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Abstract

Evidence ohydrocarbo leakagehas been well documentadross th&W Barents Seand

is commonly associated with exhumation in the Cenotdnevever further study is required
to understand what specific mechanism(s) facilitate such leakage, and why this occurs in
some locabns and not others. We use seismic and welltdaqaantify fault and topseal
strength based on mechanical and capillargsholdpressure properties of fault and €ap
rocks. Magnitude and timing of fault slip are measured to acknowledge thbatfigults
playin controlling fluid flow. Results strongly indicate that acrdaslt and topseal breach

by capillarythresholdpressure, and tepeal breach by mechanical failure are highly unlikely
to have caused hydrocarbon leakdgstead, topseal breaa caused by both tectonic
reactivationof faultsandfault dilation associated with dglaciation processas likely to

have facilitatedvidespread hydrocarbon leakage from structural trEps.resuk presented
hereinhaveimplications for understandingnechanisms anatations of hydrocarbon leakage
from structural trapacrosshasinsworldwide Thisis particularlyimportant forexploration

and production of hydrocarbons siremal failuras the main cause afry wells
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Introduction

Accumulation andetention of hydrocarbonwvithin a structural trapglependsiponaccess to
charge and the presence dageralsealand topseal(Fig. 1) (Dolson 208). Given these are
in place, it is thenterplay between retention and charge that determines the height of the
hydrocarbon column (Zieglar 1992he charge is controlled by access to aumngasource
rockand the migration of hydrocarbons into a trap, whereas retention is controlled by the

integrity of the cap rocks and faults that seal the trap.

Hydrocarbongnayleakout of a trapacrossa fault (faultseal breach) ahroughthe cap rock
(top-seal breachBreach of thedp-seal can occuvy three different mechanismsapillary
breach tectonic breachnd mechanical failureCorcoran& Doré 2002)For capillay
breaching, the capillary threshold pressure of theaep must be overcome by the
underlyingbuoyancy pressuraf the hydrocarbon columiowney 1994 Bretan et al. 2003
Tectonic breaching occurs whéault slip evers causehe fault toextend throgh the cap
rock forming a potential conduit that bypasses thegeal(Cartwright et al. 2007
Mechanical failurés when theporepressuren the reservoiexceedshe minimum horizontal
stress and thiensile strength of the capck, creatingmode Ifracturesn the caprock

(Bjgrkumet al.1998;Ingram et al. 1999 Few studiehave comprehensively assessed all of

these mechanisms together, and none to our knowledge have done so over the Snghvit field in

the Hammerfest Basmsing quantitative methodStudies over theame basihave tended to
focus onsingleprocesssto explain hydrocarbon leakagaich as mechanical seal failure
(Makurat et al. 1992Gabrielsen et al. 199 /ault reativation (Hermanrud et al 2014;
Mohammedyasiet al. 2018, differential uplift and tilting (Dor& Jensen 1996) and isostatic

adjustment in response to ice retreat (Ostanin @048).
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When assessing structural tragsjltseal capacity musdlsobeincludedto assess what
hydrocarbon column heigleain be supported taboundingor set of boundindaults

(Feerseth et al. 2007 incefaults tend tobelithologically and structurally heterogeneous
along strike and dighey mayalternate between sealing and leaking behavi@patially but
also temporallf{Caine& Evans 1996Yielding et al.1997 Moretti 1998. Factorssuch as

host andault rock lithologyand permeabilityjuxtaposition relationshipgault and fracture
netwak permeability anaonnectivity, fluid pressure and type, and stress field orientation all
aff ect a f aul t(Cheldsetalalf9%Heersstiset dR00T;Ostaryin et al. 2012
Fossen 2016 Therefore, predicting fauttontrolled fluid flow isa complex exercisenda
significant amount of workasbeendedicated to modelling the sealing capacity of faults and
fault systemdbased ortapillarythresholdpressurgropertieYielding et al. 1997; Sperrevik
et al. 2002Bretan et al. 2002017. Equally, the hydraulic properties wfdividual faults

and their control on fluid flovare well known and haveeen discussed at lend#g.Knipe
1993 Barton et al1995;Moretti 1998;Fredman et aR007; Faulkner et al, 201Wibberley

et al. 2017)Since fault behaviour and its effect on fluid flow is inherently dynamic rather

than static, analysis dfow fault activity change®ver timemust also be considered

In order tocomprehensivelpssesshe role of faukseal and topseal breach icausing
hydrocarbon leakageve investigate seal and retention processes in an area where there is
good control on present hydrocarbon column heights as well asipaleacarbon column
heights, namely the Snghvit gas field in Hammerfest Bdsere, the recurring psence of
deeppalecoil shows, seismic imaging gias chimneysseabed pockmarksdthe high

number of discoveriesonfirm thathydrocarbon charge sbundan{Doré & Jensen 1996;

Chand et al. 201D stanin et al. 2012, 201Buran et al. 2013 Neverthdéess,most traps in
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this area are underfilled due to partial leakage;rttakesthe Hammerfest Basin an excellent

area to studyhe key controls on seal integrity and breaching.

The paleecolumns show that all traps in the study area have undergore feakiage, and
through this studywe aim to investigate the mechanisms by which leakage occiitred.
main aim is addressed through the following objectiyas: quantify the sealing capacity of
the cap rock and bounding faults to assess whethesetbjpreach or lateradeal breach is
most likely to have facilitated hydrocarbon leakage across the Snghvit gas)fieldvaluate
themechanism(s) by which leakage ooeat mechanical failure, capillgrbreaching or
tectonic breaching; and iii) idafyt the locationsat whichfluid leakages most likely to

OcCcur.

To do this, atualin-placehydrocarbon column heighieasured across the Snghvit field

werecompared with a number tieoreticaimaximumhydrocarbon column heighkased on

fault and topseal propertied-urthermore, analysis of vertical displacement distributions were

used to investigate the role of fault activity and reactivation in causing fluid leakage.

The results of this paper offer new insigimi® key mechanisms for seal intégrand

breaching in hydrocarbon traps, which can be applied in hydrocarbon exploration. The results

are equally applicable to assess seal risk factors associated with subsurface storage of CO2,

hydrogen and natural gas.

Geological evolution of theSW Barents Sea
The SW Barents Sea hasprolonged, muliphase tectonic histoyyvhich following the

Caledonian Orogeny i8iluro-Devonian times has bedominated by protracted riftinfigom
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UpperPaleozoidhroughto Cenozoic timesThroughout this period, a&sges of rift basins
developed (Fig. 2along two major established structural gsaiimherited from the
Caledoniarand Uralian (CarboniferotiBriassic) orogeniefDoré & Jensen 1996

Gudlaugsso et al. 1998Faleide et al. 20Q8Henriksen et al. 20)1Threemajor stageof

rifting dominate late Devonian to early Carboniferous (?), Middle Jurassic to Early
Cretaceouand Early Cenozojeach consisting of several tectonic phdbedeide et al.
1993).Rifting during the MiddleLate Jurassito Early Cretaeousestablished basin highs
and lows including théelammerfesBasin,Loppa High andFinnmark Platform{Gabrielsen
1984 Faleide et al. 1993As the focus of rifting, subsidence and accommodating strike slip
movements shifted westwards, these basinsireed relatively stable and experienced little
subsidence from the early Cretaceous onwards (Gabri&l$davjan 1997). Meanwhile
continuation of local faulting, subsidence and sedimentation established the Tromsg and
Bjgrngya basinotthe west (Faleidet al. 1993Henriksen at el. 20)1These basins are

filled with thick Cretaceoupostrift depositswhichlargely covered the previously
established high and lows (Faleide et al. 19B8)esponse to repeated rifting and wesikg

of the continental erstthrough MesozokCeonzoic timesaregional sheazoneformedalong
the westermnmargin. Thisnitiatedthe opening othe Norwegian Greenland Sisthe Eoceng
which was accompanied by regional magmaitism sedloor spreadingDevelopment of the
pasive margin continued as the NorwegidBreenland Sea deephin response to

sediment loading (Faleide et al. 2008).

Thecause andnset ofsubsequent compressional deformatod associated uplifs debated
but thought to have initiated in Miocenengésdue to plumesnhanced ridge pugRaleide et
al 1993;Doré and Lundin 1996 undin & Doré 2002 Cavanagh et al. 20060ngoing

continental shelf glaciations the PliocenéPleistocen&overed the entire Barents Sea



124 Compensating isostatic uplift agthcio-eustatic lowering of the sdavel is thought to have
125 contributedto furtheruplift and erosiorwith total erosion rates estimated at betw&@dm

126 and 1500n{Nyland et al. 1992Faleide et al. 1993 avanagtet al. 2006 Chand et al. 2012;
127 Duuran ¢al. 2013 Ostanin et al. 2007

128

129  Structure of the Hammerfest Basin and elements of the petroleum system

130 The Hammerfest Basitselfis an ENE/WSW trending basin that is structurally bcaaialy

131 the Loppa High to the North, the lRmark Platform to theouth, the BjarmelanBlatform to
132 the east and the Ringvassigyppa Fault Complex to the weg$tig. 2) The basin id50km

133 long and 7@m wide, and islargelycharacterized by two major fault trends\\Eand NNE

134 SSW. Activation obothhigh-anglenormalfaults and listric faultdduring Middle-Late

135 Jurassido Early Cretaceous rifting established classtated fault blockand horst

136  structureswhich have been theaintarges for early expbration(Gabrielsen et al 1990;

137 Faleide 2008; Hermanrud et al. 2014

138

139 Results from exploration acrog®e Hammerfest Basimaveidentified a number of source and
140 reservoir units of Triassic to Cretaceous age (Duran et al. 26it3B). The most prolific

141 reservoir uniin the Hammerfest Basis the high quality shoreéa/shallowmarine deposits
142  of the Early to Middle Jurassic Stg Format{@oré 1995Henriksen et al. 203 Hermanrud
143 et al. 2014 Additional reservoirs havalsobeen proven isandstones dfriassic and

144 Cretaceousge(Johansen et al. 199Larsen et al993) Overlying the Stg Formation is the
145 Upper Jurassic Hekkingen Formation, an orgaiaic shale rock deposited during anoxic
146  marine conditionswhich forms a cap rocHhe Snghuvit field is thought to be charged by the
147 Hekkingen Formation in addition the Triassic Snadd and Kobbe Formations (Duran et al.

148 2013).
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Exploration resultsrom the SW Barents Sehave beetargely disappointing (Dor& Jensen
1996. Despitea high technical success rate of exploration drilling (over 50% have discovered
hydrocarbons in the last five years), there are only two producing fields, Snghvit and Goliat.
Negative effects of the Cenozoic uplift event haeen largely blamed for disruptirige

petroleum systenissues such agactivation of faults, erosion of top §egasexpansion,
differential tilting, secondary migraticend cooling of source rocks have ladlenproposed as
causingdepletedargeted reservoir®pré 1995 Doré & Jensen 199@)oré& Lundin 1996

Duran et al. 2013; Hermanrud et al. 2014; Ostanai. &017.

Mechanisms by which hydrocarbons can leak from structural traps

Across the Barents Sea, trap failure is the most common cause of dry wells, accounting for
41% ofall failures NPD 2018). For this reason, is important to thoroughly assethe

variety of mechanisms by whidealbreach can occuiThey arecapillarythresholdpressure
leakage, mechanical failurectonic breaching and molecular transg@arcoran& Doré

2002. The first three methods adéscussed in more detail belowolMcular transport

otherwise known as diffusion can also cause hydrocarbon leakage but the process requires
tens of millions of years to significantly affect the level of hydrocarbon volumes and so is
though to contribute only a very minor rote reduchg hydrocarbon column§&¢hlomer&

Krooss1997). It is therefore not considered in this study.

Capillarythresholdpressuras a force thathe nonwettingfluid (typically hydrocarbonn this
examplg must overcome iorder to replace the wetting fluitypically water) and is

calculated as follows:
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Pc= (20 cos (Equation 1)

Pc = capillarythresholdpressure
r = pore throat radius

= interfacial tension

—= wettability

In a stable watewet system, ta interfacial tension and wettability remaeiatively constant
(Dolson 208). It is thereforaghe pore throat radsthat exerts the biggest influence on the
capillarythresholdpressurendwill usuallychange according to lithology, burial and
diageness. For example, fingrained lithologies, such as phyllosilicatess/e smalpore
throat radii, which increases thapillarythresholdpressurdYielding 2002).Lithologies that
exhibit very small pore throgtsuch agvaporiesand shaleare thereforeffective seals
(Grunau 1987Downey 1994 Ingram etal. 1999;Corcoran& Doré 2002 Dolson 201%. The
competing force against the capillahyesholdpressure is the buoyaneyerted bythe

underlying hydrocarbon le@he buoyancy is calculated as follew

aP = (Wi M)xgxh (Equation 2)
Y0 = buoyancy
My = water density
M = hydrocarbon density
g = gravitational potential

h = height of the hydrocarbon column (m)

When the buoyarycexceeds theveakest part afhe capillary seal,equivalent to where the
largestpore throais found leakage occer(Dolson 2016)Because of capillary hysteresis

leakage continues until the buoyancy pressure is only a half to a third of the threshold

8
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pressure (Vassenden et al12)) and then leakage ceaséaurther leakage can then occur if
the buoyancy iboosted either becauséan increase in the hydrocarbon coludue to

additional charger a decrease in the hydrocarbon density

The second mechanism by which leakage @@uacross the togealis by mechanical
failure and usually occurs ian environment of high fluid pressure (Aydin 2000ype mode
| fractures form whethe buoyancyorce of the hydrocarbon columexceeds the minimum
in-situ horizontal stress and tdesstrength of the rocdngram et al. 1999)The resulting
formationof hydraulically driverfractures willrapidly increasehe permeability of the cap
rock, providingconduitsthrough whichluids may escapéroughanotherwise impermeable

sealing uit (Ostanin et al. 2012)

The thirdmechanisntausing top seal breadhtectonic breaching, i.éoss of seal integrity
by faulting or fault reactivatiorDuring movementfaults can dilatgparticularly those
trending parallel or suparallel b the maimum horizontal stressyhich increases
permeability andacilitatesfluid flow (Doré & Jensen 199@oré & Lundin 1996).In the
Barents Sedault reactivation in the CenozdiEaleide et al 1993)oré & Lundin 1996;
Lundin & Doré 2002;Cavanagh et al.dD6) postdates the charge evgi@stanin et al. 2017)
andis a potential factor that may have contributedaosing leakage frostructural traps
(Knipe 1993;Doré & Jensen 1996Moretti 1998;Aydin 2000;Corcoran& Doré 2002;
Cavanagh et al. 20064ermanrud et al2014) this will be discissed further later in the

paper.

Dataset
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This studyusessubsurfae datahat covershe six major hydrocarbon filled traps thatake
up the Snghvit gas field. They aBnghvit Nord Snghvitcentral] Askeladd(northand south)
and Albatrosgnorth and south)Thedataset consists two overlappingoublic 3D seismic
reflection cubegsurveys ST0306 and ST8320cation shown in Figure 2hat havea
combinedaerialcoverage of approximatel270 kn?, plus13 exploraibn wellswith wireline
log data The migrate poststack seismic data &f good to very good qualifallowing a
high confidence in detailestructural interpretatiarFurther denoising anccolorinversion
over the Middle Jurassic intervalsf both sé&smic datasets helpedhprove interpretations
especially ahorizonfault and faukfault intersectionsComposite logsnd available well
reportswereusedto correlate stratigraphic markers to seismic reflectdentify
hydrocarborwater contactandcorroborate lithology typedhe seismic data and

interpretation products were converted to depth using a regional velocity cube.

Method

In order to invesgate mechanisms responsible fop- and/or fauktbreach, methods this
study have been chosengoantifytop-seal and faultsealcapaciy, andasses$ault
reactivation history Calculation ofin-placeand paleecolumn heightss used toexaminethe
extent of leakage froriesix structural trapwiithin the Snghvit gas fieldviodelling and
calculationgdescribed in the following subsectiormsg used to assess acraasd topseal
strength andthe correspondingomputed maximum hydrocarbaeolumn height that could
be supportedThetheoretical anéctualin-place column heightsrecompared t@asses#
leakage is controlled by a particutaechanisnthat causes topr faultseal breachFinally,

T-z plots areconstructedo constrain the timing of fault slip and mechanism of reactivation

Column heightmeasurement angerminology

10



249 The heighs of discoveredhydrocarbon colunsin a number of structures across the Snghvit
250 gas field were calculate®epths necessary to calculate such column heights and associated
251 trap dimensions along with related terminology are shovigarel. Formationtest results
252  resistivity measurements amell completion reportaere used tadentify fluid contacts

253 depths. Interpretation of the togservoir StgFormation)on 3D seismic data, followed by
254  depth conversiarwas used tealculatethereservoirdepth at the welbcation,the apex of

255 the trap andhespill point To assess the likelihood of any paleantacts, the depth of the
256 deepest paleo eghow was also notddom well and core reports

257

258 Seismicinterpretation and estabsihment of a 3D structural model

259 Eleven horizos and over 15@aults were picked across the dataset and refined using the
260 variance attribute computed across both seismic cubes. The variance attribute highlights
261 abrupt chages in seismic amplitudadis therefore a useftibol to detect breakin seismic
262 reflectivity, such as fault The Tragester software was useddonstruct a structural model
263  consisting of a number of fatfhult intersections (branch lines) and footwall/hangingwall
264 fault intersections using depth converted fault anfbse interpretationsA{lan 1989;Knipe
265 1997;Knipeet al.1997;Bretan 201Y.

266

267 Petrofhysical assessment/olume of clay ¥cay) and porositycalculation

268 The Vuaycurve is a key parameter that is requireddlzulatethe shale gouge ratio (SGR)

269 algorithm, an input which is necessary to estimatectgillarythresholdpressuref the fault,
270 whichin turnis an indicatoo f t h esealsteengthThé gamma ray, neutron and density
271 logs wereusedto quantitativelyderive the volume of sha(® shaid encountered by the

272  boreholeusing methods detailed in Rid&rKennedy (2011)Typically, shale comprises of

273  60% clay, and so the Maelog wasreduced by 40%o account for noitlay minerals

11
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resulting inthe final Veay log (Bhuyan& Passey 1994). Thed, log was calculated foeach
of the 10successfutliscovery wellsacross the Snghvit fielshd crosschecked against well

log and composite reports.

Similar to | ateral seal, the estimation of
someparticular petrophyscial propertieBhe porosityis used as a proxy to estimate what seal
type the cap rock is, from which tleapillarythresholdpressures estimated Cavanagl&
Wildgust2011). The porosity icalculatedusing the density logheasure@cross the
HekkingenFormation using methods detailed in Rider and Kenr{g@$1). Porosity results

for each well werdirstly averaged across the Hekkingen formation to give one porosity
reading per wellThesewell values were then averaged to give fealues, one for each of

the Albatross, Askeladd, Snghvit central and Snghvit Nord structures.

Calculation of the theoretical maximurhydrocarbon column heighbased on the capillary
thresholdpressure

TheTrap Analysis module withithe TrapTester softwee was usedo estimate the maximum
hydrocarbon columthatcouldbe supportethy thecapillarythresholdpressuref the
boundingfaults (Bretan2017) The maximum column heiglaiccurs when the buoyancy

pressuref the hydrocarbon columis equal to theapillary thresholdporessure of the fauy):

hmax = Po/ (9% (M1 M) (Equation3)

hmax= maximum hydrocarbon column height
My = water density

M = hydrocarbon density

12



299 g = gravitational potential

300 Pc= capillay thresholdpressure

301

302 Thecapillarythresholdpressuref the faultcannotbe measured directly soastimatedising
303 theSGRalgorithm The SGRis an estimat®f the proportion of finggrained materia

304 entrained ito the fault gouge, whictakes into acount thedistribution of clay(represented
305 by theVay curve anddisplacemenécross the faultYielding et al.1997) The SGR carthen
306 be empirically calibrated to a correspondaapillarythresholdoressuraising a global

307 dataset that comparasrossfault pressure difference or buoyancy pressuth the faut 6 s
308 SGR.Work byYielding (2002) andrielding et al. (2010provides ahoroughexplanation of
309 how this calibration techniquieas been compiled and utilizemldstimatehe maximunfault
310 sealstrength and thereforghe maximunhydrocarbon column heigkhat can be supported
311 by the fault Note that theAlbatross north structure was excluded franmalysisbecause oits
312 large gas chimneyvhich partially obscures the seismic data to the east. Witjamd quality
313 input data, the model would not reliable and any results would be highly speculative and
314 unreliable.The input data useth modelthe maximum hydrocarbon column that can be

315 supported by the faultsis shownfor each structure in table 1.

316

317 Even with good quality datahallengesontinue tdfacefault seal aalysismethods and are
318 typically a result othe uncertainties associated with inputs and calibration techniques
319 (Dewhurst& Yielding 2017).For this reasgrarange offault seal strengths and associated
320 column heighd werederived byvaryingtwo major iputsused bythe modelpothof which
321 carry a degree of uncertaintyre Vciay curveand uplift correctionThe uplift correction refers
322 tothe differencdif any) between the current and maximum burial depth of the reseiNuar.

323 VcayWas varied by plugdinus 186 to account for uncertainty in the parameters chosen when

13
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348

estimating the phyllosilicate conteinbm the gammaay, and combined neutron and density
logs Thebase rateiplift (refer to table 1yvasdecreasetty 250mandincreased by 250m and
500mto account for uncertainty in erosion estimailédge maximum burial of the fault
determines ithe effect ofquartz cementatioshould bencluded, which in practice is
implemented by means of the differeseial failureenvelops used to calibrate the SGRa
capillarythresholdpressurdYielding et al. 2010)This effectcan significantly change the

seal strength of the fault

Calculation of the theoretical maximum column based on timechanicaland capillary
strength of thetop seal

This method assumdisatthe maximum column height is controlledher bythe mechanical
strengthor the capillary strengtbf thecaprock The maximum columbased on the

mechanical top seal strengghcalculatedas follows:

hmax=0X[(fn -wn )/(wn - hn)] (Equation 4)

hmax= maximum hydrocarbon column height
0 = overburdern metres

fn = fracture gradient

hn = hydrocarbon gradient

wn = water gradient

The fracture gradient, hydrocarbon gradient and wateligreare routinely measured in the
wells from leakoff and repeat formation tesend are typically found in well reporg®olson

2016).
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Thecapillarythresholdstrength of the top seal rockestimatedhased on it§aciestype,
whichis determined byts porosity.Calculatedporosity valuesrom petrophyscial evaluation
areplotted on a porosity/depth pltftat contais five predefined curve®ach representing a
differentfacies type(Peolchau et al. 1997yhe cap rocKaciestype is indicated by #hcurve
thatbest matches the plotted poroAigpthmeasurementsiven thefaciestypeof the cap
rockis now known, theapillarythresholdoressurean be estimated usimgsults from
laboratory tests, which use a mercury/air system on core samptasio the
hydrocarbon/water systeim the subsurfac@ibrahim et al. 1970Schloeme®& Kross 199,
Sperrevik et al. 2002Five depththreshold pressumurvesare calculated foeach different
faciestype (Cavanagl& Wildgust2011). Therefore by using acombination of petrophysics
and calibration techniquethe capillarythresholdpressuref the cap rocland the maximum
hydrocarbon column heigkhat it can supportan be estimated using the two equaidand

6 below (Dolson 208).

Pc w) = {((-):)nwxcoS—hw)/(c-,)mecury/airXCOS—macury/air)}>< P Giir/mercury (Equation 5)

Pmax (ft) =Pc (hw)/(0.433<(” w- h)} (Equation 6)

Pc (nw)= capillarythresholdpressuréhydrocarbon/water system)
Pec (airmercury = capillarythresholdpressure (air/mercury system)
Onw = interfacial tensiorfhydrocarbon/water system)

Omecuryrair= interfacial tensiorfmercury/air system)

—hw = contact angl¢hydrocarbon/water system)

—mercury/air= contact angle (mercury/asystem

15
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Quantifying the slip andtiming of fault reactivation

Throw-depth (Fz) plots were constructed for all bounding faults theftnethe six structural
trapsin the Snghvit gas field-z plotsgive insights into fault nucleation and propagation,
allowing periods of syrsedimentary fault to be differentiated from periods of post
sedimentary faultingBaudon& Cartwright2008;Tvedt 2013)In this case, thegre
particularlyrelevantfor indicating anyfault movementhat postdates thenset of charg
from the Hekkingen Fm. in theate Cretaceoug¢Ostanin et al. 2013)Profileswere
constructed bylacing the list omeasured horizain chronologicabrder on the yaxis
against theorresponding throw on theaxis. This process waspeated alongaeh fault
over a defined interval, which is determined by the fault lefigthow-depth plots were
constructed ever§y0 metres for faults up to 3500 metres long, 150m for faults between 3500
and 8000metres 200 metres for faults between 8000 and 15000awneand 250 metres for

faults exceeding 15000 metres.

Results

Measured inplace column heights

All wells used in this studyecordedgasin the Upper Jurassic Stg reservoir uwitjlst the
Snghvt central structur@lsocontains a 11-17 metre d leg in the same formatioas shown
in Figure 4 Measured column heights in thé discovery wefi are all shortethan thé
correspondingrap heighs; these traparethereforeall referred taasunderfilled. However,
the degree of underfilling across theldi is variable. For emple, well 7120/8 (Askeladd
north) has ahydrocarbon column heiglof 155m, equivalent t67%of the trap heightwell
7121/72 (Albatross south)on the other handiscovered 86mcolumn of hydrocarbons

equivalento 37%of the trap heightThese two wells represent the most filled and least fill
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399 structuresrespectively. The averagegproportionof hydrocarborfill in the 10 discoveryvells
400 is53%. In addition, all discoveries containpdlecoil showslocateddeeper thathe

401 hydrocarborwater fluid contacand in sore cases down to the spibint.

402

403 Computed maximum columieights held by fault seal

404 A set ofmaximumhydrocarbon columheightsthat could be held by lateralbounding

405 faults were computeblased on the capillastrengthof thefault sea) usingthe Trag ester
406 software Resultsshowthatall bounding &ultshave capillarythresholdoressures that are able
407 to supporiacolumn ofgasthat isbetweerB6-158% tallerthanthe actualmeasured iplace
408 column Additionaly, in three out of five cases, fault seal is strong enough to support a
409 hydrocarbon column that is taller than the trap heighllividual results and comparisons
410 between thealculated maximuroolumn heightstheactual column heighdand trap height
411 for each structure is discussed below and visualiz&tbires 5 and 6

412

413  For the Snghvit Nord, Snghvigtraland Askeladd nortktructuresthe model predicts that
414 the bounding faults have sufficient seal capacity to supgortieocarborcolumn that

415 exceedboth the actual column height atiek height of the structurélnlike the other

416 structures, the model predicts the faults delineaibatross soutland Askeladd south do
417 not have sufficient seal capacity to support a hydrocarbon column that is ejutivale
418 larger than the trap heighh all casesthe faults arestill able to support a taller coluntiman
419 whatwas discovered Hplace.This result remained the samhen theuplift correction and
420 Vcayinputwere varied duringensitivity testing.

421

422  Calculated maximumcolumn heights based otine top sealcapillary thresholdpressure
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Estimated total porosities of the Hekkingen cap rock range from¥@taD.15%at depths of
between 1813m and 2338irhe fourporosityvaluesof the Hekkingen formatiomeasured

for the SnghvitNord, Snghvit centraAskeladd and Albatross structurf@dl consistently on

the porositydepth curveshat represertight or low porosity seald={g. 7a). Based on this
information, thehresholdpressuré depth curves (Fighy) are used to calculatevo capillary
thresholdpressursof the Hekkingen formatigrone for a tight shalend one for a low
porosity shaleThe resultingange othydrocarbon column heightisat can be supported by
these twacapillarythresholdpressure arvesare plotted against depth, showrFigure 8

(red curves)Unsurprisingly, he tight seal curve is able to support a taller column of
hydrocarbosthan a low porosity shale seal at any given deptmputed maximum column
heights, based on low portsshale properties offer the best approximation to actual
hydrocarbon column heightdowever,it is evidentthatthe computed maximum hydrocarbon
column heights consistently exceed actual hydrocarbon column heights measured across the

HammefestBasin.

Calculated maximum column heights based on top seal mechanical properties

This calculated maximum hydrocarbon column calculated using equation 4 was plotted
against overburden thickness (Figg8een and brown curvesAs the overburden thickness
increases, the maximum height that can be supported by the mechanical strength of the rock
increases linearly. At aoverburden thickness 0DB metres, the Hekkingen top seal can
mechanically support an oil column of almost 500m or a gas column of 300m. Hyxinoca
column heights estimated in this way consistently and significantly exceed the discovered in

place column heights measured across the Hammerfest Basin.

Fault reactivation
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All bounding faults for each structuhave been grouped into thiedegoriesaccording to
sharedr-z profile geometriegFig. 9) Based on these profiles presented herein, we can make
interpretations concerning the nature of fault slip and evidence for fault reacti{atent et

al. 2013).Typical to allplotsis a maximumthrow recorded in thearly to Middle Jurassic
strataafter which the throw consistently decreasa®ss Middle Jurassic tearly Cretaceous
strata The point of maximum throw suggests fault nucleatiocurredwvithin middle Jurassic
strataor deeperFurtherdifferences in recorded throw across Early/Middle Cretaceous to

Paleogene strata defieach of thehreefault categories

A summary of these three different styles of fault evolution is discussed below and
summarized in Figure 1@ategory 1 faults hava throw profile whicltontains two throw
maxima separated by a throw minimufiis is characteristic of a fault that after being buried
has experienced renewed fault growth/reactivation, but where fault reactivation at depth has
led to the nucleationf@ new fault in the overburden, whiblas subsequently propagated
down tovertically link with the parent faul(Cartwright et al. 1995audon and Cartwright
2008h Jacksor& Rotevatn2013;Rotevatn& Jackson 2014 The point of linkage is
represented byhe displacement minimum on thezlplot (Tvedt 2013. Category 2 faults

have also beereactivated afteinitial growth and burial. However more gradual upward
decrease in throw across Early to Middle Cretaceous strata suggests fault reactivation was
achieved by upward propagation of the existing fault into the overburdérred to ablind
upward fault propagatio(Baudon& Cartwight 2008cJacksor& Rotevatn 2013Tvedt et al.
2013 Fossen 2016 Category 3 faults do not register asybsequerthrow in sediments

older than Early Cretaceouwmdtherefore arénterpreted as not having been reactivated.

19



472 It should be noted that not all profiles measured for the same fault atieadlim shapeand
473 there may be some indication of a fault exhibitirdual behaviour in its reactivation style.
474  Suchariation in throw distributiomlong strike illustrates the complexity and heterogeneity
475  of fault growth.It is theoverall geometry of the throw distribution shownthe T-z plots,
476 which determinesthefaut 6 s cat egor y.

477

478  Discussion

479  Acrossfault breach

480 Fault seal analysis aradseries ofensitivitytestsrevealthat the bounding faulfer each

481 structureare able to seal significanttgller columns of hydrocarbdhanthosediscovered
482 Faultseal work caied out by Bernal (2009) diaults defining theAskeladd fieldcontains
483 similar findings.The SGRcalculated for all modelled bounding faults equatestigia

484  capillarythresholdoressure meanirgcrossfault breach will only occur whea very large
485 buoyancy forceexceedshis capillarythresholdpressurgBretan et al. 2003) o achieve such
486 a buoyancy force, the column of hydrocarbons pusagainsthe faultwould haveto be

487 over twice as high than tlaetual column heighin all cases, bar onén three out of the five
488 assessed structures, the maximum calculated cahenghtalso exceeds the paleo

489 hydrocarbon columrthe height between the apex and the deepest oil sitwereforejt is
490 highly unlikely that the buoyancy force exerted byhlgdrocarlmn column heighbas

491 exceededhe capillarythresholdpressure of thboundingfaults which rulesout the influence
492  of acrossfault breachas a leakage mechanism

493

494 Top-sealbreachbased orthe caprock properties

495 Well tests indicated thalhe Snghuvit filel is hydrostatically pressure@hereforein order to

496 inducesufficient overpressure fioacture the capock, thebuoyancy forcevould have to be

20



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

significantly higher Calculations show that such the hydrocarbolumnwould have to be
several hundrethetres higher than the actual column hetghdchieve such a for¢€ig. 8).
This strongly suggests that tgpal breach by mechanical failuren a likely controbnthe
discovered column heightsurthermoredespite the thickness of the top sealing between
26m and 111m across the Snghvit figdstudy across trentireHammerfest Basin
concluded thatap rock thickness in this arasohasno correlation with column heights
observed in wells (Henriksen et al. 2011)s would therefore be unige to use the
mechanical strength of the cap rock as the sole method to estimate column heightis-in yet
find prospect or appraisal scenarssce it would lead to significant overestimatiovork
by Watts (1987) and Gnau (1987) on cap rock propedisuggest thahis is relevantnot
only for the Hammerfest Basiout also for otheglobalbasins that arbydrostatically

pressured.

Thecomputed maximum hydrocarbon columgights, basedn the capillary strength of a

low porosityshale seal, offera closerapproximation to actual column heights. Nevertheless,
theoreticahydrocarbon column heights estimated in thég/ consistently exceed what is
observedCalculationdgndicatethat the capillarghresholdforce of the cap rock isigh and
capable okealing a much taller column of hydrocarbons tingplace This impliesthat the
buoyancy force exerted by thetualhydrocarbon column heigig not enough to overcome
the capillarythresholdpressuref the cap rockGrunau 1987Bretan et al. 2003Jor this
reason, it isinlikely thatpresentday hydrocarbon cofun heightsacross the Hammerfest

Basin are limited by capillary leakage through the top. seal

Top sealbreach by faulting
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Using observations from interpreted seismic dd&rmanrud et a(2014) discussetihe
importanceof column restricting faulte controllingcolumn heights measurédthe
Hammerfest Basimccording to Hermanrud et al. (2014plumnrestrictingfaultsare faults
that support ndnydrocarbon colummmeaninghefluid contact and top reservoir surface
intersectat deph when they meet the fauBuchfaults may suggesthatvertical leakage
alongthe fault has occurred, whidontrolsthe maximum column heighHowever, not all
faults and all parts of the same faultee:this uniform control on fluid flow. Vertical leakage
may occur alongomefaults but certainly not all since the current accumulations that
constitute the Snghvit gas field are all retained within structural traps. This is not unexpected
given that falis are heterogeneous by nature #Hralr sealing properties will vary in time and
spacgCaine et al. 1996Childs et al. 1997/Moretti 1998; Farseeth et al. 200Ffedman et al

2007;Rotevanh et al. 2013Wibberley et al. 2017).

A factor that may affdahe sealing propertiad faults is fault reactivatiarin this study;
knowing thetiming of fault reactivation i®ssentialsince fults or parts of faults thatere
active at a time that poedites thaime of reservoir charge may facilitate vertidehkage and
top-seal breach (Aglin 2000;Duran et al. 2013 Based on 1z profiles,all measured faudt
recordedsignificant throws across Jurassic to Early Cretaceous strata representing the main
period of faulting that occurred between the Middle JucassiEarly Cretaceous times
(Gabrielsen 1984-aleide et al. 1993enriksen et al. 2034Categoryl and 2 faults
experienced further sligfterthe main Middle Jurassic to early Cretaceous rifting etrexit
established thpresentigh and lows withinhe Hammerfest BasifGabrielsen 1984+aleide
et al. 1993).Theshape of the throw distribution recorded by the lotsgives an indication
of whetherfault slip occurred duringr after sedimentatiorAn asymmetrighrow profile,

shown by aapid decrese in thromfrom themaximum,is typical ofafault thathasan
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unrestricted lower tiline buta restricted upper tipne due tothe presence @ freesurface
(Baudon& Cartwright2008a;Jacksor& Rotevatn 20137vedt et al2013). This profile is

charateristicof syn-sedimentaryault slip. Throw gradients that increase and decrease
graduallyto and from the thrownaximumindicate thaboththe upper and lowetip linesof
the faultare unrestrictedThis profile is characteristiof fault-slip thatocaurredpost

sedimentationn unconfinedconditions Peacock& Sanderson 1991).

It is thereforeproposed that reactivation of both category 1 and 2 faults ocaitexdhe

Late Cretaceouategory 1 faultthathave been reactivated by vertical dip higleexhibit a
gradual increase and decrease in thimming asecondhrow maximum suggesting that

fault reactivation occurred after the depositiohatfe Cretaceousediments Category 2

faults reactivated by blinthult propagation record a very gradly decreasing throwcross
Early/Middlg/Late CretaceouandPalegoene strata indicating that faelhctivation was post
depositional andccurredafter the Late Cretaceolslrly PaleogengBmes.This evidence
indicates thathe reactivation ofategoryl and 2 faultpostdateshe timethatthe Snadd,

Kobbe and Hekkingen source rocks all entered the oil window (Ostanin et al. ZBik7)
relative timing between fault movement and charge is important and strongly indicates that

hydrocarbons were in pladefore fault reactivation occurred.

The esultsfrom T-z plots thereforgrovidethree important pieces of information. Firstly,
thatsome but not allaults were reaotatedafter the major source rocks reached maturity and
began to charge surroundirgservoirs Secondly that the style of fault reactivation was not
uniform across the Snghvit field. Two different styles oftfeaactivation were identified)

upward propagating reactivation, and ii) nucleation of new faults in the overburden that

23



570 subsequently linked vertically wittheir parent fault at depthrhirdly, the distribution of

571 category 1 and 2 faultould indicatdikely locations offault-controlled leakage (Fid.1).

572

573 Gas leaking upwards along faults may accumulate in the overbimdieatedin many cases
574 by amplitude brighteningnd zones of dim or blankflectivity (Ostanin et al 2012).

575 Assessing the distribution and locations of shallow gas indicators,dorp& bright

576 amplitude features, pockmark and mud diapeosides good edence for faults acting as
577  conduits for fluid flow and has been well documented acrossaiidwesterBarents Sea
578 (Cartwright et al. 2007Chand et al. 2012; Ostanin et al. 20%#nmenes et al. 20L7To test
579 whether the reactivated (category 1 anda2jts may have controlled leakage from

580 hydrocarbon traps, we assessrhgturelocationsof suchshallow gas anomaligslative to

581 faults The rootmean square amplitude attributas used to screen famplitude anomalies
582 in the shallow subsurfaae/er abroad window across the late Cretaceous Kveite formation
583 Figure 12shows tle distributionof theseamplitudesacross the entire field hE distribution of
584  bright amplitudesend to cluster around faults and some fault networks butdiheptalways
585 strictly follow major fault trendsThis could be due tateral migration of fluids away from
586 the fault, whilst numerous other factors associated with seismic acquisition and processing,
587 such as lithological changeshich can produce similar seismsignaturs (Kearey et al.

588 2013;Simmé& Bacon 2014). Howevethere isdirectevidence of amplitude brightening

589 associated with two category 2 faults that define the Askeladd north and Snghvit central
590 structures, shown in Figure 1Zhis supportshe notion that fats, which are known to have
591 been reactivated (using interpretation ef plots) have facilitated hydrocarbon leakage from
592 the reservoir to the shallowdepths. Similar observation$ gas chimneys, pock markgjid
593 escape pipeand other fluid relatednomaliedy Ostanin et al (2013) arMohammedyasiret

594 al. (2016)offer further support that fault reactivation enabled vertical leakage of hydrocarbons
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along faults This workflow showsthat identifying likely locations afop-seal breacklue to
fault reactivationis perhapgest supported byombiningmeasurements dault slip activity

with amplitude screening for shallow gas anomdlitsggland 200b

Fault readvation can have significant consequences for fluid flow causing previous sealing
faults to become conduits for fluid flowt is well documented that fault reactivation can
create neviractures ana@ausefaults in brittle rock to dilate, inich hels to rapidly and
exponentially increase the number of permeable pathways through an irapkrseal (Doré
and Lundin 1996tngram 1999;Wiprut & Zoback 2002)Such permeability enhancement

may be particularly pronounced at and around fault interse¢artonet d. 1995;Gartrell

et al. 2004Ppavatzes and Hickma20D05; Bastesen & Rotevatn 2012; Fossen & Rotevatn
2016, Dimmen et aR017) These zones are likely to contaiparticularlyhigh concentration

of open fracture networks that actdmnnelelpingto facilitateleakage opotentiallylarge
volumes of hydrocarbons (Gartrell et 2004 Tamagawak Pollard, 2008Hermanrud et al.
2014).An example of such an intersection is shown by an orthogonal pair of faults that trend
N-S and EW, whichdefine tke nothwest corner of the Albatrosso(gh) field. Both are

category 2 faultswhich may have contributed to significant drainage of this field, resulting in
just 37% trap fill. Nevertheless, not all intersections between a pair of reactivated faults
autonatically indicates such w trap fill. The pair of sulbrthogonal faults trending S

and NESW, which define the Askeladd north structure have also been reactivated, yet the

trap fill is 67%, the highest of all the structures that make up the Snadit fi

In addition to tectonically driven upliffumerous studies have shown thlaiciations in the
PliocenePleistocene have widely contributed to the major period of exhumation doeng t

Cenozoic (Nyland et al. 1992avanagh et al. 200Rodrigues eal. 2011. During this time,
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numerous pressure fluctuationghe basirare likely to have occurred in response to repeated
glacial waxing and waninf¢Cavanagh et al. 2008j is likely that conditions during this
period of basin fluxvould havetemporaily alteredthe stressstate ofthe deep regiondhults
(Fjeldskaatetal. 2000). In response, fault reactivation /andccompanying fault dilation can
occur, particularly along segmemsntainingreleasingbends, which favortensile failure
(Zhang etal. 2008 Brandes et al. 20)1This significantly increase tHaultr o ¢ k 6 s
permeability angbrovides instanfpathwayg thatfacilitate effective fluid flowfrom deep
reservoirs tahe shallower subsurfacéransportatiorof fluids throughshallowerPaleoene
early Eocene faultare thought to haveaused large number gfaleepockmarksatthe base
Quaternaryandon theseabed (Ostanin et &013. This dacially induced fault leakage
(Grollimund & Zoback 20030stanin et al. 20)nay explain whyunderflling is also
recordedall structures in the Snghvit field, not just those that are boundezhbijvated

category 1 and 2 faults.

Based orthe quantitativeresuls of this study,tiis highlyunlikely that the mechanical and
capillary strength of theop sealor the capillary strength of the faults conteal hydrocarbon
leakage Given this result and above discussioms,propose that leakage was primarily
controlled bytemporarilyconductive faults that were previously sealed to fluid flow.
Measuremats of fault slip and documentation of the effect of exhumation on fault behaviour
(Nyland et al. 1992; Ohm 2008stanin et al 2017) suggest thathfault reactivatiorand

fault dilationcaused the majority of faults to leak across the Snghvit basuithis leakage

may beparticularly pronounced at fault intersectiobsakage thahasoccurredoy these two
meands primarily responsible for theneasuredhydrocarbon column heightisat represent
underfilling across thentireSnghvit field.These findigs are summarized schematicatly

Figure 13.
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As demonstrated by this studymbiningdata thatjuantifiesthe growth history of

structurally bounding faults with measurements of trap fill can be a powerful tool in assessing
the roleof fault-enablechydrocarbon leakagé-urtherempirical measuremeof fault and

fault networksnot included in this stugyor example topology, would be an insightful

addition to understanding how fault connectiatgoaffects fluid flow (Sanderso& Nixon

2015 Dimmen ¢ al. 2017). Combining these approaches waddtribute to improved
assessmesbf seal integrity and associated estimations of the hydrocarbon column height
during prospect assessmantd predrill volume calculationslt seems appropriate to
concentratefforts on lowering the risk associated with sa@lysissincetrap failure ishe

most common caus# all wildcat dry welk, not only across the Barents Sea, but also

globally (Knipe et al. 1997Rudolph and Goulding 201 RPD 2018.

Implications for prospect analysis

In resource assessments, the hydrocarbon column height distribution tends to have the highest
impact on wlume estimations. When assessing structural teapwthod that considetise

role offault reactivationis likely toresult inmore realistieestimation®f hydrocarbon

column heights than an approach that disregards it. Introducing such an approach, as
demonstratech this study, can thefere help to reduce theveralluncertainty associated

when calculatinget-to-find volumes(Demirem 2007)Equally, a more rigorousnd
empiricalanalysisof boththe fault- and topsealstrengthwill help contribute to moreeliable
prospectisking. An improved understanding of if, how and where leakage has occurred can
alsohelp toreveal n&v play opportunities thdtave benefited from secondary migration
(Farseeth et al. 200uch migration evenia the Hammerfest Basin are thoughttove

redistributed hydrocarbons and in particular, oil to structurally shallow fuagher to the east
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(Joharsen 1993pDoré et al. 20020hmet al. 2@8; Lerch et al. 2016 \Workflows and lessons
learnt in this study are relevant not only to the hydrocarbon industry but also to other projects
concerned with understanding how cap rocks and faults effecflthwgfor examplen

subsurfacearbon sequestratiar natural gas storage

Conclusions
The key observations and conclusions from this work are:

1 There is onsistent underfilling oéll the structureacrosghe Snghuvit fieldPoor
retention rather thaa lack of chargéas limitedthe height of thén-situ hydrocarbon
column heightsTo elucidate how leakage has occuyeeeeries ofcomputed
maximum hydrocarbonolumn heightsbased ora number ofault-seal and topseal
propertiesarecompared tahe obsevedin-placehydrocarborcolumns.Integration of
these results with measurenenf faultgrowth reveahow and where leakage has
occurred.

1 According to fauktseal analysis, across fablteach bycapillarythresholdpressures
unlikely. The boundingdults defining each structure are capable of supporting a
much taller hydrocarbon colunmompared tavhat has beediscoveredFor the
majority of structures, theolumn heightvould have to be at least twice as fatl
acrossfault breach to occur

1 Calailations indicate that the Hekkingen cap rock is a tight tegovesity shale. The
capillarythresholdpressuref thisfaciestypeis capable of supporting a column of
hydrocarbons that far exceeds the actual column height recorded for each structure.
Therefore Jeakageof hydrocarbonscross the togealby capillarythresholdpressure

is unlikelyto haveoccurred
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694 1 Leakage along conductive fractures caused by mechanical failure of tbeaidpas

695 very little influence on fatitating hydrocarborneakage Furthermorgpredicting

696 hydrocarbon column heights based on the mechanical strength of the top seal
697 consistently results isignificantoverestimationsnd should be avoided

698 1 Tectonicbreachings most likely to have causdd/drocarbon leakag&ault

699 reactivation and fault dilation associated with basin uplithe Cenozoiccaused by
700 active tectonics and egaciation,allowed hydrocarbons to leak along faudtsd

701 breach the tojseal This led to reducellydrocarbon columheights, widespread

702 basin underfilling andpalecoil shows Such faukicontrolledleakagecan be supported
703 in some casegy locations of gas escape featushewn & shallow amplitude

704 anomalies and pockmarks.

705 1 Trap failure is the most common cause of dry wells sirtsaworldwide. 1l is therefore
706 importantto quantifytop-seal and faultseal strength, and fault growttistory,as

707 demonstrated by this studyg, elucidate likely mechanisms and locations of

708 hydrocarbon leakag&@heapproactseeks to reduce some of the inherent uncertainty
709 associated withiisking of the seabndimprove estimations deasible column heights
710 that areused inreserve calculations.
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1012 Table 1.Inputs used in Trapester to model the fau#teal strength ahe faults that define
1013 each structure and to ascertain the corresponding maxgasmolumrheight that can be

1014 supported

No. of .
Structure fault Wwell US.Ed for Vclay Uplift correction (m) Hydrocarbongdensny Water density (kg/m?%)
input (kg/m?)
elements
Snahvit 2 7121/4-2 1000 205 1110
Nord
Snghvit 7120/6-1,
central 5 7120/6-2S, 7121/4-1, 1000 205 1121
7121/5-1
Albatross 7121/7-2, 7120/9-1,
(south) 2 7121/7-2 1000 176 1059
Askeladd
(north) 4 7120/8-1, 7120/8-2 750 182 1040
Askeladd 3 7120/8-1, 7120/8-2 750 182 1040
(south)
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Figure captions

Fig. 1. A schematic showing a fatiftounded trap that relies on top andrakseal. The

measurements required to calculate the discovered hydrocarbon column height, the trap height

and the overburden are marked.

Fig. 2. The SW Barents Sea with major structural elements and location of the seismic data

covering the majority ofydrocarbon fields that constitute the Snghvit field. Modified after

Cavanagh et al. (2006)

Fig. 3. Tectonostratigraphic chart that indicates the major source rocks and reservoirs, and

major structural events across the SW Barents Sea.

Fig. 4. Depth map othe top Stg formation limited by the fluid contact depth for each

structure. The bars refer to the column of hydrocarbons and water with shows discovered in

each boreholeMajor faults are shown in black.

Fig. 5. A bar graph of measured and calculatedrbgdrbon column heights for each

structure. The light blue bar is the theoretical column that can be supported by the faults based

on fault seal analysis. The medium blue bar represents the trap height and the dark blue bar

represents the actual hydrocambmmlumn height.

Fig. 6. The map shows the top Stg surface in depth. Whitgpas indicate tharealextent

of each individual structure down to the discovered fluid contact. The location of the five

cross sections is indicated on the map. Cross sections are shown for Snghvit Nord structure

(A-Ad), the SnBhvi-Bd)x,entt heal Adsriiciuta (3 &l ,e s 1f lBe

Askeladd north structure (D § and the Askeladd south structureEE )

the actual fluid contact, modell¢adult-sealedluid contact, deepest showpill depth and top

reservoir.
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1040 Fig. 7.Figure @) shows the epirical relationship between porosity and depth according to

1041 different shale porosities. Petrophysical measurements for the Hekkingen cap rock are marked
1042 on the graph showing it is a low porosity/tight seal. Fighyesfiows the empirical

1043 relationship betwen threshold pressure with degdihsed on laboratory testing of core

1044 samples. The low porosity/tight seal curvesiareold. Modified from Cavanagh and

1045 Wildgust(2011).

1046 Fig. 8.The results of four theoretical hydrocarbon column heights based on top sea

1047  properties versus actual column heights measured across the Hammerfest Basin

1048 Fig. 9. Three different examples of a series ef Plots whereby the throw (m) is plotted
1049 against increasing depth/age at consistent intervals along each fault. Indivéeguiairiaps
1050 show the location of the fault. Each fault profile represents the three major fault slip histories

1051 recorded across the Snghvit field.

1052 Fig. 10. Schematic illustration of different styles of fault evolution observed in thglbts

1053 beginning wih t1, where t is time. Sysedimentary faulting results in an asymmetrz T

1054 profile due to the presence of a free surface. The fault is then buried (t2). If no further throw is
1055 observed, it is a category 3 fault. Restlimentary faulting occurs in twoffdirent ways. In

1056 scenario a, the fault is reactivated by blind propagation (t3) resulting in a gradual decrease of
1057 the fault throw. This is characteristic of category 2 faults. In scenario b at t2, a smaller fault
1058 nucleates in the overburden and after stime (t3), links vertically with the deeper fault

1059 resulting in two throw maxima. This is characteristic of category 1 faults. Modified after

1060 Tvedt et al. (2013).

1061 Fig. 11.A map showing key faults that define the six structures in the Snghvit gas field,

1062 which have been categorized according to their fgrdtvth history.
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Fig. 12. The base map of the Stg (Middle Jurassic) formation with major faults highlighted.

Bright red areas represent high values of the RMS amplitude attribute taken across a window

ove the Kveite (Late Cretaceous) formation. The bright amplitudes located along the two

cross sections are circled in yellow and also displayed in 3D view in the final panel. Cross

sectionAA6 partially

covers the Snghvit central structure.

covers

t he -sactidn®-B @ dmla Mtoir a4 Ihl

Fig. 13.A summary of locations and mechanisms of hydrocarbon leakage in-adaultied

trap. Unlikely mechanisms are capillary breach across the cap rock and fault, and mechanical

failure of the capack. The likely mechanism is tegeal breach caused by fault reactivation

and dilation.
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1074 Figures

1075 Figure 1

Apex depth

Fluid contact depth-

Lateral seal

Dimensions:

Reservoir.

1076

a - Overburden: sea bed to apex
b - Hydrocarbon column height: apex to fluid contact
¢ - Trap height: apex to spill point

Spill point depth
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