalized velocity model of Kansas (Higtirérom
Steeplest al, 1987 Thedistance from each statiot the epicenteris then used to triangulate the
location ofthe event. Thé&sWavevelocity is calculated from the-Wavevelocity and Vp/Vs ratio. This
model differs from models used in othstudies (Rubenstein, 2018; Nolte, 2017; Choy, 2ahf)
calculated from a reverse seismic refraction study done by the USGS (WarrenSte¥fiEs, 195;
Steeples et al., 1988Havingan accurate velocity model is vital to acately locateearthquakes and

calculating magnitudes (Haskov, and Alguacil, 2016).

Section 4.2 Earthquake Magnitudes

There are various calculatiottzat quantifythe strength, ormagnitude of an earthquakeThe goal
of these calculations are to quantify the energy release to estimate the potential damage of an
earthquake, express the physical size of the earthquake and predict seismic hazards (Havskov and
Ottemoller, 2010)Some of these method®r calculathg magnitude arelerived fromthe duration of

shaking, that is the coda, and other are more complex and are derived from spectral characteristics.
Coda Magnitude M

The simplest magnitude to calculate for an earthquake is the coda magnitude, or duration
magnitude (Havskov and Ottemoller, 201A8jter the primary waves from a local ¢éagquakehave

passedhe seismometera complex series @mall vibraions that originated with the earthquake arrive

34



from diverse travel paths with decreasing amplitudesrairee. This potion of the wave field is called
the mda. These smaller vibrations are the backscattgmaégharywaves due to leral inhomogeneities
in the crwst (Aki and Chouet, 1978he coda can be used to estimate magnitufiee coda magnitude
can le expressed as a function of the duration of the coda and the spatial distance from the earthquake

epicenter:
Do Oz TdE QD Oz QQI 60 W Q (Equation 41)

Here, coda is the duration of the backscattered esin seconds anal b andc are constantsSmaller
events that are only detected on noisy stations have smaller primary wave amplitudes and spectral
characteristics that are unreliable. These factors make it difficult to estimate any other magnitude than

duration magnitude.
Local Magnitude M,

The Local Magnitude (M or Richter Magnitude, scale is defined such that a M3 earthquake
recorded using a WoedAnderson seismometer at 100km from the event would record a peak of 1mm
(Richter, 1935)Dataacquired on modern systenmsust be corrected for tis standardo calculate M A
displacement trace can be produced tging thed S A & Y 2 3 NJ LIK Q arespddse Quaveigfr® [ S NP &
4.5). Multiplying the new displacement tracalculated with the seismographs response cumwth the
Wood-Anderson instrment response generates a simulated Wetdderson Seismogram (Figuréy.
The WoodAnderson instrument poles and zeroes instrument response is similar to a 2 pole Butterworth
high-pass filter at 3Hand approximates the response such thati$within 0.1 magnitude units
(Ottemoller, 2016. The maximum amplitude from the simulated seisnamgris used in calculating the

M according the equation below.

0 aédan Oz aéWA O@UBMA 0POOQ (Equation L)
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Here,ampis the maximum ground amplitude from zero to peak in nanometersdistanceis in km.
Moment Magnitude- M,

The moment magnitude () is the seismological standard for seismic events and can be calculated
for any size evenising both por SWaves (Havskov and Ottemoller, 2010). This quantification of
earthquake magnitude is related to the seismic moment (M@J is a direct measuresnt of the
radiating energy from the area of the fault thatptured. This value iderived from spectral
characteristicand usedo calculatethe momentmagnitude (Kanamori 1977; Hanks and Kanamori,

1979; Ottemoller, 2016)

0 -1 T OO ¢8te (Equation 43)

MO s catulated from the cornering frequency)fof the energy spectrand fundamental in calculating
stress drop (Chapter 8Ylw is derived from source characteristics, MO, whereas other magnitude
calculations are empirically defined as a distaoogected measurement of ground motion strength

(Aki and Richards, 2009).

Section 4.3 Magnitude vs. Frequency

All of these methodsf quantifying earthquake strength generally follow the GutenbRighter
power law distribution of the magnitude andted number of earthquakes in an ar¢autenberg and
Richter, 1956):

i 10C & @b (Equation 4)
Here, N is the number of events with magnitude M, arghdb are coefficients. In natural cases b is

expected to be at or near 1. This law states that foralue of 1 every M2 earthquake that occurs

there should be 10 M1 events; likewise, for every d¥@nt that occurs there should be 10 M2 events
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and 100 M1 events. The\mlue can be calculated for any cataleing a plot ofrequency vs.
magnitude (Figure 4). Where the trend is flattest, the slope will be thevalue.B-values that exceed
the standard Gutenberiichter value (1) for regions with natural earthquakes is one indication that

seismicity may be related to increase pore pressures and as a result induced (Bachmann et al., 2012).

One of the most important qudities in assessing the quality of a catalog is the magnitude of
completeness. This value quantifies the sensitivity of the network used to buikchthég ands the
lowest magnitude at which the network confidently detects 100% of the ev@Miemer and Wyss, 200;
Woessner and Wiemer, 2009)he point of greatest curvature at which the frequency vs. magnitude
trend diverges from the Gutenbetgichter relationship (Equation 4.1) is the magnitude of
completenessBelow the magnitude afompletenessthe network still detects earthquakes but only a
fraction of the events. These events are missed because of various reasons; the event is too small to
record on enough stations, the event was not locatable within a reasonable errohtfice®r the event

is too small to be discriminated from other larger seismic events happening concurrently.

Sectiom.4- Earthquake Catalog and Database

A catalog of earthquakes that have occurred in the state is important for determining future seismi
hazardsThe primary components of the earthquake catalog are origin time, longitude, latitude and
depth of the epicenter as well as magnitudd,, was the primary magnitude reported for events that
MOwasable to be confidently calculated, Mas reported after that and if all other variations of

magnitude were unreliable the duration magnitude was reported.

The earliest published earthquake within Kansas was cataloged by Dubois and Wilson (1976) and
dated back to 1867. From 1867 to 1972, 28 felt earthquakes were reported. These events were excluded
from the catalogused in this studylue to a lack of analog data and uncertainty in epicenters and

magnitudes.
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For eventdrom 20152018located using KGS skamsthe average longitude error was 1.54km and
the average latitude error was 1.48kimhe Jewell County area had the highest longitude and latitude
errors, 1.88km and 1.87km respectively. The Reno County area had to smallest longitude and latitude
errors,0.88km and 0.86km respectivelyis important to note that a portion of this discrepancy is likely
due to variations in velocity models, different station coverage, and depth of ev@histers near the
KGS temporary stations will have less spatiadrstthan clusters further awayEvents located by the
KGS have a fixed depth of 5km. The catalog of earthquakes used in the subsequent chapters can be seen
in the Appendicesvith a complete catalog of all events located by the KGS sincedOttte KGS web

site (www.kgs.kuedu).

To aid in managing and utilizitige large volumeof datagenerated by the various networks located
in Kansaghe KGS developed its own relational database that merges the hatdacta sets (i.e.
Steeples et al., 198/NEIC, rd KGS data sets intosingle databaseAs new datare being
continuouslyrecorded raw data filesre processed and integrated into thdatabase in real time
parsingout the requested usable informatigmndthe results displayeah real time orKGS supported
online GIS (mapping) systemSimple SQL statements cha used to analyze the datgenerate
statistics, or other activities useful to scientists and policy makews example, Table4shows the

number of earthquakes located in eaklangscounty garthquake events= 100).

Section 4.5 Earthscope Transportable ArrgyA)Data

From 1989 to 2014here were only two stationsperatedby the USGH KansagFigure 3.1)
However, aelatively unknown network did operatie Kansas duringhts time peria, the Earthscope
TAnetwork. 19 stations were installed in the western half of the statetig-2009 by the end of 2009

a large portion of the central part of the statad seismic coveragaji ¢ a4y Qi dzyGAf al & 27

eastern potion of Kansas began installatiQaANF, 201P To date, there are no USGS publications on
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seismicity within the northern part of Kansas utilizing the TA datéad, aside from the initial analysis

of the data (Asitz et al., 201,4)o published catalog of earthquakes includes this data.

TheFranlich criteria for discriminating earthquakémges on he accuracynd understanding of
historical seismicity in an ar¢Ravis and Frohlich, 1993; Davis et al., 39@&ur understanding of
historical seismicity was outlined In Chapter 1 and concluded that based on the catalogs published to
date much of the state iseismically quiescentp to the development of new clusters in the south
central Kansas in 201%he TA provides a short periofitime where large portions of the state were
monitored using a network with 680km station spacing, a drastic improvement on the two stations
operated by the USGS during the same time period. The emplacement of this network in late 2010 and
early 201 1predates the proliferation of saltwater disposal in Kansas around 2012 (Peterie et al., 2018).
The incorporation of the TA data thus significantly improves our understanding of background seismicity

in the state.

One of the most seismically inactive cowstin the state historically is Jewell County. However,
this area has recently experienced new clusters of earthquakes developing since 2016. Prior to the
increase in seismic activity Jewell County has recorded one earthquake in 2013 (NEIC, 2019).dVe looke
at the TA data to better understand the background seismicity of the area. The Jewell County Area has
the best TA station coverage from May 2009 to March 2&EWwseismic data was pulledr the nine
TAstations surrounthg Jewell CountyFigure 47) from the IRIS website from May 2010 to March 2011.
Thisapproximately 10 monthime period was seleed despite each station being emplace for nearly
two yearsbecausaall nine stations were installed and collecting data giving the best azimuthal coverage
of the study area. The same automatic detection method usedy Chapter 4 Section)1o identify

earthquakes in real time was used to process and identify the 10 months of data.
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The analysis from this data set provides a link between historical seisancigrovides a
better understanihg of pre-injection seismic activity in the areAlthough no earthquakewsere
recorded adocated within Jewell County (Figu4e8) between May2009 and March 201Gine
additional earthquakes in the area were identified and located that were not detected in the Plist
leads udo believe that the network would have detected any earthquake in Je@@unty over the time

period. The fact it dd not supports our historical understand of seismicity in the county.

40



| 236
|
L | bk | i Il I Wi . T i ] Ll
wik  EHz oo ku{iiL LAY i | ke L P A d ! " | T '
L L [ | [ |
|
226
| r
‘ i I \ | [ \
| | lyi ‘ | \|| AL | 1 | ‘| | ! ‘ |
WLE  EHN 00 KM | i T H (P | \|‘ | (| \\|||‘ ‘
il | | ! | || | I | I " ‘
| | |
|
212
L1 ¢ |
o . L Ll T VN A il
wik  EHE 00 ke Ui |. L | i R TR 1Yl ol | (i)
f | |
i ; |‘ |
| | | ! SEC
0 10 20 20 40 50 60 70 20

Seconds

Figure4-1- Example of pump jack noise from a KGS Regional Stationeffodrto place regional

network stations in areas with the best signal to noise ratio for optimal monitoring, this station was
moved further away from the noise sourcihe cyclicity of a pump jack degrade the signal continuously
and interferes with bottthe automated and manual process of detecting earthquakes.
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Figure4-2¢ A) Vertical component seismograms from an earthquake (top) and quarry (blagom)
taken from Frohlich, 2012rhe prominent surface wave of the quarry blast is easily identifiable within
raw seismic data. B) Exale of quarry blast observed in Barber County, Kansas.
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Table 1
Crustal Model

Velocity Depth
2.40 0.000
4.50 0.526
6.00 1.300
6.10 8.113
8.25 42.000

Frequency vs. Magnitude

m==== Cumulative Number of Earthquakes

Mumber of Earthguakes per Magnitude

- [ 2 58 = S -
‘-‘1\ Guttenberg — Richter Relationship

\ v Magnitude of Completeness

1000 L b-value = 1.21

N

100

Number of Earthquakes

10

0.0 0.5 1.0 1.5 2.0 25 5.0 3.5 4.0 4.5 5.0 55

Magnitude

Figured-4 - Plot of earthquake frequency versus magnitude. Earthquakes were grouped every 1/10th of
a magnitude. GutenberRichter Relationship (Green) is used to describe the recursion of higher
magnitude &ents and assess the completeness of the catalog used.
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Figure4-5 - Instrument response correction generates simulated Wéaalersonseismographs which is
used in determining Magnitudes.
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Figured-6 - Instrument response correction generates simulated Wéadlersonseismographs which is
used in determining Magnitudes.

Table 2
Counties with +100 events
Number of
County Events
Harper 4365
Sumner 4246
Barber 841
Sedgwick 585
Kingman 553
Reno 408
Comanche 331
Trego 269
Saline 207
Butler 185
Rooks 135
Jewell 129
Dickinson 100
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Earthquakes located using this data candend in Appendix A.
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Chapter & Focal Mechanismand Inversion

Fault motion can be described by the orientation of ttaeilt plane (strike and dip) and the
direction of slip (rake This is known as the focal mechanisihis motion, in our case,dsnsidered to
be double coupled motion resulting in two possible solutions of fault planes, or focal ffkakiesnd
Richards, 20095tandard plots of double coupled sources and focal mechsrége commonly referred
to asbeachball plots (Figurg.l). There are threefault mechanismsstrike-slip, thrust and normal
(Figure5.2). These diagrams are an eciaaka projection of the lower hemisphere of the focal sphere

(Aki and Richards, 2009).

Focal mechanisms are calculated from waveform analysis d®Weavefirst motion polarity (or
displacement) and amplitude ratiag the P-Waveand SWave(Snoke, 2003)The first motion polarity
of the P-Waveretains the seismic character of the section of theal sphere the raypath originatirag
the epicenter Thesefirst motion displacementsan then be mapped back to create the dilatational and
compressional quadrants of the focal sphef@plituderatios are more reliable than body wave
amplitudes since the effects of geometric spreading, wave directivity atciment cancel out
(Hasskov and Ottemoller2010) Thefocal mechanisndepends on the source strength and fault
orientation to characterize the sour¢@ki and Richards, 2009he principal axes of tHecal
mechanismare the pressuraxis (P) located dhe center of the dilatational quadrant and the tension
axis (T) located at the center of the compressional quadrant (FiLyeThe dilatational and

compressional quadrants are separated by the nodal planes.

AllP-Wavepolarities were picked on the-£omponent trace froneachseismographP-Wave
and SWaveamplitude were automatically picked for each station within 200km of the epicenter using
{ SAa! yQa Otfethdilenét &1.1.2016 The maximum amplitude was determined using¥0hz

bandpass filter, 1.5 sec window around eactapd sarrival pick ad only on thehorizontal
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components for the&sWave The resultindnorizontalcomponentSWaveto P-Waveamplitude ratio
(SHP) is used in two of the algorithmBlASH and FOCMEADd adds constraints to the range of
potential fault plane solutions (Hardebk and Shearer, 2003). The highest/aveamplitudes occur
near the Pand Taxis and the lowest near the nodal planes. This makes ident®Ailgvepolarities for
stations that resolve near the nodal planes difficult. At the nodal plandt\éaveamplitude is zero
making the SHP ratio very large; and near the 8nd T-axes very high, making th&l® ratio very small

(Kisslinger, 1980).

For the earthquakeanalyzedn the Jewell County Are@&®eno Countyand Salina Countye
used multiple fault plane sotion algorithms to compute the focal mechanisms. This included PINV,
FPFIT, HASH and FOCMEC (Ottemoller et al., 2016). PINV calculates the focal mechanignmlyy usin
the P-Wavepolarities (8etsugu, 1998). This is the least rigorous calculation argl sgrves to
corroborate other solutions. FPFIT is similar to PINV initlwealy usedP-Wavepolarities, but this
algorithm assesesthe fit of the solution based on a weighted sum error of the polarities and a station
distribution ratio that describesdw well the stations are spaced on the focal sphere (Raesenberg and
Oppenheimer, 1985). HASH uses betWavepolarities and amplitude ratios and uses a grid search to
find the solution with less than a given polarity error and amplitude error (HardehetiShearer, 2002
and 2003). FOCMEC is the most user intensive algorithm. Similar to HASH, a user defined grid search is
used to find solutions under a given polarity and amplitude error. All solutions are then displayed and
the analyst selects the solutighat best fits (Snoke et al., 1984 and 200NV and FPFIT were used to
corroborate solutions from HASH and FOCMEC that utilized wave field amplitude information. FOCMEC

solutions were preferred over all other solutions.

Potential earthquake hazaradsn be determined from the optimal orientation of faults within a
particular stress field. Faults optimally oriented with respect to the stress field are more likely to fail. The

orientation of the stress field&an be determined from the calculated focaéchanisms through various
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inversion methods; the method used in this study was developedibiiael, 1984 This method

assumes each earthquake is independent but representative of a constant stress field in the region
(Angelier, 1979; Michael, 1984 and8IA. A best fit direction of slip is calculated using the vector normal
to the faultplane;this is the slip vector (Gephart and Forsyth, 1984adouble couplesystem with two

fault planesthis method uses nofparametric bootstrap statistics to seleahe of the orientations

(Michael, 1984). The solution is then calculated for the second fault plane and compared with the first. If
the solution from the second calculation is congruent with the fitse first solution is kept. If the

second solution iproves the solutiorusing a least squares criterthgen the second solution is kept.

is suggsted at least 10 events hesedfor this inversion methogOttemoller et al., 2016)TheSLICK

software is implementedvithin SesAn(Michael, 1984). &atalog of fault planes are provided and the

program generates the orientation and shape of the stress ellipsoid using the method above.
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Figure5-2 - Idealized beachball diagrams showing mapview and side view of basic fault mechanisms.
(Stein and Wysession, 2003).
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Chapter & Stress Drop

Stress drop can be defined as the difference between the shear stress acting on aflandt be
and after rupture(Wu et al., 2018) Stress drop is not invariant across all geologic settings. It has been
shown that stress drops of intraplate earthquakes are larger than interplate earthquakes (Kaaachor
Anderson, 1975; Scholz et al., 1986)luced seismicity near geothermal fields have been showrate
lower stress dromear the injection site and increase with distance (Goe#éttman et al., 2011). Other
studies have shown the possible decrease in stress drop can be a distinguishinggeciséiain induced
earthquakes; Reiter et al., 2012; Hough, 2014; Sun and Hartzell, ;28d#4hy et al., 2017. Boyd et al.,
2017 reported that earthquakes in the eastern part of North America with3rNMave mainshock stress
drops that range from 2.6 t86MPa. Thee studiedurther show that mainshocks potentially related to
wastewater disposal had stress drops that ranged from8066MPa for the central US. Other studies
have shown no discriminating qualities between induced and natural seismicitysfress drop (Clerc

et al., 2016; Zhang et al., 2016).

According to the Theory of Self Similarity, stréssps are predicted to be constant for
earthquakes of various sizes in the same tectonic environment (Féglixe There are a few ways to
calculatethe stress drop from seismic waveforms (i.e. conventional method of corner frequency from
ASAAYAO aLISOGNIT 2 NJ(SoughJALoeR)ant fariolsdSe/niddels Thalzgal beA 2 v
used(i.e. Brune, 1970 or Madariaga, 1976). In this paper we tlsdonventional method using a

Brune, 1970 source model.
NbzyS &AGNBaa RNRLI op 0 OFly 0SS YSIad2NBER FTNRBY Iy
earthquake rupture, if the area of slip is circular the radius would bef—gk, where the corner

frequency (§) is inversely proportional to the faulting durationT F YR 1 A& GKS &AKSIF NI g1

Equation 8.1 describes stress drop (Eshelby, 1957; Brune, 1970):
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According to this model, MO is proportional t6fbr a constant stress drop. To calculate these values
SeisAn uses various assumptions aboutgbemetrical spreading and anelastic attenuation in a
multistep process to generate a theoretical displacenmsgctrum (Figure 6.2) as defined in Brune,
1970 (Ottemoller et al., 2016Jhese assumptions correct for small overestimates in the seismic
moment calculated and are within reason given the low resolution of the shear wave velocity model.
SeisAn will fie Brune curve to the observed displacement spectra. The software uses an acceptable
signatto-noise range to find an acceptable frequency range and then fits by grid searabumd fits of

0.2 or better were kept. MO is calculated using theagous properties and assumptions, such that

Equation8.2

z

UUTboﬁ—

GKSNBE ~ A& RSyaArdes + Aa GKS aSAavyao o+ @S @St 20A1
the attenuafon corrected displacement spectrum (Figure 6.2), and G(r,h) and KK are the geometric
spreading and free surface effect and radiation pattern corrections (Ottemoller et al., Fith6).the

spectral parameters source radius and stress drop can also hdatalt using the following equations:

o )
"Y€ O I'YUOO@ RO iTd X Equation8.3
. 0 .
Yoi Qi g, ™8 L Equation8.4

where V is the Por Svelocity at the source for their respective spectiale to the highly variable
source model and attenuation model, stress drop can have upwards of 30% uncertainty (Sonley and
Abercrombie, 2006)Since all epicenter depths have beered to 5.0kmmany of the attenuation and

velocity parameters are kept constant in the software parameter files.
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Figure6-1 ¢ Log frequency vs. log seismic moment graph olida@alized source spectra characterized by
the flat portion for frequencies smaller than the The amplituddor each flat portion(f < £) increases
with seismic moment Mwhile the f decreases proportioal to My, (Modified from Stein and
Wysession, 2003)
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Chapter 7¢ Resultsand Conclusion

Section 7.X, Results

A total of 95 focal mechanisms wetalculated from seismicada using 34 different stations
between September 2016 and November 20ER)(res 7.1, 7.2, 7a&hd Appendix B). The regional
geology suggests that both strilgdip and normal faulting are highly likely in this region (Jewett, 1951;
Merriam, 1963; Hildebrandt, 1988; Barr, BMcBee, 2003; Gerhard, 2004)majority of the focal
mechanismgalculaed support this claimDespite having over 60 seismic stations concurrently
recording in the state, azimuthal coverage is a concern when assessing the focal mechanism solutions.
Some solutions have stations in only three of the focal sphere quadrantspgngkiifficult to constrain

the solution.

¢tKS YA&AFAGT 13 A& GKS F@PSNIF3IS RATFSNBYOS 06SisS
az2ftdziazy IyR (K af ALl gSOG2NI OF f Odzf F G SR F

suggest poorly austrained stress tensor. The results of running the inversion on the Jewell County Area,

Saline County, and Reno County area clugtéigure 7.4have a wide range of solutionknitially

running the inversion with all 50 focal mechanisms in the Jewelht$Area resulted verkiigh misfit

and standard deviation (>3@nd >58, respectively), very similar to Saline County results (Table 5.1).

Removing all eventsithin the Jewell County Area withss than M3.0 and two events with unusually

high misfit theresulting stress orientation misfit wa4.9', comparable to Reno CountWS ¢ St t / 2 dzy (i &

resultsdrasticallyimproved after lower magnitude and poorly confined events were removed.

Reno County has the best misfit with 15afid a standard deviation of 1@ with a maximum
horizontal stress of 4771 The maximum horizontal stress of the Jewell County Area4@a%. The

results of the Saline County area show a large misfit suggest that better and closer station coverage may
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help in constraining the stresensor. Applying the same magnitude threshold for the Jewell County

Area to the Saline County area inversion did not yield better misfit.

81 earthquakes from the three main study arg@gppendix Chad sufficient data quality to
calculate stress drop (Rige 7.9. We find that the stress drops feine Jewell Countyrea have highest
range of values, 0-:2.0MPa(Figure 7.5 of thethree study areas. The range of stress drop values for
RenoCountyand Salinégounty areas are 0-1.6MPa(Figure 7.Yand 0.42.3MPa(Figure 7.8
respectively.Stress drop values this low when compared/&tues reported by Boyd et §2017) may
be one indication thathese events are inducedlineadditional seismic events were analyzed in the
Milan Event (Figure 7)%andcompared with stress drop reported by Choy et,@&016.Many of these

clusters are in close proximity to UIC Cleasd Class Il wells (Figure .10

Although stress drop values in the Jewell County Area are consistent with the other areas of
investigation, there is only one seismic station within 100km of the central cluster. The high variability in
stress drop depends on the source model, using difiesource models could better constrain the
calculated stress drop. With such low station coverage for many of these events the likely greatest
source of uncertainty is the source geometry. Source geometry, rupture directivity, and rupture speeds

have allbeen found to influence the stress drop up to a factor of eight (Kaneko and Shearer, 2015).

Section 7.2 Discussion

From 1967 to 200Ghe Central United State¢CUSgxperienced on avege 21 magnitude (M3
or largerearthquakes per year (Ellsworthh, i Mo 0T AAYy OS (GKSy oSmakS aSSy Iy
increase in anthropogenic/induced seismidii§im, 2013Keranen et al., 2013 and 2014; Rubenstein
2014 and 2018)A new catalog of earthquakes in areaahsasiot expected to be influenced by
induced seismicityresulting from high volume injection welfiows new seismic clusters developing

away from areas historically producing earthquakes
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Previous studies in Kansas focusing on the abnormal seismic aativéyincluded pore
pressure diffusion and fdield effects (Peterie et al., 2017), rupture process and geometry of particular
clusters (Choy et al., 2016), stress state (Alt and Zoback, 2017; Sehalal2017 andshear wave
anisotropy (Nolte, 2018)[hese studies all target the soutlentral portion of the state nearest the most
seismically active areas. Statilmzationsshows a predominant focus enonitoringthe southern
portion of the statewith new clustergdevelopingto the northin areas withminimal historical
earthquakes and some with no historical earthquak&scriminating natural from induced earthquakes
is very difficult when the historical average for Kansas is one M3 or greater@aweto two yearsThis
rate contrasted with the cuent rate makes it hard to iderf§i natural events occurring ih 2 R & Q&
environment.Processing the Earthscope TA data has shown that in the current areas of developing
seismicity there is little to no historic activitilthough this claim is made from kthan two years
worth of data, the alternative historical interpretation utilizes data acquired from a network of 2
stations within the state. The TA dataset utilizes over 45 stations to monitor seisamdityrovides a
better estimate of historical saisicity rates This is an important distinction to make when ttate

lackssufficient seismic monitoring netwoffior 22 years to claim a historical rate of seismicity

The bvalue for the catalog used in this study was 1.21 with a magnituderapleteness of 1.8
for the network of stationsbut is likely variable across the state with higher network sensitivity in the
south than in the northThis is an increase from the historibavalue of 1.9 calculated from the KSNE
network from 1977 to 89.The wirrent monitoring of earthquakes across the sté@srevealedthis is
an increase im-valuescompared to the regionaldalue of 1.06 (Rubinstein et al., 201Bubenstein
(2018) has shown an increase ivddue across the twaounty area of Hgoer and Sumner counties; in
2016 the area had a-alue of 1.26B-value is inversely proportion to differential stress and could be a
side-effect of increased pore pressures resulting in more smaller events relative to larger ones

(Bachmann et al., 2013cholz, 1968 and 19).2ncreases in pore pressure decreases the shear stress
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needed to result in failu, this occurs when the shestress exceeds theritical stresgWyss, 1973).

This has been observed both in a laboratory setting and from earthquake databases (Amitrano, 2003
and Schorlemmer et al., 2005). Scholz (1968) also showed that wivaleds where highest failure wa
likely due to sliding along prexisting fractures. The observed increase-wehie from normal tectonic
regimes is one indicator that earthquakes in Kansas are occurring along existing fractures and in larger
numbers of smaller magnitudes mainlyeltoincreased pore pressure€ontinued monitoring

variations in bvalue for different part®f the statecan help to indicatareas of changing seismicity

Predominately strikeslip and normal faulting are common in this area. Thrust faulting is rare,
possbly nonexistent. Almost all of the focal mechanisms from the three study areas are eitherstipike
or normal faultingThe maximum stress calculated for Reno County was #hith is consistent with
other stress studies further south (Zoback and Z&lE#80; Dart, 1990; Alt and Zoback, 2016; Schwab
et al., 2017). The Jewell County Area maximum horizontal stress calculation was moderately constrained
at -48.7" with a misfit of 21.9 despite poor azimuthal coverage and no data for an entire quadrant of
the focal sphere. Limiting the magnitude of events used in the inversion drastically improved the
solution. Saline County had a principle stress orientatiorl®8.7°, but due to high misfit, 60.2°, results
lacked sufficient certainty to be reliable. A nmétgde threshold similar to the Jewell County data set
was used, but misfit was still outside the bounds for a religblation. Itmay be feasible with better
station coverage or inversion method to calculate a better stress orientation splul3 seismic
stations on the northeast side of the trend would provide better azimuthal coverage of the focal sphere.
A more complete azimuthal coverage of the focal sphere for the Jewell County Area and Saline County

would lead to better constrained &l mechanisms and inversion.

From Alt and Zoback (2017) the stress orientation from wellbore and seismic data was
calculated to be approximately N85E in sogtintral Kansas. This orientation matches well with the

stress orientation calculated for Renouhty and likely implies that the same basement structure that
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influences the stress field in Oklahoma is the same as far north as Reno County. Although, Reno County
is just south of the confluence of two large structures, the Central Kansas Uplift ahE®®/ trending

MGA (Figure 2.5), the stress orientation north of Reno County may rotate.

The stress field in Jewell County is rotated over 90° from the stress field measured in Reno
County. This orientation is also inline with many of theISB/trendingnagnetic lineations proposed by
Yarger (1983)These lineations are thought to be associated with-gfestructural anomalies (Yarger,
1983). Basement structure associated withjpifestructures along with the influence of the Central
Kansas Uplift could result in the rotated stress orientation Wweeove between Reno and Jewell
counties. The observed rotation in the stress field would indicate faults of various orientations not
historically predicted to be optimally oriented may in fact be preferentially oriented and more likely to
slip. Focal meamnisms in Saline County would allow for more insight into how the stress field changes
from south to north. Seismic events on the CKU and in Saline County near the MGA may provide a
contrast of stress orientations that could explain and confirm the rotatibthe stress field between

Reno and Jewell County.

Yarger, 198terpreted various magnetic lineatiorigigure 2.4)generally trending NY&E and
NESW, that linaup well with seismic trends (Figure 6.Baults associated with these lineations would
trend similarly Forthe Jewell Countyrea,the principle horizontal stress is in the same direction at the
NW-SE magnetic lineatiofrrom lack of earthquakes along these-8\ trends it is reasonable to
interpret that faults associated with the NEW tending lineations must not be optimally oriented for
slip with respect to the calculated stress field. Pressure increases on the Central Kansas Uplift from
disposal wells (Figure 2.2) could preferentially diffuse NE via thesergiglal faults. Once thancreased
pressure field intersected the critically stressed NW trend faults associated with the lineations and

optimally oriented to the larger stress field, slip would occur-fiedd pressure diffusion as far as 90km
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away, if possible, would explainadtic increases in seismicity in a seismically quiescent county that has

zero oil or gas production and no disposal wells since 2000.

Saline County has similarly 488V trending magnetic lineations (Figure 5.4). These lineations
trend similar to the NESWtrending MGA and likely associated with faulting in Keweenwan time (Yarger,
1983). The lack of earthquake seismic data, well data, and poorly constrained stress orientation make
interpreting the cause of the recent dramatic increase in earthquakes aloagrend difficult. A
majority of the focal mechanisms in this area suggest normal faulting striking parallel to the lineations. If
these are correct then it would suggest a stress field similar to Reno County and not the Jewell County
Area. A better undestand of the stress field in other parts of the state as more data becomes available

could lead to a better interpretation of why the stress field changes across the state.

Although stress drop has been suggested as a discriminating factor betweendrahate
natural events, the stress drop analysis calculated for these three areas does/eat a separation in
stress dropbetween the two mechanisms. Induced and natural earthquakes should have separate
trends when plotting the seismic momewersus corner frequency (Figure 7.5). There is no indication of
two separate trends within this data set and suggests that nearly all these events are induced or natural.
The stress drops found in Kansas are of similar magnitude as found by Boyd (&0D48) enuch
smaller, up to an order of magnitude, than the stress drop range for tectonic earthquakes in Central and
91N a0SNY Db2NIK ! YSNAOFI F2dzyR o6& ! G1Ayazy FyR . 22NJ
have two trends to separate natural froinduced, the trend we do observe suggests that nearly all

these events are induced.

It still stands that the complex geology of the crystalline basement and its hydraulic interaction

with the injection target Arbuckle Group, make it difficult to determijprecisely the fafield effects of
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wastewater disposal. Lack of well data in certain areas make it difficult to model pressure changes

between the areas of high injection and high seismicity.

Section 7.3 Conclusion

High bvalue, proper stress orientian and low stress drop are three factors that support the
suggestions that a majority of everggice 2014re induced as a result of changes in pore pres<bre.
November 1#, 2014 Kansas experienced its largest recorded earthquake to daté.gylnea Milan,
KS. Since them comprehensive network of seismic statiomsbeen installed across the sta¢o
investigatemechanisms responsible for the dramatic increase in seismidigthree areaspresented in
this papervary inlocationuncertainty, station coverage, proximity high injection areas and an
understanding of the regional stress fiekk a result of our analysiscreased bvalue, spatial and

temporal changes in seismicity and low stress ditiggriminate induced eventsdm natural events

More recent data, predominately from the KGS with some additional stations from the USGS
and other projects in the stataow make up aatalog of earthquakewith over 12,000 eventsince
2014 This catalog has aJddf 1.3 and a kvalueof 1.21. An analysis of seismic data by the EarthScope
Transportable Array acquired prior to the 20b2rease irinjectionactivity suggessthat the
northernmost study area was seismically quiescewér the 12 year recording periotut now has
experigf/ OSR (g2 2F YlyalaQ I NBSal d&eldeddRdmdite KES G 2
network and supporting station®5 events were used to determine the focal mechanisms and stress
orientations throughout the central part of the state. From thigdrsion the maximum horizontal
stress for Reno County was 4%.this orientation is within reason when compared to other studies from
northern Oklahoma and soutbentral Kansas. The stress orientatioritef Jewell Countyreais -48.7",

nearly a 90 rotation. This change in orientation may be related t@ tflGA and Central Kansas Uplift
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and indicate tle optimal orientation for faults idifferent than previoust determined in the southern

portion of the state.

Form the same catald@0 events were used to calculate Brune stréssp from thethree study
areasand Milan eventStress drop calculatioms this studynear Milan, KS matchedel with those
calculated in other studies. The median stress drop for Milan, Renmty SalineCounty and Jewell
County Areavere 1.7MPa, 0.8MPa, 1.7MPa and 1.2 MPa respectively. These values match well with
other studies within theCentral United Stagés(CUSaNd suggest these clusters of earthquakes are
related to injection activities despite the lack of lohgh-volumeinjection.In particular, the nearest
wastewater disposal wells in proximity to the seismicity increases in the Jewell Countgré@akm
away on the Central Kansas Uplift. Stress orientation, focal mechanisms and stress drop just a few of the

methods and indicators that may help discriminate natural from induced earthquakes in the future.

The methods presented in this study shovatldiscriminating earthquakes astural or induced
is very challenging and that no single method can solvekigh bvalueand low stress dropompared
to regional studiediave indicated that nearly all the newismicity in Kansas is induced. In addition to
these findings, focal mechanism inversion indicates that the stress field changes drastically from south
to north within the state With better station coverageear the norther developing clusters of seisnyicit
better methods using spectral characteristics could be usdaktter explore the problem of

discriminating earthquakes.
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Figure7-4 ¢ Rose diagram depicting the orientation of theafs orientations (Right)
and the Taxis orientations (Left) for each of the 3 areas. Michael, 1984 focal

mechanisms inversion method was used in conjunction with SeisAn.
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Principle aAatTAa

Area n Horizontal Av_eragti . {04 yRI
Stress { 0 Misfit,] 0" 0 s'a Gt @
Jewell 18 -48.7 21.9 21.6
Saline 24 -166.7 60.2 52.3
Reno 21 47.1 16.8 12.9

Table7.1- Results of the focal mechanism inversion showing the principle horizontal stress orientation
and the statistical misfit from the data.
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