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Arkansas Earthquakes from 1811 Thru 2008 Arkansas Earthquakes from 2009 Thru 2018

Total: 2229 events
Total: 1175 events . Bergman EQ
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Three Published Case Studies of Induced
[ SAAYAOAUE AY I NJIlyal

A Possible triggering of earthquakes by underground waste
disposal in El Dorado, Arkansagsa.(Cox, 1991)

A Are recent earthquakes near Greenbrier, Arkansas
Induced by wastsvater injectior? (Horton and
Ausbrooks, 2010)

A Disposal ohydrofracking waste fluid by injectionto
subsurface aquifers triggers earthquake swantentral
Arkansasvith potentialfor damaging earthquake.
(Horton, 2012)

Ao 2 az22NB{ PEI HHB286I
program (AGS Opédiile report, 2008)




VISYBE|  El DoradoEQCIuster 1983 1989

Center for Earthquake Research

Overview

LATITUDE LONGITUDE  MAGNITUDE . . .
Injection into

0% Jurassic age formations

2
.0
-9
4%

12-09-83 33.209N 82.739W
12-10-83 33.264N 92.686W
08-11-87 33.105N 92.889W
12-12-88 33.231N 92.884W
02-05-89 33,304Nn 92.742W
02-11-89

Dhnsss 12 Events

04-27-89
04-30-89
08-24-89
09-01-89
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South Arkansas
Earthquake Zone

The El Dorado area was seismically quiet
prior to 1983.

, . = Large volumes of waste water from the
Historic Earthquake Location: brine industry started being injected
. - | under pressure in 1983.
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SMACKOVER FM,
well #7

SMACKOVER FM,
well §13

MEMPHIS.

Center for Earthquake Research
and Information

Twelve (12) SWDs located imajor fault zone graben).

Increasesn disposatatesin SWD #and SWD #13 that
closely correspontb episodes ofeismicity.

Hypao-central depths are occurring within the injection
and deeper.

Effectivein situstresses in the region mdpe near several
(tens of bars) failure along preexistifrgctures, and

formation pressuregsppear to have increased withthe
fault zone invicinity of the suspect wells.

Total seismic energy release of detected events in the |
Dorado area fron1983 to 1990 was 286 x 10”7 joules

Injection energy during the entire interval was o6lx
1077 joules

NO REGULATORY RESPONSE.
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Sets of ofavorabl or i e npaie-d
sets6 of fractures, joints an
basement rocks during Precambrian time. Since

then they have been reactivated numerous times
creating a oObridging mechan
overlying Paleozoic sedimentary rocks 0 these sets
provide avenues for oground
frontso to move through i mp
Imesand Emmett, USGS 1994
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OzarkConfining Units thin and
predominately sandstonen the
StudyArea

St. Francois Confining Unit
IS missing in the Study Area
(Caplin, 1960)



Fairfield Bay

'I\/vlajor Fault Systems in NortCentral Arkansas (NCAR)
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Locations of SWDs in Nord@Gentral Arkansas
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Disposal Well Comparisons

#1 SRE:

Sedimentaryrock:

Injection Zone:

#2 Trammel (TRM):

Sedimentaryrock:

Injection Zone:

#3 DeepSix (DP6):

Sedimentaryrock:

Injection Zone:
Injection Zone:

#5 Edgmon (EDG):

Sedimentaryrock:

Igneous Rock:
Injection Zone:

Total Depth:

0 to 6,460 feet

0,46feet

5,975t0 6,460 feet (Boone and Huntoi)

Total Depth:

0 to 7,160 feet
6,503to 6,590 feet (Boonk

7,160 feet

Total Depth:

0 to 10,500 feet
7,480 to 7,540 feet (Boone)
9,300 to 10,500 feet (Arbuckle

10,500 feet

Total Depth: 12,160 feet

0 to 12,090 feet
12,090 to 12,160 feet
7,806 to 10,970 feet (Arbuckle

Ranking based on Toth
Volume Injected:

TRM 256,174,800 ga
(WH: 2285psi)

SRE 103,397,154 g4
(WH: 1717psi

DP6: 85,658,034 ga
(WH: 2950p3i

EDG 17,744,832 ga
(WH: 2850p3i

Comparison:

RMA: 165,000,000 gg

RMA=
Rocky Mountain Arsenal




E.W. Moore Estate No. 44 5 S-S LFE ¢

2001 ‘(M4 4)
[ ¢ ¥ . 4

Originally drilled as a wildcat
natural gas well in March of 197§
No commercial gas discovered i O ’1 _,’ : q '
and the well was plugged and _,,#ﬁ.ﬂ’ ATATI 61982(;?-) ¥ ko
abandoned on April 25, 1974. O o : O

-.‘ #
[ Disposal Well Site 14

R Clela e o
Total depth of 10,600 feet and e ,(@ + (9 o ’ 1982 (V14.0)
penetrated the Ordovician i ‘@,mw)
Arbuckle Formation in the s Et O
bottom portion of the well bore. i~ IR
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DeepSix Water Disposal Services, LLC appliedderrait in Spring of 200for the
reentry and modification of the E.W. Moore Estate No. 1 Well for the commercie
disposal oflow-back saltwateinto the Ordovician Arbuckle Formation.

TheSWDsite is located approximately 1.5 miles northwest of the Enola Swarm
area. Due to the close proximity of the De&x SWD to the Enola Swarm area, th
director of the AOGC orderedh&aring in the Spring of 2008.



Enola EQ Swarm Overview
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40,000+ earthquakes (largest swarm in EUS) g ! L{",V"‘ £y fee'dt.

7
Hypo-centers inboth the igneous basement roc _ffb‘w

and the overlying sedimentamnits

Earthquakesppeared to have occurred in a hig Ny
fractured zone associated withggiaben

Lower seismic velocities in the swarm area relatSiEs

to the surrounding area suggests that fluid
migration is playing a role.

BEIE Magnitude Comments

1/12/1982 M=1.2 (First detected event)

1/17/1982 M=3.0 (First M3+ with ove®3felt earthquakes the first year)
1/20/1982 M=4.5

1/23/1982 M=4.3

2/28/1982 M=4.1

05/4/2001 M=4.4 (Largest event since 1982 wakier 2500 aftershocks)
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Results from the AOGC hearing in February of 2008:

Dr. BarrnyRaleigh (USGS),. Blaydar AShukri (UALR), and Scott
Ausbrooks (AGS) testified to the potential for induced seismicity
and potentiaffor damages in the Enola Swakrea.

DeepSix Water Disposal Services, WaGSrequireto have the
following a permit to inject:

A Obtain $25,000,000 iliability insurance

A Install, operate and monitor a local seismic array in the vicinity
the the SWD to monitor seismic activity Small Aperture
Seismic Array

RMA, Nicholson and Wesson, USGS 1990, DWHEQkc))




DeepSix SWD Seismirray

v @]nmnn-a-l
. : LD
DeepSix SWD Seismirray 5 £
: 52 d i
¥ ' ©
Severelements array 7 . —
-3 = SN
Each element is-omponents/short period
seismometer i
Radio telemetry communication to the central recording |
station il X A
o\ In]nctoonj,\;Noll .51
Solar powered ' S Al O NN
Central digital recording station (standalone and igternet $H
ready for real time data cOmmunication)
High capacity computestorage DeepSix SWD SeismArray
Capable of high accuracy event location Installed Jul2008
| u \ [ :
% - { Testing Jul- Aug2008
Flexibility for future modification and expansion oy I Background Sep2008¢ Apr2009
: ss — Injectionstarted May 2009
Wl e s gt omeicl Continuousmonitoring: May 2009
I : Startmonthly reporting Sep2009
Pointer 36°13'00.70° N 92°16'06.13"W. elev 100 m Streaming I 10€
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Total number of EQsS
within 5km: 328

M-1.45 to M2.85

- *Majority of EQs
outside of Array
'O2y FAIdzNT i
/

S Kilometers from Well
7.

Hollang
Action threshold >M3.0 or significant felt event

-




MEMPHIS, GreenbriereQ CIu_steQOOQ- 2010
e e R Ove rview

AR. Between 1% 0ctober
2009 and22"d March 2010,
NEIC located4 regional
earthquakeq1.7 <m<3.0).

The earthguakectivity (6
felt locally) generated publicgs
concern.

Asmall array(GB) of three

O2NNBtFOGAZ2Y
672 micreearthquakesclose
to the TrammeMldisposal well

‘;,_l al
geriim
krlail==
e,
b-valueof 1.4 ~ gy twowastewater injectionwells (pink).




THE UNIVERSITY OF

MEMPHIS.

Center for Earthquake Research
and Information

Cros<correlation of a master event with
continuous recordings at site GBdicates that &
the earthquakesave very similawaveforms.

Waveform similarity indicates the events are |
located in closeroximity and consistent focal
mechanisms.

672eventswere cataloged at aorrelation
coefficientof greater thanO.5.

Fitting this distribution to the Gutenbergrichter
relationship gives & value of 1.4

Logn( ml) =3.9

Sykeg1970) commonly calculatedvalues higher than
1.0for earthquake swarms in volcanic zones and the-mid
Atlantic ridge. These tectonic settings share a high degre

of influence by faulzone fluids in earthquake generation.
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Thehigh bvalue for the Greenbrier earthquakes
may thus point to the influence of fadi#tone fluids.

Magnitude
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THE UNIVERSITY OF

Summary

A TheGuyGreenbrierfault, wasa previouslyunknownfault,
iluminated by over 1,300 earthquakes 0 a4K) that
occurredfrom the Fallof 2010to Springof 2011

A A plausible hydraulic connection exists between the
Injection depths at a waste-disposalwells and the nearby
Guy-Greenbrierault

A Oneof the primary concernsat the heightof the seismicity
wasthat the fault wastheoreticallycapableof producinga
potentiallydamaging-- M5.6 ¢ 6.0 earthquake

A Giventhe spatial and temporal correlation between the
UIC wells and activity on the fault, it would be an
extraordinary coincidenceif the earthquakeswere not
triggeredby fluid injection.



— ———— The AGSand CERbecameaware in the
§ THE UNIVERSITY OF 7 * +_ Summerof 2010 on the plan to permit
| MEMPHIS & 4 3 =« the installationand operationof two new
y Conte for Earthaua ) aliiVA & ~_ SWDs (#1 and #5) in the Guy and
Greenbrier area Based on a working
- hypothesis,the AGSand CERMeployed
seismicstationsin areato collectdata.
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GG EQ Swarmegulatory Timeline

A In late summer of 2010, seismic activity began to
occurin the Guyarea of north-central ArkansasDue
to this increaselin seismicactivity, formal consultation
betweenthe AOGCAGSnd CERbeganin early Fallof
2010 The seismicactivity ramped up significantlyin
Octoberand Novemberof 2010

A After an initial drop-off in seismic activity during
Januaryof 2010 a significantincreaseof seismicity
was observed in the last two weeks of February
culminating in a M4.7 earthquake on Sundaynight
February28, 2011
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a 6-month studyperiod until July2011

| ‘ L
In December2010 the AOGCordered a —
moratorium on drilling of new disposal
wells in vicinity of GuyGreenbrier area
and required 7 existing disposalwells to
report injectiondataon an hourly basisfor
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GG EQ Swarmegulatory Timeline

A During the week after the M4.7 event, disposalwell
operators of three of the SWDsclosestto the Guy
Greenbrierseismicactivity agreedto voluntarily shut
down.

A By Friday afternoon on March 04, 2011, the AOGC
formally orderedthe temporary cessationof the three
disposaloperationsin the GuyGreenbrierarea while
the fourth well (DeepSixMoore Estate)was allowed
to continuedto operate until the sixmonth study was
completedin Juneof 2011



Edgmon Kissinger

#5 8-12

Morrilton Fault
Cadron Fault

.—/

Heber Springs Fault

Enders Fault

Structural CrossSection

5.6
SOURCE: AAPG Bulletin V. 74 (July, 1990), PLA8BM4 Figs., 1 Table

Depth (km)

THE UNIVERSITY OF

CrbssSection of Ehrthquakes MEMPHlSR

5 0 Center for Earthquake Research
. . and Information
Horizontal Distance (km)




Guy-Greenbrier Earthquake Swarm

SRLand Clanta SWD At the AOGCHearing in July of 2011, the

March 4, 2011 operators of the three SWDsnearestthe Guy
Greenbrierseismicactivity voluntarily agreedto
215 permanentlyshut down and plug those SWDs
207 The AOGCordered the one remainingdisposal
well (DeepSix Moore Estate) located in the

moratoriumareato shutdownandbe plugged

SRE and Clarita SWD SRE SWD Well
Plugged and

Wells Go Online
July 7 & August 10, Abandoned Late
2010, respectively Septlember, 2011

No. of Reported Events

Deep Six and Trammel
SWD Wells Shut Down 63
July 25, 2011
]

Month/Year

Number of events per year: ~ 200 = M2.5
2010 = 624 ~ 40=M>3.0
2011 =724 4 = M>4.0
2012 =18 MEMPHIS.
2013 =2 Total: 1,358 (>M1.0) AR

THE UNIVERSITY OF
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8/18/2010¢ 4/30/2011¢ SWD #5 Daily Maximum Pressur
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Also at the AOGC Hearing in i
July of 2011, the AOGC
established a permanent
moratorium area

Permanent DisposalVell
Moratorium Area/ Seismic
Permit Conditions
EstablishedOutside
Moratorium Area

[ —- 't.n;.nﬁf&éﬂnfbih@cﬁﬁg?ﬂh




GeneralRule H1 Disposal Well Permit SeismiRequirements
Outside Moratorium Area in Fayetteville Shale Production Are

A Disposal wells not permitted within 1 mile of regional fault
(defined) and within 5 miles of deep fault (defined).

A Disposal well spacing established based on stratigraphic deptt
of disposal zonel(2 to 5 mile spacing).

A Information on faults required to be submitted with permit
application. Director may request additional information if
necessary

A Permitted wells required to submit daily injection rate and
pressure information

Future ltems:
A Modification of the Permanen¥loratorium Area

A ProposedTraffic Light Monitoring System
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TheEl Dorado EQ Cluster studyggested that thenjection of fluids increases
the pore pressure within the reservoir/aquifer of injection

TheEl Dorado E@luster studysuggested that injection energy contributes
little to the magnitude of the earthquakes, and that tectonic strain must
already be present in a region in order to induce earthquakes

TheDeep-Six EGtudy suggested that injection in previously seismically active
areas may not necessarily induce more earthquakese Enola EQ Swarm
may have already released the area stress.

TheGreenbrier EQ Cluster studydicated that Crossorrelation (template
matching) was going to be an important tool for future induced seismicity
studies. Also the high-talue for this EQ cluster suggested that ffiile:d
faults may be a consideration.



