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Figure2.1:Schematicdiagramshowingthedevelopment ofatectonicinversionstructure.Thepre-rift,syn-riftand post-riftstratigraphicsequencesareshadeddifferently. Inversionisidentifiedthroughrecognitionofanuplifted synrift.Onlapswithinthepost-rift(ifpreserved)canbe usedtodatetheinversion.Thepost-riftcanthenbe subdividedintopre-inversion,syn-inversionandpost- inversionsequences.(FromCooperetal.,1989)
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Figure2.2:Exampleoftectonicinversionstructuresidentifiedfromseismicreflectiondata.LocationistheSouthHewettareaoftheSouthernNorthSea (UKCSQuadrant53).Compressioncausedreversalofmovementonpre-existingnormalfaults.TimingofinversionisUpperCretaceous(thesyn- inversionpost-riftsequenceisdefinedbyseismiconlapsbetweentheIUCandA/C).TheLowerCretaceousandpartsoftheUpperCretaceouswere thrownintoforcedasymmetric(harpoonshaped)foldsabovethereversedfaults.Insomecasesthefaultspropagatedintothecover(2).Themagnitude
ofshorteningislessthanthemagnitudeofearlier(Triassic-Jurassic)extensionandreversemovementonmanyofthefaultswasinsufficienttocancelthe originalnormalthrow(3).Reflectionterminationsbeneaththeintra-UpperCretaceousunconformity(IUC)datethecessationofuplift.(FromBadleyeta!., 1989)



Figure2.3:Illustrationofthemechanicalcriteriaforfaultinitiationandreactivation.Whetheranewfaultformsoranoldfaultreactivatesdependson thecohesivestrengthoftheintactrock(£0),thecoefficientofinternalfriction(|i)andtheporefluidpressure(P).a)Forcediagram,defining0asthe anglebetweenthefaultplaneandtheprincipalstressdirection,avb)Mohrdiagramforthescenarioina).Inthisschematicexample,wherep=0.75 andP=0therockmayfailinaccordancewiththefrictionalslidingcriterion(throughreactivationofthepre-existingfault).WhereP>0theeffective stressisreducedandbrittlefailurecanoccurmoreeasily.Wherep=0.75andP=Pf,anewshearfracturemaynucleate,orelsereactivationmay occurforanypre-existingfaultswithintheshadedorientationrange(0min<0<0max).(AfterEtheridge,1986;TwissandMoores,1992)
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Figure2.4:Schematicillustrationofalistricnormalfault:thedepth-variabledipaffectstheresponsetocompression.Theanglebetweenthe principalstressdirectionandthefaultplaneisloweratdepth(0deep<0shanow)andclosertotheminimumcriticalstressangleforcompressional reactivation.(AfterSibson,1995)
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Figure2.5:Exampleofaninvertedrelay
rampsetting:ChaldonDowninSouthDorset. a)Locationmap.Orangeboxcorrespondsto figureinb).Thelinelabelledfigure20 correspondstofigure2.6b.CD=Chaldon Down.(AfterUnderfillandPaterson,1998)

b)SchematicblockdiagramdepictsChaldon Downasthesiteofanoriginalrelayramp betweentwonormalfaultsegmentsthat experiencedonlyalimitedamountof extensionalmovementandonlyalimited amountofcontractionaldeformation.(From Underhill,2002)



a)

Figure2.6:Tectonicinversioncangeneratecomplexdeformationstructureswithin theupliftedhangingwall.The'LulworthCrumple'isaclassicoutcropexamplefrom theWessexBasininDorset,a)FieldphotographshowstheNorth-vergingLulworth Crumple(boxed).LC=LulworthCove,SH=StairHole.Notepeopleforscale,
b)SchematicillustrationofthetectonichistoryoftheLulwortharea.Formationof theLulworthCrumpleisattributedtodisharmonicmovementsduringhangingwall uplift.Seefigure2.5aforlocation.(FromUnderhill,2002)
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Figure2.7:Sketchillustratingthenomenclaturefordifferentsaltstructurestyles.(FromJacksonandTalbot,1986)
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Figure2.8:Plotillustratinghowthestrengthofsaltandcertainotherlithologiesvarieswithburial.Saltstrengthisrelativelylowanddecreaseswith depth.Saltstrengthisstrain-ratedependent;theplottedvaluescorrespondtoa(geologicallyfeasible)strainrateof10-14S"1.Xistheporepressure coefficient.(FromJacksonandVenderville,1994)
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Figure2.9:Plotillustratingthedensitychangewithdepthforsaltcomparedtothatofsandandshale.(FromJacksonandTalbot,1986)
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Figure2.10:Log-logplotsofeffectiveviscosity(r|)againststrainrate(z)forthreedifferentgrainsizesofsaltdeformingbycombineddislocationand diffusioncreep.Notehowthedecreaseingrainsizefrom10mm(b)to5mm(a)resultsinaneffectiveviscositydecreaseofapproximatelyoneorder
ofmagnitudeat(geologicallyfeasible)strainratesof~1014s-1.Similarly,anincreaseintemperatureof140°Cresultsinadecreaseinviscosityofone orderofmagnitude.(FromVanKekeneta/.,1993)



Figure2.11:Crosssectionsthroughananaloguemodelofthebrittleoverburdentoasaltlayer.Thedifferentstagesrepresentprogressive extension.Areactivediapirformsbelowthedevelopinggrabensystem.(FromJacksonandVenderville,1994)
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Figure2.12:Cartoondiagramillustratingminibasin(pod)andsaltwalldevelopmentintheCentralNorthSea.ThisfigureisspecifictoTriassic sedimentationintheCentralNorthSea,buttheconceptsofsaltwallgrowth,podgroundingandsubsequentsaltwallcollapsearemorewidely applicable.(FromHodgsoneta!.,1993)
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Figure2.13:Cartoondiagramillustratingthe threemainmodesofdiapirism;reactive,active andpassive.(FromDooleyeta!.,2005)
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Figure2.14:Schematicdiagramillustratinghowbasement-coverrelationshipsmayvaryalongafaultstrandduetospatialvariationinsaltlayer thickness.ThediagramisbasedontheDowsingFaultZoneintheSouthernNorthSea.DFZ=DowsingFaultZone,DOGS=DowsingGraben System.(FromStewartetat.,1996)
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Figure2.15:Schematicdiagramillustratinghowstructuralstylesinthesupra-saltsequencevaryinaccordancewithsaltthicknessduringLateJurassic
riftdevelopmentintheCentralNorthSeaarea,a)Wheresaltisabsent(e.g.Zechsteinmarginalfacies)'classic'halfgrabengeometriesevolve,b)Where saltisthin(<~30m)acomplexarrayofcoverfaultsdevelopoverthebasementfaultscarp,c)Whereathicksaltlayerispresent,earlycoverrafts separatedbysaltdiapirsaredrapedacrosstheevolvingbasementtopography,d)MorecommonlyintheCentralNorthSea,thesaltisalready structuredduetotheTriassicphaseofminibasinsubsidence(figure2.12).Rotationofthefaultblockswillgiverisetofurthermovementsofthesesalt structures;whethertheyactivelyriseorfallwillprimarilydependontheirpositionontheslope.(FromStewartandClark,1999)



Figure2.16:Analogueexperimentsmodelsaltbehaviourinresponsetocompression,a)Planviewofthemodelatmaximumextensionpriorto compression,b)Serialsectionsdemonstratestructuralstylesunderextension,c)Planviewofthemodelaftercompression,d)Serialsections demonstratestructuralstylesofinversionandtheroleofsalt.(FromDelVentlsetteetal.,2006)



Figure2.17:Schematicillustrationofinversiontectonicsinagrabencontainingsalt.Stage1isthepre-inversionsetting,Stage2ispost-inversion, a)Foldsandshort-cutfaultsdevelopinhomogeneousstrataabovetheinvertedbasementfaults,b)Thrustsandfoldsarelocalizedbypre-existing saltstructures,c)Thrustandfoldsarelocalizedbyreactivationofbasementfaults.(FromLetouzeyetal.,1995)



Figure2.18:Cartoonillustratingthegeometricfeaturesofasaltdiapirmodifiedbycompression.Featuresincludeanunusuallythicklidof overburdenstrataup-domedabovethediapir,evidenceforcontinuedupwardmovementofthediapirevenwhenpinched-offfromsource,and concentricthrustfaultslocalisedatthediapirshoulders.(FromDavisoneta!.,2000)



Norway

Danish

Norwegian Basin NorwegianCentral TroughStudyArea

South VikingGraben

Norwegian Danish Basin

Ringkobing -FynHigh

Mid-North SeaHigh

Argyll Horst

Legend

|PrincipalTriassicBasins
||IntraBasinHighs |JurassicBasins _

|HPrincipalJurassicBasins /inheritedPalaeozoicLineation

ChalkGroupoilfields

Figure2.19:LocationoftheNorwegianCentralTroughstudyarea,a)PrincipalstructuralelementsoftheNorthSeaPermian-Cretaceous grabensystem(FromErratteta!.,1999).b)Thestudyareaisdefinedbythespatialextentofseismicdataavailabletothisproject(After MegsonandTygesen,2005;PetroleumExplorationSocietyofGreatBritain,2007)
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Figure2.20:CaledonianOrogenyinNWEurope.TheCaledonianOrogenyisassociatedwithclosureofthelapetusOceanandtheTornquist Seaandinvolvedthree-wayconvergencebetweenLaurentia,BalticaandAvalonia.(FromCowardeta!.,2003)



Figure2.21:CaledonianandVariscanbasementinNWEurope.Deepseismicreflectionsurveyshavebeenshotinattempttoconstrainthe sub-sealocationsoftheCaledoniansutures.(AfterGlennieandUnderhill,1998;Cowardetat.,2003)
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Figure2.22:LocationofPermianSedimentarybasinsinNWEurope(AfterStewartandClark,1999;Cowardeta!.,2003)
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Figure2.23:ComparisonoftheLatePermianZechsteindevelopmentoftheNorthernandSouthernPermianBasins.HaliteandAnhydritearethetwo mostabundantsaltswithintheZechsteinGroup.Anhydriteisrelativelyimmobilecomparedwithhalite,andthelatteristheprimarycomponentof theShearwaterSaltFormation.(FromGlennieeta!.,2003)
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Figure2.24:ThetectonicallyinvertedbasinsofWesternEurope.(AfterZiegler,1990;NielsenandHansen,2000)
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Figure2.26:PalaeotectonicreconstructionsofNWEurope(FromCowardetal.,2003)
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Figure2.28:SummaryillustrationofthemajorPermiantoRecenttectoniceventsaffectingWesternEurope.(AfterZiegler,1990; GlennieandUnderhill,1998)



Figure3.1:Spatialextentofseismicreflectiondatausedinthisstudy.Thedatacomprisetwopartiallyoverlappingsurveys(blackrectangles).Red outlineshowstheactualareaofseismiccoverage.Smallgreyboxesareregionswithnoseismiccoveragewithinthestudiedarea;interpretation acrosstheseareaswasbyinterpolation.Dottedblacklinesareinternationalboundarylines.Thereare43wellsintheprojectdatabase.



Figure3.2:Generalisedstratigraphic columnforsedimentsoftheNorwegian CentralTrough(afterErrattetal.,1999)
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Figure3.3:Time-Depthdatafor43wellsintheNorwegianCentralTrough(blue).Thewelldataextendto-4300msec(5200m)buthavebeen extrapolatedto6000msecfordepthconversion.Seetextfordiscussion.



Figure4.1:Keytosectionsdisplayedinchapter4
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Figure 4.2a: Seismic cross section A-A'. Vertical scale is in TWTT but approximates to

Relief over crest of Zechstein salt diapir may be attributed
to: either salt uplift (e.g. due to Cenozoic compressional
squeezing); to differential compaction effects; or to both
processes. The contribution from differential compaction

has been modelled in Ch5 (see figure 5.2).
There is a thick lid of locally elevated strata above the

diapir, capped by pronounced onlap onto the top
Hordaland surface, rather than a gradual upward

reduction in fold amplitude. There is also the suggestion
of thinning in the neck of the salt diapir, with upward-

rotated onlaps of adjacent sediments. These observations
suggest Cenozoic compressional squeezing has occurred

(see figure 2.18).

1/3-5

two times vertical exaggeration.

top Hordaland

0

3

Reflections above top Humber are less asymmetric. They
are typically concordant and indicative of passive infill not

a thermally subsiding basin.

The Zechstein diapir (Breiflabb South) is situated above a sub-salt extensional
fault. From this single line interpretation it is not possible to determine whether the
diapir's location is controlled by this fault, nor the extent to which the interpreted
fault offset is real as opposed to being an artefact of velocity differences between
the salt and non-salt layers. 3D interpretation has enabled the fault-salt relationship

to be examined more thoroughly (see section 4.3.3 for discussion).

Asymmetric infill between top Zechstein and top Humber,
with sediment thickness in the hangingwall increasing
towards the fault. This is a syn-rift geometry that dates

extensional growth on the fault to the post-Zechstein, pre-
Cromer Knoll (i.e. Triassic and Jurassic) interval.
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locally elevated strata above the salt crest, suggestive of
salt uplift. Prominent onlaps have been labelled within the
Hordalancf and Nordatand-Groupsr the ttming difference
with respect to the diapir in figure 4.2a is likely only partly

top Hordaiand explained by data uncertainty (see image above).

Figure 4.2b: Seismic cross section B-B'. The localized Lower Cretaceous thick on the NE part of the section
(labelled) is attributed to the collapse of a salt wall dividing two Triassic minibasins, creating accommodation

space at this time (see also figure 2.12).

At Albuskjell a Lower Cretaceous thick forms a
structural high andjs capped by-an Upper

Cretaceous and Cenozoic section that is thinner than

the*regional average, i his is indicative of Late"
Cretaceous- Early Cenozoic uplift (see figure 5.17

and Ch5 text for discussion).

Localized Lower Cretaceous thick



Figure 4.2c: Seismic cross section C-C'. Tommeliten Gamma and Ekofisk labels mark the locations of Chalk Group oil (and gas) fields.
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Piggvar fault: forms Eastern
margin to the Feda Graben (see

figure 4.3 for summary of
structural framework, as
established by this study)

I
ELDFISK

■_""" top Hordaland
The elevation of top Chalk strata at the Lindesnes Ridge,

and further East near 2/8-2, can be attributed to the
presence of underlying salt.

Lindesnes Ridge. The amount of salt
beneath this ridge varies along its
strike. Fault and salt interaction at the
Lindesnes Ridae is studied in more

Figure 4.2d: Seismic cross section D-D'
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Fold due to compression on the

Piggvar fault, along with some salt
withdrawal below

Figure 4.2e: Seismic cross section E-E'. Shows the location of two timeslices through the ga3d93 survey posted in figure 2.16



Salt presence in the basin has led to
greater structural amplitudes and shorten
wavelengths than might otherwise have

been observed (e.g. SE)

top Chalk

Cromer Knoll

Feda West diapir

1/9-2

Figure 4.2f: Seismic cross section F-F'

TOMMELITEN ALPHA ' -----

top Hordaland

No clear evidence for rotated

onlaps in the Late Cretaceous
to top Hordaland section

Local thicks attributed to the

infilling of Lower Cretaceous
accommodation space by salt

withdrawal at this time

Salt thins to SE (onto Grensen Nose):
interpreted as non-deposition on Permian

structural high. (Compare with salt
absence on Piggvar Terrace in figure 4.2e)

Localized extension over salt diapir
attributed to crestal collapse; a

mechanism for collapse would be the
cessation of Genozoio Gompressiorv
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Late Cretaceous structural high at
Albuskjell, first encountered on

figure 4.2b, and considered further
in Ch5 (see figure 5.17)

ALBUSKJELL

top Hordaland

Salt thins onto Grensen
Nose (as figure 4.2f)

:: FotrHffterpreted as the result of
compression on the Hidra Fault, with

some salt movement at depth

Figure 4.2g: Seismic cross section G-G'
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Figure 4.2h: Seismic cross section H-H'
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Figure 4.2i: Seismic cross section l-l'
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times: there was no later creation of accommodation space
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Figure 4.3: Top Rotliegend Group TWTT horizon map. The top Rotliegend surface is offset by faults, as shown. The basin depocentre is laterally restricted in the SE, where it is
bounded by the large offset NNW-SSE trending Skrubbe, Piggvar and Mandal faults. Elsewhere in the Norwegian Central Trough fault throws are much less and fault orientations

more variable.
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Figure 4.9: Top Cromer Knoll Group TWTT horizon map (50ms contour interval). Pink blobs are salt structures that pierce the top Cromer Knoll surface.



Figure4.10:TopHumbertoTopCromerKnoll(CromerKnollGroup)isochronmap.Saltpiercementsareshadedpink.
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Figure 4.11: Top Chalk Group TWTT horizon map (50ms contour interval). Pink blobs are salt structures that pierce the top Chalk surface.



Figure4.12:TopCromerKnolltoTopChalk(ChalkGroup)isochronmap.Saltpiercementsareshadedpink.



Figure 4.13: Top Rogaland Group TWTT horizon map (50ms contour interval). Pink blobs are salt structures that pierce the top Rogaland surface.



Figure4.14:TopChalktoTopRogaland(RogalandGroup)isochronmap.Saltpiercementsareshadedpink.



Figure 4.15: Top Hordaland Group TWTT horizon map (50ms contour interval)



Figure4.16:TopRogalandtoTopHordaland(HordalandGroup)isochronmap.Saltpiercementsareshadedpink.



Figure4.17:Timeslicesthroughpartofthega3d93survey,a)LocationofthetimeslicearearelativetotheTopChalkGroupTWTTmap(figure4.11). b)Timesliceat2828msec(intersectsmainlylowerHordalandreflections),c)Timesliceat3250msec(intersectsmainlyChalkGroup
reflections).SaltpiercementsandtheMandalfaultarevisibleonbothslices.Theshallowersliceshowssecondorderdiscontinuitiesnotseeninthe deeperslice:thesefeatures,seenmostclearlyoverthePiggvarTerrace,areinterpretedaspolygonalfaultsandareattributedtothedewateringofshales associatedwithrapiddepositionoftheHordalandsection.



CompressionalStyleObservationsExample Faultingunrelated tosaltmobility (Salt-absentinversion)
•Haliteabsent,orpresentbut isopachous;nodetachmenteffect onfaults •Contractionaloffsetonafault thatisinnetextensionatdepth •Upliftedsyn-riftsedimentwedge •Monoclinalfoldingofoverburden (post-rift)

Examplemodifiedfromsection4.2e(seealsofigures2.1,2.2)QnlapjfasshQwnwQuldda,eup|jftgs earlyCenozoic,andindicatestopChalk

l0pChalk*̂palaeobathymetnch.gh lopCramerKnnll-Faultshallowsneartinwhereithasareverse topHumber"—offset(footwallcut-off,e.g.figure2.4) ./-Upliftedsyn-riftsedimentwedgecauses yasymmetryofthefold
top7--lCS;s-..—//N. "T^iitlHijiMid"—jf 7̂eohsteinsaltispresentInoallyhutdoesnot ——/detachthefaultintosupra-andsub-saltsections

Saltmovement unrelatedtofault movement
(Saltmobilityin responseto compression)

•Saltstructurespresent,with rotatedonlapsagainstthesalt body.Thisisindicativeofsalt movement,butnotnecessarily compression •Thicklidofupdomedstrataover thesaltbody •Thinningintheneckofthesalt body

Examplefromsection4.2b(seealsofigure2.18)
topHordaiand_" Thicklidofupdomedstrataoversaltbody attributedtocompression

—Rotatedonlapsareindicativeofsaltmovement duringsedimentation(maybeduetocompression)
topChalk

topP.romefknoll toHuberv.—Thinnedneck,attributedtosqueezingundertopy___compressionalstressregimetopZechstein topKotliegend\

Faultandsalt movement (Salt-influenced inversion)

•Saltstructurespresent,with geometriesoftenthree- dimensionallycomplex(ratherthan simplediapirsorsaltwalls) •Upliftedsyn-riftsedimentwedge, spatiallyrelatedtomajorsub-salt fault/s •Haliteactingasfaultdetachment layer •Foldingofoverburden(post-rift)
Examplefromsection4.2c

topChalk

—' v.
topHumber topZechstein' —jI TopToTT^r;"zjJj

^Erosionaltruncationbelowandonlapabove surfaceindicatesgrowthofstructureatthetime ofdepositionofthissurface(LateCretaceous)
—■—Upliftedsyn-riftsedimentwedge.Thewedge

~ mayhaveformedduetoearliersaltwall collapseratherthanriftingsensustricto,but thekeyobservationisthatthewedgehasbeen upliftedsubsequently)
—Halitethickadjacenttomajor(topRotliegend) faultwhichhasbothsupra-saltandsub-salt

V—components.

Figure5.1:Seismiccriteriaforrecognitionofanddiscriminationbetweencompressionalstructuralstylesinthesalt-proneNorwegianCentralTrough
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Early Cretaceous sedimentation is at least partially attributed to
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Figure 5.2: Structural restoration of seismic cross section A-A' (figure 4.2a) using 2dmove. Vertical and horizontal
scales are equal.

The effects of compaction and isostasy, and faulting have been modelled for progressively older time steps.
Parameters for decompaction and isostatic adjustment are recorded in the legend and justified in section 3.6. The
same values were used for all shown restorations. Model layers are named and coloured according to their upper

surface (a seismically mapped horizon). The (3 (stretching) factor records the amount of extension at top
Rotliegend level since late Permian times. It is not possible to measure any shortening because the magnitude of

that shortening is significantly less than the magnitude of extension, and may have been substantially
accommodated by salt movement. 'Original' Zechstein thickness was calculated under the assumptions of

constant area (no salt movement perpendicular to the plane of section) and uniform initial thickness.
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Figure 5.3: Structural restoration of seismic cross section C-C' (figure 4.2c) using 2dmove. Vertical and horizontal
scales are equal.

The effects of compaction and isostasy, and faulting have been modelled for progressively older time steps.
Legend records the parameters used for decompaction and isostatic adjustment. The (3 factor indicates 2.6% net

extension since end Permian, and an original Zechstein thickness of 410m was calculated.
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Figure 5.4: Structural restoration of seismic cross section E-E' (figure 4.2e) using 2dmove. Vertical and horizontal
scales are equal.

The effects of compaction and isostasy, and faulting have been modelled for progressively older time steps.
Legend records the parameters used for decompaction and isostatic adjustment. The [3 factor indicates 12.2% net
extension since end Permian, including a small but measurable component attributed to the Early Cretaceous
(assuming the Early Cretaceous asymmetric infill was due to extension rather than salt withdrawal). An original

Zechstein thickness of 225m was calculated.
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Figure 5.5: Structural restoration of seismic cross section G-G' (figure 4.2g) using 2dmove. Vertical and
horizontal scales are equal.

The effects of compaction and isostasy, and faulting have been modelled for progressively older time steps.
Legend records the parameters used for decompaction and isostatic adjustment. The p factor indicates 12.9% net

extension since end Permian, and an original Zechstein thickness of 275m was calculated.
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Figure 5.6: Structural restoration of seismic cross section l-l' (figure 4.2i) using 2dmove. Vertical and horizontal
scales are equal.

The effects of compaction and isostasy, and faulting have been modelled for progressively older time steps.
Legend records the parameters used for decompaction and isostatic adjustment. The (3 factor indicates 2.7% net

extension since end Permian, and an original Zechstein thickness of 330m was calculated.



Figure5.7:Keytosectionsdiscussedinchapter5.Section3C3C'isshowninchapter4,assectionEE'



top Rogaland
top Chalk
top Hod Fm
top Cromer Knoll
top Humber

top Zechstein
top Rotliegend

top Hordaland

End Albian reconstruction

Early Cretaceous syn-rift
(predates compression)

Offset on the reverse fault, and asymmetry of the domed
sequence, is most pronounced where salt is least involved

Discrete doming within the top Rogaland to top Hordaland interval
interpreted as an Eocene-Oligocene pulse of compressional uplift

2/5-1

Offset on the reverse fault, and asymmetry of the domed
sequence, is less pronounced where salt is most involved

^ ^

Salt thick adjacent to fault,
but low in amplitude relative

to present day

Regional tilting

Figure 5.8: Serial sections 2A2A', 2B2B', 2C2C', and 2D2D'. The top Chalk high
is the structural trap for the Tor field and has been drilled at 2/5-1.

Geometries within the Chalk Group vary in relation to the underlying fault
and presence of Zechstein halite. Moving westwards from section 2A2A' to
2D2D', salt involvement increases, Chalk Group onlaps become more

pronounced and occur at later times. Vertical scale in TWTT corresponds
approximately to two times vertical exaggeration.

Salt thick with associated End Albian relief (justified by onlaps onto this surface
in the present day section), but iow in amplitude relative to present day



Lindesnes Ridge

top Zechsteiri
Skrubbe fault Piggvar fau

Figure 5.9: Section 3A3A'

Early Cretaceous salt withdrawal beneath Lower Cretaceous thick; major phase of salt withdrawal
into the hangingwall diapir at this time. Subsequent topography over salt diapir due to combination

of: differential compaction; salt squeeze and consequent uplift; and tectonic inversion

Locus of maximum graben extension moves eastwards
(towards the Piggvar fault) at the time associated with this

unconformity (assumed Late Jurassic given its location within
the post-Permian, pre-Cretaceous sediment pile)

Minor inversion of Early Cretaceous infill due to
I Late Cretaceous contractional reactivation of

earlier normal fault (Piggvar fault)

Onlap within Late Cretaceous section (Santonian/
v Campanian); compressive pulse at this time

Onlap within post-Palaeocene to Mid-Miocene
section (-Late Eocene/ Early Oligocene);

compressive pulse at this time

Pattern of onlap onto the Mid-Miocene unconformity is
'regionally consistent, indicative of a basin-wide down-to-the-
east rotation rather than a pattern of localised onlap over the
top Chalk highs, which would indicate a compressive pulse

top Hordaland

top Rogaland
top Chalk
top Hod Fm
top Humber
top Rotliegend
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Lindesnes Ridge (not shown)

2/9-1

Upper Cretaceous onlaps onto
structural high in the immediate
hanging wall to the Skrubbe
Fault, especially within the top
Hod to top Chatk (npper) part of

the Chalk Group
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top Hordaland

Absence of saLLfrom the Piggvar
Terrace due to halite removal (erosion/
dissolution) rather than non-deposition

(see also figure ■ top Rogaland
top Chalk
top Hod Fm
top Humber
top Rotliegend

In the case of salt absence, relief at top
Chalk is lower, with the fold axis more

closely aligned to the underlying fault axis

Figure 5.10: Serial section 3B3B'. In the case of salt absence from the immediate hangingwall to the Skrubbe fault, top Chalk
geometries can be predicted to be lower in amplitude, and more asymmetric.

Less thickness variation in the pre-
Chalk section because no salt

movements: this translates into less
structural variety in the post-salt section

d
Postulated appearance of Lindesnes Ridge in the case of salt
absence from the immediate hangingwall to the Skrubbe fault



Area of salt present in the hangingwall to the Skrubbe Fault
differs significantly from that in sections 3A3A' and 3B3B'
(figures 5.9 and 5.10). Geometry at top Chalk also differs
markedly. Along strike variability in salt involvement at the

Skrubbe Fault is examined in figure 5.16.
Harpoon-shaped geometry of the top Cromer
Knoll is indicative of Cretaceous compression

top Hordaland

top Rogaland
top Chalk
top Hod Fm
top Humber
top Rotliegend

Figure 5.11: Serial section 3D3D'. Relative absence of salt against the Skrubbe fault coincides with low top Chalk relief on the Lindesnes Ridge



2/7-9

Salt presence in the immediate hangingwall to the Skrubbe
fault is minimal (compared with figures 5.9 and 5.10). A

candidate explanation is salt withdrawal into the Mode diapir.

top Hordaland

top Rogaland
top Chalk
top Hod Fm
top Humber
top Rotliegend

Faults within Hordaland sediments
Iso observed away from salt high,

but geometries differ here.

Figure 5.12: Serial section 3E3E'. Caption illustrates pattern of faulting in lowermost Rogaland
sediments over crest of salt structure.

Concordant reflections SW of the

Piggvar fault, rotated by withdrawal of
salt into diapir to NE.

Strong impedance contrast associated
with top Rotliegend surface



- top Hordaland

top Rogaland
top Chalk
top Hod Fm
top Humber
top Rotliegend

0 km 5

Figure 5.13: Serial section 3F3F'. Caption illustrates quality of cnsmerge seismic data on which
interpretation of salt-fault interaction beneath the Lindesnes Ridge is based.

Post-Zechstein, pre-Cretaceous
sediments rotated byTriassic-Jurassic

salt movements



2/7-19R 2/7-15

top CromerKnoll

top Zechstein

Piggvar faultSkrubbe faul

Figure 5.14: Serial section 3G3G'. Caption illustrates quality of cnsmerge seismic data on which
interpretation of salt-fault interaction beneath the Lindesnes Ridge is based.

Strong impedance contrast associated
with top Rotliegend surface

That concordant reflections can be traced towards
the SW almost to the Skrubbe Fault indicates an

absence of salt in much of the hangingwall

Break in reflection continuity!
defines fault location

Lindesnes Ridge

top Hordaland

top Rogaland
top Chalk
top Hod Fm
top Humber
top Rotliegend



top Hordaland

top Roqaland
top Chalk
top Hod Fm
;op Humber ,

op Cromer Knoll

top Zechstein
top Rotliegend

Break in reflection continuity
defines fault location

Figure 5.15: Serial section 3H3H'. Caption illustrates quality of cnsmerge seismic data on which
interpretation of salt-fault interaction beneath the Lindesnes Ridge is based.

■ Seismic transparency due to salt presence in hangingwall to Skrubbe fault. The
fault position has been interpreted from detailed 3D mapping. (While there is

positional uncertainty on any given section, this uncertainty reduces significantly
when individual interpretations are iteratively adjusted.)

Strong impedance contrast associated
with top Rotliegend surface



DistancealongSkrubbeFault,NorthfromlocalityA/km
Figure5.16:Along-strikevariabilityinfaultdisplacement(blue)andsalt-involvement(pink)attheSkrubbefault(LindesnesRidge)andhow theseparametersinfluencetopChalkGrouprelief(green).Along-strikevariationsinsaltpresenceaffectstructuralgeometriesandfault displacement-lengthprofiles.Seetextfordiscussion.



2/4-9 1/6-1 1/6-3 T3

End Albian reconstruction

Cretaceous section

4B 4B' 4C 4C'

Fold amplitude highest
where underlying salt

structure has greatest relief
top Hordaland

top Rogaland
top Chalk
top Hod Fm

top Cromer Knoll
top Humber

top Zechstein
top Rotliegend

0 km 5

Figure 5.17: Serial sections 4A4A', 4B4B' and 4C4C'. The top Chalk
high that has been drilled in each section corresponds to the

Albuskjell oilfield. The observed geometry in 4B4B' is
interpreted to be an inverted graben; the graben most likely
formed in response to an Early Cretaceous phase of salt
withdrawal/ salt wall collapse (see also figure 4.2b).

Vertical scale in TWTT corresponds approximately to two times
vertical exaggeration.

Symmetric fold over
symmetric graben
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structural styles related to Late
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Figure 5.18: Summary map shows locations where structural inversion has been identified in the Norwegian Central Trough. The areas exhibiting compression are superimposed
onto the Zechstein isochron (as figure 4.5) and the top Rotliegend fault interpretation (figure 4.3).



|JLandmasses
IICarbonatedeposition I1Siliciclasticdeposition Daniancoastline

]NorwegianCentralTroughstudyarea

Figure6.1:IllustrationofChalkGroupdepositioninNWEurope.Eustaticsealevelriseandassociatedmarinetransgressionseverelyrestricted clasticinputtotheNorthSeaarea,givingrisetoathicksequenceofmostlypelagicmarinedeposits.Chalkthicknesseswereasmuchas2kminthe basininterior.(AfterSurlyketal2003)



O4080120
Figure6.2:DetailedstratigraphiccolumnfortheChalkGroup.Seismicreflectiondata(redispositiveamplitude,blacknegative),gammaray(GR)and sonic(DT)logsignaturesarefromwell2/7-15.ThescalefortheGRisAPIunits,andthescalefortheDTismicroseconds/ft.LowerGRvaluesare indicativeoflowershalecontent.LowerDTvalues(higherintervalvelocities)areindicativeoflowerporosities,butcanbestronglyinfluencedbyother factorssuchasfluidpressureandfracturing(Rider,2000).TheeustaticsealevelcurvesarebasedonHaqeta!.,1988andbiostratigraphic constraintsarethosedefinedbyBramwelleta!.,1999.



Minorterrigeneousclayandsilica

*BiogenicDebris
Slowaccumulationofchalkonseafloor

AUTOCHTHONOUS

ALLOCHTHONOUSresedimentation

LithofaciesType
Non-Deposition and/orErosion Cementationand Burrowing/Boring

I

Sandyturbidity current

SlowDeposition Burrowing

SlowDeposition

-3v>_i~ ~—

Dilutemuddyturbidity current

HOMOGENEOUS ARGILLACEOUS LAMINATED BURROWED

,1j,yV

HARDGROUND CONGLOMERATIC DEFORMED

DISTRIBUTIONOFLITHOFACIES

Figure6.3:SummaryillustrationoftherelationshipbetweenChalkGrouplithofaciesanddepositionalenvironment.Greyscaleshadinghighlightsthe environmentsassociatedwithaparticularlithofaciestype;darkershadesindicateastrongerassociation.(AfterSurlyk,1979;Bramwelletat.,1999)



Figure6.4:SedimentarystructureswithintheChalkGroup,asphotographedatEtretat,Normandy,a)Chalk'mounds'anderosivechannelfeatures, b)Reversefaultinlithifiedchalk,withassociatedsoft-sedimentreworkingintheoverlyingstrata,c)Soft-sedimentdeformationwithinahorizontallybeddedsequence,d)Slumpfoldwithinanapparentlyhorizontallybeddedsequence.
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Figure6.5:IntroductiontotheNorwegianCentralTroughChalkGroupoilfields,a)LocationofChalkGroupoilfieldsintheCentralNorthSea.b)Chalkfieldsof theNorwegianCentralTrough,c)ProductiondatafromChalkfieldsreferredtointhisstudy(DatafromtheNorwegianPetroleumDirectorate,2007)
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Thin deposits along the emerging Lindesnes
Ridge (thinnest to the south); allochthonous
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Figure 6.7: Time thickness map for the Maastrichtian to Early Palaeocene section of the Chalk Group (Tor and Ekofisk Formations), annotated to show allochthonous chalk movements off
the uplifting Lindesnes Ridge and into the NE Feda Graben. Top Chalk salt piercements (pink) are superimposed on to the figure. There are thick Tor and Ekofisk sequences immediately

adjacent to some of the diapirs (e.g. Trud) and these thicks are indicative of salt movements (withdrawal and squeezing) synchronous with Tor and Ekofisk Formation deposition.



Figure6.8:TypesoffractureobservedinChalkcorea)TectonicfracturesfromEldfiskfieldwell2/7-18Ab)Stylolite-associated fracturesfromEldfiskfieldwell2/7-13B(ImagescourtesyofConocoPhillips)



Radial fracture

_ ^ ^ _ . ~ ^-Concentric (typically axis-parallel) fractures
Monocline axis
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of interpretation on the ga3d93 data
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F-'igure 6.9: Top Chalk Group dip-azimuth map and accompanying annotations.
a) Dip-azimuth map. See text for discussion. Salt structures that pierce the top Chalk surface are shown in pink, and areas
without data are shown in blue, b) The sub-salt fault network (from figure 4.3); top Chalk relief is related to these lineaments,
but is also affected by the distribution of salt structures, c) Idealised pattern of radial and concentric tectonic fractures predicted
for an inversion monocline (e.g. Breiflabb Basin localities) d) Pattern of radial and concentric tectonic fractures predicted for the
crest of a salt diapir (e.g. West Feda Graben localities). Fracture patterns associated with the Lindesnes Ridge are most likely

include combinations of types in c) and d)



Figure7.1:LocationmapoftheUintaMountains,NEUtah/NWColorado(ModifiedfromGregsonandChure,2003).Inadditiontothemajor(named) tectoniclineamentstherearenumerousminorfaultsandassociatedmonoclines,including;Islandpark(IP),MittenPark(MP),Yampa,WolfCreek (WC),WillowCreek(WLC)andRangely.BoreholeconstraintshavebeenderivedfromtheHusky7-3ClayBasinwell(HCB),theMcMoran-Freeport43- 2Awell(MMF),theChamplin31-19BearSpringswell(CBS),theARCOWillowCreek#1well(AWC)andtheCelsius1CliffRidgewell(CCR).Reddot showslocationoffigure7.4andredboxshowslocationoftheSouthflankstudyarea,asillustratedinfigure7.5.SectionA-A'isshowninfigure7.3.



System

RockUnit

Thickness

Neogene

Alluvial-graveldeposits
Variable

Oligocene

BishopConglomerate
Variable

Eocene Palaeocene
GreenRiverFmn/UintaFmn DuchesneRiverFmn WasatchFmn

Variable upto 1,500m

Cretaceous

Mesaverdegroup ManeosShale FrontierSst MowryShale DakotaSst
CedarMountainFmn

20m

MorrisonFmn

300m

Jurassic

Stunp/Entrada/CamelFmns
100m

glenCanyonSst

200m

Triassic

ChinleFmn

80m

MoenkopiFmn

200m

Permian

ParkCityFmn

20m

WeberSst

300m

Pennsylvanian
MorganFmn

200m

RoundValley1st

100m

Mississippian
DoughnutShale/HumbugFmn
80m

Madison1st

200m

Cambrian

LodoreFmn

180m >5,000m

Proterozoic
UintaMountaingroup
(basenot exposed)

Figure7.2:SimplifiedstratigraphiccolumnfortheEasternUinta Mountains.CambriantoJurassicstratigraphicthicknessesare appropriatefortheareaoftheSouthernflankshowninfigure7.5and
arebasedonfieldobservationsanddatafromHansenetat.(1983)and GregsonandErslev(1997).SignificantthicknessesofCretaceousand youngerdepositsareexposedintheUintaBasintothesouthofthe studiedarea(e.g.HefnerandBarrow,1992)



a)

GreenRiverBasin »iUinta-Sparks Fault,

EasternUintaMountains
Wolf

YampaCreek FaultFault

Altitude /km

Willow_ CreekRangely FaultOilfield

b) TopMesaverdeGroup TopCedarMtnFmn TopChlnleFmn
TopWeberSstFmn TopHumbugFmn

TopUintaMountainGroup
Figure7.3:North-SouthcrosssectionthroughtheEasternUintaMountains(longitude108°52'30").a)ThePrecambriansynriftwasinvertedduringLateCretaceoustoEarlyTertiarythick-skinned'Laramide'compression.Thelarge-scalegeometryoftheSouthernflankisconstrainedbyseismic data,suchasthatfromtheRangelyoilfield.(AfterHansen1986)b)Rangely:thelargestoilfieldintheRockyMountainregion(cumulativeoil production>1,000MMBO).Aninversion-inducedstructuraltrap,comprisingadoubly-plunging,south-verginghangingwallanticlineaboveanorth- dippingthrustfault.Verticalexaggerationis2.5.TheNorthflankdipsat-4°andtheSouthflankatupto30°.(AfterStone1989)



Figure7.4:TheUintaFaultdefinesthenorthernmarginoftheUintaMountainsuplift.ItisvisibleinoutcropatSheepCreekcanyon (locationshowninfigure7.1).QuartzitesofthePrecambrianUintaMountainGrouparejuxtaposedagainstlimestoneandcross-bedded sandstonesoftheMississippianMadisonLimestoneFormation,a)Schematicillustrationofthestructuralposition,b)Photographofthe UintaFaultviewedtowardstheWNWacrossSheepCreekcanyon,c)Fieldsketchclarifyingthecharacterofoverturninproximitytothe Uintafault.Theareaoutsidethephotographwasnotvisiblefromasinglevantagepointduetoobstructionbytreesatthebaseofthe canyon



Figure7.5:AerialviewofthesouthernUintasstudyarea(locationshowninfigure7.1).ThemapisannotatedtoshowthespatialextentofPalaeozoic outcrop,ofwhichthemajorconstituentisaeoliansandstoneofthePennsylvanianWeberFormation.SM=SplitMountain,RP=RuplePoint,IP=Island Park,MP=MittenPark,CR=CliffRidge,BM=BlueMountain,WC=WolfCreek,andSC=SkullCreek.Thefold,faultandfracturecharacteristicsofthe areawereexaminedalongthefourtransectslabelledB-B',C-C',D-D'andE-E'.



Red-Rock/Ruple-Pointmonocline

MittenParkmonocline
MittenParkFault

yampamonocline
Green

River

Figure7.6:AerialphotographoflocalityF,viewedtowardsthesouthwest.Themonoclinalcharacteroffoldingisclearlyvisible.Atriverlevel,the MittenParkfaultjuxtaposesPennsylvanianRoundValleyLimestoneagainstquartzitesofthePrecambrianUintaMountainGroup,butthisoffset passesintoamonoclineinthecliffs200mabovetheriver.(PhotographobtainedcourtesyofWilliamMitchum)
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Figure 7.7: Serial cross sections through forced folds of the southern Uinta Mountains. The pronounced variability in fold amplitude and
geometry is attributed to major lateral (along-strike ) variations in fault throw. An outcrop photograph of the Mitten Park faulted monocline (red

box in section EE') is shown in figure 7.8.
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Figure7.8:OutcropphotographoftheMittenParkfaultedmonocline(localityF),viewedtowardsthenortheast(comparewithfigure 7.6).Seetextfordiscussion.Riverraftersforscale.
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Figure 7.9: Fracture and bedding orientation data as measured from outcrops
within the SE Uintas study area. Strike and dip data were collected for bedding

(red), joints (black), and deformation bands (blue). The number of
measurements at each fracture locality is shown (n). Measurements are

tabulated in Appendix 2. See text for discussion.
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Figure7.10:LocationmapandfieldphotographofChalkinoutcrop,SouthDorset,a)SimplifiedgeologicalmapoftheChaldon Downarea,showingtheextentofcoastaloutcropofChalkandthelocationofthestudyarea,b)Near-verticaldippingexposures oftheUpperChalkGroup,lookingWestfromDurdleDoor.



Figure7.11:MesoscalefracturepatternsintheChalkGroupofSwyreHead,Dorset.VerticalBeddinghereisdefinedbyflints. Fracturesoccurasaconjugateset.



b)

Figure7.12:MesoscalefracturepatternsintheChalk GroupofBat'sHead,Dorset.
a)Bat'sHeadpicturedfromtheEast.Hikersforscale b)Fractureinterpretation(AfterBevan,1985)

c)Schematicillustrationofthestressconditions affectingtheChalksofSwyreandBat'sHeads



Figure8.1:SummaryillustrationofthemajorPermiantoRecenttectoniceventsaffectingWesternEurope,includingtimingsandrelativeintensityof halokinesisandinversiontectonicsintheNorwegianCentralTrough.1)Triassicminibasinformation2)ActivediapirismduringLateJurassicrifting3) Continuedgrowthofsaltstructuresthroughpassivedownbuilding4)SaltmovementsassociatedwithUpperCretaceouscompression5)Salt movementsassociatedwithCenozoiccompression;squeezingofdiapirs6)Sedimentationoutpacesgrowthbypassivedownbuilding7)Late CretaceousinversioninitiatesduringTuronian-Santonian;peaksduringMaastrichtian-EarliestPalaeocene8)Cenozoiccompression
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Classic'harpoon'shapedinversionmonoclines.Theinverted faultsmaybeaccompaniedbydevelopmentofshort-cut thrusts,asobservedintheUintas(e.g.MittenParkfault),but notintheNorwegianCentralTrough.

Uplifttendstobebroaderandgreaterinamplitudewherea saltthickissituatedbeneathaninvertinghangingwall

Figure8.2:Influenceofhaliteontectonicinversiongeometry.Thepresenceofhalitewithinagrabeninfillsequencewillaffecttheresponseofthat grabentosubsequentcompression.



Pre-inversionPost-inversion
a)Thelocationofbasementfaultsgovernswhetherasaltwallis preservedinthehangingwallorfootwall

Coverfaulthard- linkedtobasement

Saltthickin hangingwall

e.g.figure5.8(section2A2A') BB' e.g.figure5.9(section3A3A') beneathwell2/8-14T2

Coverfaultsoft-linked tobasement

Saltthickinfootwall

Figure8.3:Schematicillustrationofhowthelocationofsaltthicksinrelationtofaultlineamentsinfluencesthestructuralstyleduringcompression. (Figurea)ismodifiedfromStewartetat.,1996)


