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Abstract
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demonstrat eeds,cadcehisefoasag rGtmhAh & v daiment adr ichiand en

from tahbei laiviay samduusacef st orage resources (Hel

One of t he main I|lxismiotriame frecstoarsesoi €0co
injectivity and t heupasesfofcd catt se d ExBeaecshsus, uorveeOr lipsu)ie Is
promotes brine | eakage through t(iBer&kbadpltaek el
20009; Ki vianedayalgi ve20223 to fault ruipndueedin
earthquaxmsgrarn i @ back RiogMautdg vtihséti,b azx0Of lazs;a €t
2018uch pressur ebec oencsptrroaniwiutersc endlgppy essure front s
i njeciitaes regional ndepfi eyendiotnn diensger ¥ oc kK | aye
sufficiently per meat e Eh REecgodchiosg ndecendo ne &ddeldsd e n t
Person eRi aggr os @040 dC hveetoel e@a)l 2.2i0mM®l i fi ed physic
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(Huang et al ., 2014)
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De Simone et al ., 20121 Per dsomoard aanpdd KEkenmer
devel oped tobl-es thesse sespielkd 8 bif e sda mmtargelisnagaa c i t
number a@af olbhasli nRkoed rwogruledzt(Cal Qard26R2alSmi th023 -
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t hreodkither resernvoiacitiomiacppreckal s obuielf dup ed
injectivi.dTyhecsenatpmpaiomtch e st ceo mma il mu m eppsed deur e
t he whol et os tausdsye sasr etah e r @Sczku | fcrzaecwt sukriG anegtd ebaeléhta, va 20
201Kl eni us xAn atlcheenrs 2 0als8stuimpdal o pned i n the resou
tool CO2Bila@CKve devel opi sf utrot haesrs ui nme tchoi hse swoornkl e ¢
and KrevorTihax@2dhbyept ual lays seugnpibh@almé mtn et @ f t twe a |
such aopaifmadl ty, ocriocesnsizemsi ¢t ch i sglhies ¢ Fulphl letstrsauur geh
this simplistic approachmmpagdd abljoyf adkr ess $oerga
capatcherye e xmostti vsaeteixegorasl cfiarl yt hecepati afga wlatr i at
stabilFiryt, the state of stress and the relat
controls on the propeeshiprgke tvhaeridgiudmal bwcess
(Wal sh and Zoback, 201 6pco&me e rhaidtaldearbrd tdake 20
associated wiptrlopbaudibsntariiebpuyteeedgni t ude and fr e
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popul ated ur banScahnudlittcza b sTihail20ddl egwisedge of t he
tempor al evolution of fault slip patseuwdgllal al
pl acement aanhed®Wliect edFoaulr.tthyd®24) i c and mecha
of subsurface strucftauletss grag turwudratrdiyn t hosa
our | imited knowledge of the subsufMthacex( Wdli sni
tool s, which commonly rely on deterministic
their storageThesoumoe ee aatcicmatae®. esti mates of

more robusgquapprbwachault interactuinadres wiutbls umd

uncertainties
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I n this studgppweadreryesomplainf iteals tpihnyastiec s r
i mpact of fault slip .ppbppenage@kcgpaThihg wmebboadd
ext amesCtO2®BIL QCKvhi ch esti mates and oprnesnerzesi rst
injectivitRPel 8immomaei ensal ., 2019We DempSli emoenret at
approach wi tsho unracnedn poupbedn clIMat lhame d a bd ced e, n a
CO2BL GEK STMi.e d eowd | porposh aalaiplpir btaicguanti fy fault s
from uncertainties in the geoenxepclhoarneisc adli fpfreorpeent
scenari os oivrejre catni noemh gseistoeh n d dsema dnirngg dnhteo st or a
capasulbjyect t oprabadfelci ivedi ng f ed & meemsttrhagtuea k t
devel oped met hsoedioslanmi gcydvridtgneema stkwav €t e wat er di spc
Okl ahwSnai n t.BEet @2040¢e data ar &Neawabdisbhhbhpebigh t |
studyst@O agececmaptacaitiyed by the eviohuthenSod@tH
Ut sira Unit Tme ttheo INdwutrhtl eSgeraosym dteo r esowr ce as
stothgeugh the incorporation of a | eading phy

from the esti mates.

2Met hodol ogy

We consideni npgttlomambg C®s o a homogeneous, i
aquirfeer esewrti e dcubegsesat i onA. ofimgreecd can betdsstri)
arbitraroclayt et oi ncjobecti on skdewsr we s hol atrget askati
ot her operational, econowalci chadtyiroeng u IS&tad ity ef &89
absence of danaed todiocsot rsiwvrosbinmeme @ wli asrt ri buti ons

rectangwlqaral §iyi spaded eamimbes@ialhceonfi gurati or
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assume different possible injer(taegdni s ameat | gs

andll i mbyedhe areal extent of the reservoir thi

Q- (1)

The tool comprises two main modul es: (1)
employs solalbyitoewrcesalto calcul ate pore pressure
probabilistic fault sl ispc heondee |t o hparto puasgeast et huen ¢
Subsutrifractuageh cal cul ati ons( Pifg .f hiygdtr ogmo ey g nder

applied to al/l i njfaat mo died pemae p ®sdeovint | @f tihe)

Q

nd i mpl emenbheedgoalt yoonocke.the two modul es ret

pr obadlidenagcsh of t heormafppweldti haadmesnrtesgWenab$oi ni

-

oughly estimat eamutcheatmadnmict updveesmt ®fi ng a physi
criterion toresostcabErpbkamafbigtemesse cdetal aedol

bel ow.

2. Reservoir press-sr eeirng®epcotniscen t o mul t i

We heape haardal yti cal solution devel oped by N

phase floawdobriC®e ar ounidnjae chiamglaeC Owailtliabanrte r a

nfinite, homogeneous, hor iThenti alj ezquiofneri so fas

c

ni form across the eAsdsumi hmeigdnt iodalt hequielsielr
gravity override, const dor #lhaindpdtha ssshiatiipeesCar

nterface with each si de of t he i nt edf oaee f u

expressions for verttupalalrye adveerriavgeedd fporielshshurreee
adjacent to the welble@peri efd] | yubbhyusdt3gdabego
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transiegiom where the two fluids coexi st ( Nor
Huang et Tal s, s»0L4) on can be f udumtamerm aionmp lai f i

fdtitious equi vawlkintchveirelidal (Dat &irfmace, et al

yhimm —— Yy i, (2)
wher e
—1 1= 11=- h 7T
/e Y iy (3)
U AY 18
I n these ¥xfpi es pires s ur edamtda mgies t atmcteihmeé iwse | | bor

the massQfd otwh e agdles ol ut e Qi ess erhwo irre s iveod & b i@ lhii

aver agpgen&xtryss .t han‘dalruemeaver agedymamiec anids €®s |

respecvti g@F', ® % is the raditws whi chnpressce e
propaatat ednes tt,he rox&ndparesrogk and brine co

respectjivel yheanfadidiius oaufs telgari vadred twrvietres c al
ro,Q, (4)

whereod“ %O is the extent of advectiase omrto paangda

L A B e ¢ prepresents a functidnm of
under |l ying assumptiinodn uiesn cteh ats tah gp aryasde avthssvaalfc & f
the case I n most realistic scenari os. | f t hi s

affected by pressure var patainan tihe cormhpltdatoenl y s



3N’ oh —1 1-. (5)

The per foirsnamglei foifed hsol uti on has been ver.i
(De Simone et al ., 2019) . Pore pressure var.ie
wel |l bore. Thus, pl athteo ggr pohm®m of edssteancverses
with ashsHdamrshi oapse tee r ed W luti dofvi sbdsityTlkéaongegit
Nordbottensetutlion(2606)ns the same -wesltlibnoartee s
and-fifetd but slightly different in the transi:
wei ghted averaging.Wéd hdédmoes euod thhe neommalc tCeOd
(De Simone et al

C 2019) as it enables cal cul

ti-marying injection rate scenarios explained

The soluti emtfeoriingteocddiromtn E q$H)t ec2arne sbeer veoxitre
t o a-rmawilej eéct i oans ssucnhiendgu Itehat t he( isru ptehr @ otsismhea odho

valid f-phasbB2f nmer han, 2018
ynin —— Yy i B — Y\ 0 oOh , (6)

wheb @enotes the inibial tihej éatjiecn i onad.e ddhmed b e
i njeec@Qv ol ume for ,¢cal @qll stoi oereafs to sum over al
ti me

I n the case¢eofnmektion i ntwp aamtyabeoamwebenpr
estimated by applying the dsounpaeirnp.osTa itshmitspre ma
cal cul at i-@anrse irné peegastietdh si dering the respective

rataensi superi mposed to yield pressure change a



i n spacehfacsre o |toww ueesgrienme i ncr easi nojwictth otnhes it

because the increased mobiliitgndned sd moaeh eodf
2019) . Hbearerveerads t oog g ¢ ®midthpec e ® 8 u-0 ga nbdu i wWidl |
|l ead to conservative .estimates of fault slip

22Fault slip potenti al

We atdbpt Conkaambltthierng ydet er mipdefnadbét hendear g«

sl i p i n irnesepcotnisoen t o
T e (7

Af ault begins to stprpjwhemdthe $headt PlrRrae
frictional str emqtstiraiga tvie o meadrnodb fytf htehieeefnftect i ve
n e, nt hat t ha mdrsg welcitnidounced perturbations in
pressure or fpawlht tster efnagutlhu rctaonw @ dit wil @ams$s ng t h
di ffusive -ppeeparat &bsii bd the primary mechani s
2013; Ge and Saar, 2022; De Si mflinttoeitt iadte RA&

rupttame be obnteaamrean7yirrogn Eq (

yf] ” h_’ (8)

wheall t erhres -hamdhtsi de of the equation refer
par améleacef aul t stability depends on the mag
component s, pore pressure, frictionpcaebkicei e

paramebkeve unevertainties to varying degrees,

the stressbeéeedisonect hyltemeaduadehde dtijoedtaiudn ittt e
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anfdri cst oeagth, which are cothenadmidy c k 2902 2we IKIi v

et al ., 2023; WXi amg at sahbasedoedh. Mppteac€hrl o
to incorporatettohhes aeureaeni thnaitntoinesofi fault sl

We describe wuncertainties in 1npuwtecvadaiiedahb
probability distribution functions. We use nt

pressurediamavhf abl are represented by wuniform
respect Moalt ¢.sCEhheloat i ons repeatedly draw randc
of i nput wvariabl e8) atnhde crae qcwilraetde pfrreosns uege. f(or
real i ZTahtei ombsmb er of t @®albiez altaroqes emewdEdEh st oc agl

represdnsatdgrkedtliecrt i ng ucrcietritcaalntgpeadsnoutrhesale i If

(segmientcggonsi der 5000 realizations in the exa
resulting distributions become al most iinsensi
hundred. We calcul ate for eaclhi pfpteaasweacti @de

di stribution, fwhicdah omhep rpeCDdbrtais| iat yf ugfrce § binp eo f
changmeseacht febht ai ghtffiomdvafrdomot Bése opouobadpi
correspdnaeanarrgy i thnagt eess taavfra rtphréeosrs ue @bt aanked fr om
deterministic hydercddg)adon d&ghlcs mibadye | eweal ut i on of

probaadrlasgsy t hevebbagihre amdection | ifeti me

It should be noted tiafilvediboeft eomspdeb i luint
but does ontdfteardIntc | ruudpet utrhea tc omegpy elxdetiigemort aeti nf
s masliclal e heterogeneities in faul## egebmetdr w,:tr m
(Wal sh and Hemraetkg a 2He¢laalnpil ¢ k 2022) . Therefore,

valmay di ftflrea rfaaolm pr ob & hdkEheetlyy sohfo ufladu lrtatshleirp .b
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rel ativecwagnifrog whi c(horf gludosstrs® droe srhompe or i n

scenarios or periods fault slip is more |ikel

23. 1l nduced seismicity magnitude

Opti mi zistngppr@@e capacity requires a compar
scenarios in termawlotf pt p ecoad achuil lkittiepdn $anfc Sea t i o
compari son maypebautshheabfaesatgdbhgi nt er est handamem
affected Pwrtimgremdrieo,n.not all fault sllipw are
magni tudeTheerestheoomde damer opri ate obj ectsipvaet ifauln c i
vari afiaams sl ip probalfisleissyms&ndnac bauawedf ¢ hel
choose to minimize tohcecumpmrm&ebiahdt ynagf mumduc
exceeding certai nAsnsaegsnsinieunde otfh rtehsehscgltdcsmatt ieo m a

possi ble earthquake mpgnitudes following faul

We calcul ate theMwmemeamgt trhag nsittbanddeanaatrdir el a't

Andefrsba75s)

0 -17 0 (05109 9
wheor ¢ s the seismic moment in N m. Assuming th
the seismic moment can be ,estimated foll owing
o0 —iV,, apy

wheY,é s the sheaasr astrreesusididssootphel r pdi us Thfe t he
ruptureigeghmeyriyeca&u diesiim|l ways unknown what po

of aoff audulunderggneend dymami ¢i nmngp e bt bceoenrste.r vViet inva
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assumption that uddpyt sreoswnmriceatdhlgyl faumlel | engt h of
The shear isst raelssso tdersofpamat ed a wide range from
eart hdKKumankeasmBiji o ds W GBri csadtlcye ptsead etshsatdr ops asso
smadnmodesatted eaMWMwkbh)guankcelsudi ngtiendutewwaedenhhe

bountdhreafnge with a refhrds MpPEGPDawe smabipe tolii s

st Allyer cr,2nd1,e Langenbruch et al , 2024)
24.Val i dati on study in Okl ahoma, USA
2. 4.nlduced seismicity in central to north OkI a

The central and eastern United States bega
smatltd modervatdeeart hquakes since 2009 (EIIl swor:
be strongly Iinked in time and space with wa:
(Weingarten et al ., 2015) . rTdme svalsitmpavawatcert ac
with oil or backfl ow of hydraulic fracturing
among other |lines of evidence suggest that tl
i nduced.

|l nduced seismicity escalated in Oklahoma m
of Mw®l 8 earthquakes occurred in central to nol
were seismically quiet before 2009. The sei st

wastewater tthieshbasal isedo me(nKerrandnm bWilkdlhe. aGrd 0

Zoback),. 2Holwever, the majority of earthquakes
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t htenjection intervalcryisnt atlhlei Scerhibtaissdeanrilellbyt | s(twio e

2017; see Section S1 in Supplementary I nfor ma

The frequency of felt earthquakes jumped i
to a marked increase of more than 3 folds in
regional reduction of injetelbobnenatbguanhkesadeEk:
Okl ahoma COompmiragii)m, SIi0sliii city rate response
increase or decrease features time | ags of se
characteristessurmedi bfupnvnomteldon@ulbd semdeomwin t
depths (Langenbruch and Zoback, 2016; Raza et
perturbations continud et o np rewpange aatfa iefraers ng weacyt il
or cessation and possibly reactivate distant
al ., 196 8; Kivi et M .5 e2a024)qg.u akse sa, rievbsd lutd,i ntg

5.8 Bevkbaetl argest eadthguOkkhekema ndeceddafter

| arsgeal e i njecti on Reegdiuocntalo nass s(eFsisgme n2t) of sl i p

could contribute to |l owering induced earthqua
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Fig. 2. Wastewater disposal and induced seism

with time of total monthly i MO8edritomg ueakegd)bl
and cumul ative injected wastewater volume (gr
shows the study arM@3evairtt tgthraek adgihs tDreicb 2t0ilda’n sdfo
dot:#jection rate data are from Norbeck and Ru

(2024) .

Nearly 1.3 Gt of wastewater was cumul ati ve
subsurface in central tsoc ariem jtoéfc tOkd m hiosnlaa © fmp gr
proj edtaersireal e CCS in saline aquifers. Thus, t
of fers a unigque opportunity to demonstrate t
pot ent hbeals i aat stcheel ef ocus .ofl touirs apeprioclampaifoypwae t

fault slip potenttoal Bet daihleetdhtesd snoed 3 silrejnet\c 0o fu t
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Ssubsurdagmras &l ui d ni njhe st ipornobl em requires seve
structuraparambebhB8rdwdr omechanical properties
basement, where ruptures t bNokbaertkudda n(sitz0ihg@e nbr
Numer i cal sshiomuldtbendevel oped t®Alsapthonte thad

probl em-pihas®i mgl eonl ythus neoli st iion-efcd 2B s e sSs ur

simplifies.
2.4.2. Model parameterization
We considehapedgmadel domain with an edge |

the sout hwieSAt2NeAE ndheatt arget storage formatio
assumed to have #=400forwithickeaes®dpFpdfiédi di ng
Hovoetkaal ., 2012). We discretize the time dom:
equalilzyed guhi ghe s@umareges wil [ EQg®). cDpbeunl a1t @edv | a
boundary conditions are used, justified by ¢th

field obseprvasswmeocodonj] eowvhsowser-éir eyéheor gragqui.i

well head pressure within the range of frictio
et al ., 2018).

Obser valtdgporness soufr e i njections justify the us
k=1082m?> representing the upper Dbound of the I

Dol omite (Morgan and Murray, 2015). We <consid
0%=0. 2 cx0 dRI®Pd respectively, measured from | a

analysis of field observations (Kroll et al .,

temper atlirend fbr5i0ne salinity of 100,000 ppm, 1

16



dynami ¢ vci=sAcP#8 Pty n\@f5 PBGPa. s, r etsopveomttkiaad .y @01

A summary of fluid and rock properties is pro
Table 1. Summary of parameters used in hydrog
Okl ahoma, U8 eamndo@GOat Utsira storage unit, N
Par ameter Wastewate CQstorage
Okl ahoma, Utsira For mi

Reservoi/D[tngdp de 2100 900
Reservoi fH[tm]i ckr 400 250
Per meakj idjl i tvy 182 102
Por g%t t y 0. 2 0. 35
Bul k coonpk e scs[i Pbpi 0.RA&° 3.14%
Br icnoempr e scs[i BA | i 4 PUOO 41 170°
Brivnies c,8$ iPay s ] 5 PBG 8129
CQdengsi[tky)/ m - Equation ¢
CQvi sc,ef Py s ] - Equati on ¢

We construct our hydrogeologic model of th
database compiled by Norbeck and Rubinstein (.
rates of 875 wells in central toJaonr2000kthho
Dec 2017. The distribution of Il njection welloD
each wellbore are illustrated in Fig. 3a. We

ANSS Comprehensive Eartbyaeake2@Ca4)al og (ComCat
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a b Arbuckle Formation, Dec. 2017
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S {0 M=3 polth o8 | | |01
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Fig. 3. Spatial correlation between wastewate

wastewat er ,dbpscpoodseadl wwetlhl st he cumul ahipreareiiond e c f
from Jan 200(0dattoa DerconR ONlLo7r b e c ka mach d( bBRju bd instt reii m
i njeichdwaned por eupersd s snardee dicwislsde d i an dS esceaii somi C:

eveMMiy® 3 ogirreth@ s4 el | ow hsrtoaurgsh) (Ddeact a2 Ofir7fom. USGS,

Grey lines in the background show mapped faul
We use available data from the | iterature
(Tabl e 2, Fig. S2) . We excl hidet earnpyr eitnaftorommatad:

seismicity data as we (raipmariilldy yailodpt#d ed omdn ¢
slip analysis at a screening | evel prior to ir
mechani sms associated with induced seismic ev
rel ati ve margengitned)e offs tsrtersesss ¢ Armpg o raenrdt &Z oibra ctkh ¢
Wal amd Z@Wadé&k ,The gained insights i mpl yslai pran
regimez0>0hm,n where stress terms from the | eft
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vertical stress and minimum Oblkakzomnaole gsaitimee s s
(O Olumaxhm)n i N north Okl ahoma Owmbarhi esnltiagthitw e .o t Hiotw
di sregpo-fladtnd8 ®r maas ®smmeanad uniform stress dist
strsilkiep f auluhaiomg ea s @MONMWEotfh an NM&eEaagénberrrec
from well bore tensile fAlatctanme 2AonhlHeikdbaa O b eeta

2018) .

We assume an ave@wargaediventt iacfal2 S tMRas/skm corr
overburden rock 3delnrsiittiyalod,p ®r5d 8 rikanslady at mo sbtea tsiuc
and assigned a wuniform distribution with an
horizont al stress magnitudes, considering the
S1 in Supplemenadrarg defarmadi expfFanation) . I
measurements to estimate stress magnilttuidnegs or

di stributions of horizontal stress components

We calcul ate stress components and pore pr ¢

crystalline basement, hydraulically connect ecf
seismogenic depth range i s a prei greii sumiknawn ily
crystalline basement astiéssesdcommont e mover k)
et al ., 2023).

We retrieve fault information, including ¢

from the Oklahoma fault datdabasyg damm@i laemd fprud
(Darold and Holl and, 2015) . The database i s

sedi mentary formations and may obviously miss
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extended enough upward into the sedi mentary c

fault segments for which stability analysis i

I n the absence of informat itvoerr talcaadt ftalud tfsa
slip undbkerpsstikesThciosndiid i sapport e dwbgs stihree a
i nj elcaadinrg stmo ¢ acti vi(tLynigre ntolr &1 cht et yaadid. € @a2u0sls
noise to the mapped fault strikes to -plczmamt f
fault geometriegisThae sbauwlepr esereoatiednby a Gau

average and stoadnd@adra ardi &t 03BN respectively,

measurements (Bayerl ee, 1978) and field obser
crystalline rocks. Distributions of fault par
Fi g2.

Table 2. Statistical distributions of input v

Okl ahoma, the US, and the Utsira.Storage unit

Wastewater d CQstorage
Par amet er
Okl ahoma, t Ut sira For mat
St an Stan
Di stri Mear Di stri Mear
devi i devi i
ngradi ent Uni fo 9.6 0.6 Unifo 10.:. 0.2
, gradient Gauss 25 0.5 Gauss 21 0. 2
, gradient Gauss 20 1 Gauss 17 1
Stre
, gradient Cal ciLCal cu Gauss 19 0.1
criti
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, Oorientat Gauss 85 1.5 Gauss 100 10

Fawlttri ke From wvar.i 2 From Var.i 2
Trunc Trunc
Fault dip 90 5 55. 1! 18
Gauss Gauss
“ [ Norme 0.6 O0.0: Norme O0.3¢{ 0.0:
25.Application to resource assessment in the Ut

2. 5Gelo.l ogical setting

We demonstrate the applicati opstodr a&dge rdesved
constrained by fault slip potenti al in the U
dedi caxsedr@@e project and it is one of the | a

of the Noforma$ea.n Tlse mainly composed-Sofansdand
90 kW EF4 gHall and et al ., 2014) . The | arge e
injectivity of this unitsomket@®@agea @Gasdat et

El enti uasl ;& e t2t0etrBs sadn.., Si0n2c2e 1996, neaflrpymomndé eme

Sl eipner Field has been annually injected int
to caprock integrity point ttoh eh ulgtes i proat eShatnida |t
gigatonnes (Lindeberg et al., 2009; Gasda et

The Utsiraegbobomatlgndips upwiardThewdegt hhe
formation top ranges from 1000 m in the north
variations render the southern and:srnormrtalger. n Op

study focuses on the southern region where thi
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300 mmed®uon bhsiategaeaate shape with an edge | ¢
sout hwest clordeé8 aWe 5r7e@®@r0esent the southern LU
sqguahaped boundary of equivalent areal extent
ar ef er ecnocnes ifdoerr i ng di fferentsiidmenécguomt soasamir
admi ssible only if they fully reside in this
exploration and exploitation activity have en

t his area, ibnuctliuvodni nogf tthhee dfiasutlrtis, dwhi ch we wuse

North Sea m\

Depth (m) St vgnger)

-300

e

-1400 \ )7 % 7
— Faults (/ \
I 1 Utsira (
i Southern Utsira 80 160 km
[] Model domain L —

Fi4g. Study area with the depth map of the Ut si
il lustrate the extent of the Utsira Formati on

square represents the modeel ndaopnpaeidn .f aSuplatrss.e bl
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2.5. 2. Mo del parameterizati on

Al | model par amet er sD=a9r0e0 dne rbievleodw fsoera al edveeplt
water depth (Kirby et al., 2001). This depth
reactivation could compromise the caprock int

ofH=250 m for the southern Ut sWemaassbBhematai o o n (
p or oosth=tOy. 8 Bple r me a ki1l i1t04n%, whf i rcenpr esent t he mean v
from | aboratory measscuarleemeant &l yasneds >vid lolrttdtogeee Ssliet

(Zwei gel ¢t al ., 2004

Theesemasdieanper 8B Cr dnadfme sAIAMN0I tFwmifgel et
20Qwhich heswmlet ciompressi bil i tyd4lhda®P daymde=mi ¢ v i
8l2A1Pa.s, r elshpeedltisviealay.Sand hasc=8.H0P & ovhmprhe s ¢
is higher by nearly one order of magnitude th
2017). Thepa ndde ndsyintaymi(kg)o CiQacesicaycul ated from Ec
(EOS) proposed by SAlytclmmifmkbhbaRdtlDiTRDDO P e atnidv e
Adopting these fluid and rock properties (se
calcul ations z2injeesponsatQeldoMssEgaper a4@, 00
grids of the model doMmMadqH. hhthar geardlyetUbmee anhén

justifies the assumption of open fl ow boundar

We parameterize statistical di stributions
analysis using data frdm tWe dsdsematar aol Mmabl
regi me, which is the prevailing conditions 1in

reported in the World Stress Map Udnkigeriideomtcant iear
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show an ave¥ agiet ofa Nh@®i mgnh( Hec ebtaihnty afl .,
overburdigmastesswith depth from the sea floor
calculated from %masdameidt f oof the0®dvikeg/ming | ay
The initia,lpiporas spumegssuroe be hydrostatic, corr
10.2 MPa/ km. The mi,imniihwrhsamagrriazdo gdtnaM P asfitkrite7s ¢ o n
| ee,akf pressure data in the study area (EIl eniu
the maxi mum h@umdveosnstuanhe stthraetssi,t | ies in the m

the two ot her stress component s.

The faul't i nformation is attasebobiowe ¢iham
Conti nentNaolr wlgae lafn Of f shore Directorate, 2015)
segments, which are assumed to cross the rese
using an empirical correlat@andn ploeowe @2lyl, it hleed r

| arge dataset of measurWenemgasn toenR eurnkgionnss,o | 1i 9d9a5t)

e UW p N% (1

Considering a porosity range of 0.3 to 0.4
that the fri'cthiAdnr ameds itiemt 0. 28 to 0..49 wi
Laboratory experiments on a poorly cemented N
measure a friction coefficient of O0.35 (Park
from kq. S(hce the fault dip distribution is n
possible rdmnge zbweIrsalw al with an average Vva
orientation Afomr dlhiep,aviereage 55.i%Ttion coeffici

possi ble ranges of fault strikes by adding Ga
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3Resul ts

3. MNalidation study against induced seismicity

The high permeability of the Arbuckl e For
wel |l bores resul't I n widespread pressure pert.¢
butulpd at I nj ectiiotnhred eqgfelwarse mandsi s more pron

Okl ahoma wlhhaerce i nifglos ekcpt eachd c Tphreetsesdur e vari ati
genargaleement with thoise obheai nsttudiuenglriineakl y
Langenbr,20 bWgetstalmaspeathiraoladcor rel ati ons betweer
changes. (Fhigs (BRd)nhhe edfective hydraulic conne
and seismogenic depths (d)heh&kegr yot &I loifngrkass
inducing sei s miTcietrye aato eleaarkgeeg i socnasl eosf. el evat ed
Ok | ahkoammas as bor der with nwO rEltios dealn feéd tdseitsa
density or slip propensity of faults or the pi

communi cati on nwitthhe steh earfeaausl.t s

Monte Carlo simulations of fault stability
fault sFegdaenndt) §ISheé tendency of a fault segment
its orientation. Steeply NZENJBAEaud3efs , stri
devi ateii ashieven of t he maxi mum hvoruil ddirbteanlo sgt e ks
sl.MTphe stress <criticality assumption decoupl ec
optimal lefpa weldt segments from uncertainties 1in
deviating from this optiaatl|l prdehtatéeonnh mayer
to slip depending on stress conditions. Il ndee

bet ween two principal hori zendti gl faturlé 9 sn gc aemO I
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t hsddtigpndepmagr by or.i eGitveedn ftahuel thsi gh uncertaintie

area, the critical pore pressure calcul ated f
vari esamnwd deppgyroaches values as |l arge as 120 M
) . Further mor e, becansecell phessmael chanpngeds |
uncertainties, fault slip probabiliti &@semainl
sl i p prsolcaobuelvd nbieemal | er 1 f evaluated at | arge
due to relativeduyp samal |l apgesssteebsi mdgni tude
1 0.3
2 | 025
0.8} =
]
£ g P
= 06} 8
Qo >
2 =
&, = B 0.15
) 8
7 04f 3
E el e
E
02 50.05
o L 0
0 0.2 0.4 0.6 0.8 1
Pore pressure changes [MPa]
Fiyg. SIip psohabuhctiyon off oproreea cphr eosfs utrhee ifnacurlet

studycoalcoerded wial ko silldaépe pire@asbabhéi eénd of the con

period inTheccolk@n7scale iIis adjusted to a m
Vi sualpiuz gptoiberss!| i p probability curves here foc
with the full rapmges oent Ggabge Pressure are
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The devel oped met hodol o py o©& ppntaduuncesstd ssoemes niiec
Okl ahoma. The | ow slip probawithtryelcat icueélay eldi
butulpdn wéref t he Nemaha fault zone I n <partgal |
seismic activity reé&x).r dwa alnsa hd sl awlgatoen r(elia
for faults ruNwibur7ed®rilaghytehadnfl2 @flidle 72 Chereckee (F
earthquakes and the fault conjugaMegs.t® Ravenanr
eventée{SRalgl. changes in fault strike | ead to si
(l ook at wvarious spl aBps thfatt Be eWi Ingeétyt &h afvauli td
but differentThkéi Prpgobabvénti esturred on a s
t hmas not fhéfl gr enatplptelesé gl ememtcemavualdte dvhhe i nf
from earthquake focal mechaomsesmeuéYeaktatgualk.e,
the MWbl68 Fainrdviiaw si f&libdg)e d od MegheoCEkOh66hY (Fi g

eveontsurred onsomappeldt.faxt ¢énsi on

The dense distribution of seismic events in
mapg.he weak correlation observed between seisn
to the inadequate resolution of the faul't ma
sedi mentary cover and at sei smdaggearei c hdke prtah oirr
earthquakelshieccrueftlbedc.t ap ptihidetias | ap p odabtye dri s

knowl edge of the dirsutcrtiulrwetsi o i ofr & wb g wnr feacdaa oM
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32St orage resource assessment | imited by fault

3.2.1. Fault slip analysis

SIl'ip probability for «atdr da@eal tnSsthmafpdelhleo vesn a
with pressuwrnecentamdesg i n( R gguinfa) ,nair.reo.w, btam
margins of 2 to 5 MPa before slip probabilit:\

maxi mum vlaheueo losfeirls. edndeemidnned by the state o
some roomnfferct€COn before the fadhts dbefdieewesoc

from that of the Okl ahoma study ar ea.ecatsleern & s |

sl i p prodb apitdirintainltse &1 ¢Baeuski)des, it i s observed
pressure to reactivate the faults in Utsira s
Okl ahoma obviously because of the smaller S 1

investigathenl|l dwer alsoertainti esSiincet hdestcrae <

pressure changes ¢sn treesCpOsnoseonoalengommal abl e

variations, slip probabilities grow to values
a 1 1 b2 1
z 0.8 z 0.8
0.8 1o =) .
= “‘T 90 | 1 “‘T
= = E) =
< \ ~
%3 0.6 12806 2006
= = k= =t
& < 2 60 12
o) S 2 8
7 0.4¢ 1204 S \/ = 0.4
= B -~ S
= z 301 N
0.2 1= 02 = 0.2
< <
€] &
J South Utsira
0 ol : : 0 0 - : 0
0 2 4 6 8 10 0 30 60 90 120
Pore pressure changes [MPa] L X, Easting [km] L
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Fig. 7. Fault slip probability in the souther:r
of ftahwel t sceodoomddadi twd t b probability aftertB80 ye
configuration shown in b. (b) Spatial distri bt

throuhaai @y ects paceasd tlaywd8  r@& pkesiean glde by

Whil e the average dip angle is the same fo
stress projection onto the fault pl anes, mai |
curves (Fig. 7a) -pelrnpepadritanucinalrautno lit@huel 2 s n tsailb s |

the | argest devbeadtoirermrct esdt rtes ss lainph dafeehat 7T el vy

|l arger sl ipndsamaddbidviearnprse stshuurse,s repr esent sl
toward t heotl eifnn. Foifg .tahdediptli on, sl ip probabilit:
the maxi mum horizontal stress and becomes a p
and the fault inclination as demonstrated by

t he mini mum hwhriilzeo nottahle rs tpraersgsmrert iemkss ar en Iman gvé |
circle (see the inset i n Fig. 1) and moves t
refl ected in enhancedsgureertasetiaultri sl cpl gh
horizontal str esgs(stralntsdrath ocotnh aonft e shineel asnhaasnt greessrsc h
the diameter prfojtdet end hontco rtche )f ault plane. A

with the minimum horizont al stress with a fac
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Sensitivity analysis for fault No 685

I Decrease of the input variable
- | I Increase of the input variable |-

Oh

Fault dip +

m
Oy -

Azimuth of oy ¢
pt

Fault strike -

OF [

-2 0 2 4 6 8 10
Critical pressure for slip [MPa]

Fig. 8. Tornado plot showing relative sensiti
an exem@mlwdmyti mal or i.enlthaet ibars etla nxel isphows t he
average values for all wvariables as I|isted in

The sl ip efrtoebra bafl pienyji @adt i on, is controlled

segments relative to thepenjacbatppeassecmnalpiofh
l arger thienjnamb@ead of hee s horltetrwetehne ttdhiesnl aarr ogee r
interference between pr-esducedf ookRitge)r eB=sulk & $ u
crossing the pressumijzed,i nanfgispnexsdred weeme ¢lhicle
t o skEReipgf(o7bsl ip probabi] et)iAes nsaufcther s50 sy ar sa
maxi mum magnitudes up to 4.6 on mapped faults
of dsirdgestri butions respltiamgerntpaasse2r é& Mkial
may find pr damgrelcyt icomé ssgad erati ons to signific

overpressure and induced seismicity on 4 he ma|
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Fig. 9b). These observations {fsicgathlei gmj etchh & oint

O maximize injection capacity that can be sa

— t= 50
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4
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. = 2
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Fig. 9.i ngfefcetcibonrb fsgiutreat i ons on pressurevaeingtsr i |
wi toltcurpeobebility(ay B3AO0O%Wemsecgimredubfiaeyg in

overpressure and possibly indubettweant hgpeaektes:

to reduce the I|Iikelihood of seismic activity
The slip probability of fault segments doe
dendseb 5grid of injectors as an example, the s

years hardly exceeding 10% ifhorodalolf ffawlltts .r ehaf

rapidly for optimally oriented fault segments
| evel. The observed trends mimic the characte
pressuret( Rlg.o tah)e bypati ot empor al evolution o
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gently wuntil pressure frones$f ectitntwedrifyeirdeu aa n di n
rapid prapsurdechwialsd ng fault stability. These

storage capacity in |light of the rela@tiovag®eei ¢

Fig. 10. Temporal evol utcioadmr do fwiftaultthes Isilg pp rpa!

years of i njBctairdamytelort ¢ pglc sa t®ys 8. 8 km.

3.2.2. Storage resource assessment

We here analyze how storage capacity in Ut
consider twel stiiweniica hfaarard assessment of dif
on the resolved fault map: (1) maxi mduwd® pirobab
and (2) numbear poofs se vbel mdl, Gmédgi reirit sd ear e assi gned
>0).Bbhe magnitude 4 is selected as a threshol c

injeseibnngs (Bommer andCOU2BHGEK SMO24)al udhesc

33



