WavelnversionTechnolagy, ReportNo. 4, pages7-19

New featuresof the Common-Reflection-SurfaceStack
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ABSTRACT

TheCommon-Refection-Surfa@ERS)stadk is macio-modelindependenseismicre-
flectionimaging methodthat providesa simulatedzeio-offset(ZO) sectionas well as
kinematicwavefieldattributesfrom 2-D multi-coverage data. Theunderlyingtheory
theimplementatiorstrategy, andapplicationsof themethodwvere thoroughlydiscussed
in the preceedingannualreports. However, the pragmaticseach strategy described
in thesereportsassignsonly oneoptimumstadking operator to ead ZO sampleto be
simulated.Consequent|yn caseof intersectingevents thisapproad onlyimagesand
characterizeghemostprominenteventinsteadof all contributing events.To overcome
this limitation, we introducean extendedCRSstadk methodthat allows to consider
conflictingdip situations. Combinedwith an improved handling of staking velocity
constaints, the extendedmethodis bettersuitedto attenuatemultiplesandto reveal
andcharacterizeprimary eventsformerlyobscuedby multiples.Ead eventcontribut-
ing to a particular ZO sampleis now sepaately stadked and describedby meansof
its associatedvavefieldattributes.Thus,theinterferenceof intersectingeventscanbe
simulatedo obtaina more realisticZO sectionasinputfor subsequergost-sta& pro-
cessing Furthermoe, thewavefieldattributesassociatedvith an eventare nowmore
contiguousalongtheevent,evenif theeventinterfereswith anintersectingevent. This
providesa more completeand reliable basisfor a multitude of applicationsof the
wavefieldattributeslike, e. g., an approximatetime migration or a layer-basedinver-
sionof thedepthmodel.We presentanddiscusssomeof thefirst resultsobtainedwith
theextendedCR Sstad strategy.

INTRODUCTION

The CRS stackmethod(Miller, 1998, 1999) simulatesa ZO sectionby summing
along stackingsurfacesin the multi-coveragedata. The stackingoperatoris an ap-
proximationof the kinematicreflectionresponsef a curved interfacein a laterally
inhomogeneousedium. Threekinematicattributesassociatedvith wavefronts of
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two hypotheticakigenvave experimentsarethe parametersf the stackingoperator
Cohereng analyseslongvariousteststackingoperatorsare performedfor eachpar
ticular ZO sampleto be simulated. The stackingoperator(andits threeassociated
wavefieldattributes)yieldingthehighesicohereng is usedio performtheactualstack.

Unfortunately not only oneeventmight contribute to a particularZO sample but
differenteventsmayintersectat the consideredO location. In caseof bow-tie struc-
tures,aneventwill evenintersecitself. To properlysimulatea ZO sectionundersuch
conditions,it is no longersuficient to consideronly one stackingoperatorfor each
Z0O sampleput we have to determineseparatestackingoperatorgor eachcontrikuting
event(or segmentof a bow-tie structure).Thefinal stackresultcanbe constructedas
asuperpositiorof the contributionsof all separatetackingoperators.

Figure 1a shows a detail of a simulatedZO sectionwith a bow-tie structureas
obtainedby the CRSstackwithout consideratiorof conflictingdips. Theinterference
of thebow-tie segmentss incorrectlysimulated.Thelessprominentbow-tie sggment
is suppressedttheintersectiorpointandthusbrokeninto two parts.

The modeledZO sectionof the syntheticdatasetusedfor this exampleis shovn
in Figurelb As expectedthe bow-tie segmentsinterfereandthe sectiondiffers sig-
nificantly from the ZO sectionsimulatedoy meansof the CRSstack(Figurela). An
ideal CRSstackalgorithmshouldyield the ZO sectionof Figurelb ratherthanthatof
Figurela.
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Figurel: a) Detail of a simulatedZO sectionfor a syntheticdataset. Conflictingdips
arenot consideredn this applicationof the CRS stack,thereforethe steepetbow-tie
segmentis broken insteadof interferingwith the flat bow-tie segment. b) Detail of
themodeledZO sectionof the syntheticdatasetusedasinput for theresultshavn in
subfigurea). Theinterferenceof theintersectingoow-tie segmentss clearlyvisible.



Thelackof coherentenegy alongthe steepebow-tie sgmentwill causeashadev
zonein a subsequenpost-stackmigration. Furthermore no wavefield attributesfor
this segmentare availablein the region of intersection. Suchgapsin the wavefield
attribute sectionswill causedifficultiesin subsequenapplicationsof the attributes.
Thisis illustratedin Figure2 for arealdataset:thisfigureshavsadetailof awavefield
attribute basedapproximateime migration (Mann et al., 2000) without (Figure 2a)
andwith (Figure2b) consideringconflictingdips. In the formercase somereflection
eventsarebrokendueto the missingwavefield attributes.
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Figure2: Detailsof awavefield attribute basedapproximatdime migrationgenerated
a) with the mostprominenteventonly, b) with up to threeconflictingdips. Thearrow
indicatesareflectorsggmentthatis brokenin theformercase.

PRAGMATIC SEARCH STRATEGY

To be ableto follow the pragmaticapproachof (Muller, 1998),let us briefly review

sometheoreticalaspectf the CRS stack: we usea hyperbolicsecondorderrepre-
sentatiorof the CRSstackingoperatowhich canbe derivedby meansof paraxialray
theory(Schleicheretal., 1993;Tygel etal., 1997). Threeindependenparameterare
usedto accounfor thelocal propertieof thesubsuraceinterfacestheangleof emer

gencex of thenormalray andthetwo radii of curvature Ry and Ry rp associatedvith

two hypotheticakigenvave experimentgseee.g. (Mannetal., 1999)). The stacking
operatoreads
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wherethe half-offsetbetweersourceandreceveris denoteddy h, andz,, denoteghe
midpointbetweersourceandrecever. Theonly requiredmodelparameters the near
surfacevelocity vy. Therespectre sampleof the ZO traceto be simulatedis defined

by (t(), .CE()).

The CRSstackconsistsof a measuref the cohereng of the multi-coveragedata
alongall operatorgyivenby Equation(1) for any possiblecombinationof valuesof a,
Ryrp, and Ry within aspecifiedestrange.

In principle,we have to determinethe globalmaximumanda setof local maxima
of thecohereng measuren thethree-parametriattribute domain.However, eventhe
determinatiorof the global maximumturnsout to betoo time consumingn a three-
parametricsearclstratgy. Thereforewe cannotexpectto beableto detectadditional
local maximain this way.

(Muller, 1998) proposedto split the three-parametriprobleminto three one-
parametricsearchesnd an optionalthree-parametritocal optimizationas depicted
in thefollowing simplifiedflowchart:
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optionaloptimizationandstackwith multi-coveragedata

Thefirst searchstepof this pragmaticapproachs an automaticCMP stack. The
searchparameters the stackingvelocity vx 0 Which canbe written in termsof the
CRSwavefieldattributesas

2 _ 2w Ryrp
UNmo =

(2)

to cos?a

Thenext two searclstepsareappliedto the CMP stacledsection.Thesearctparame-
tersarea andRy. Theformeris thenusedto calculateR y;» by meansof formula(2).
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CONFLICTING DIPS

Thisthree-stestratgy hasto be modifiedif conflictingdipsareto be correctlytaken
into account. Unfortunately in spite of the angle-dependence&f vy 0, We cannot
rely on the first stepto separateventswith differentemepgenceanglesbecausehe
associatedtackingvelocitiesmight be similar or even identical. Furthermore the
signof theemegenceanglea cannotbe determinedy meanof Equation(2).

However, it is possibleto detecteventswith differentemegenceanglesin the
secondstepin the CMP stacled section althoughthesehave not beencorrectlytaken
into accountby the preceedingautomaticCMP stack. This is indicatedby Figure 3,
which wasobtainedfrom a real dataexample. For a given pointin the ZO sectionto
be simulatedthe cohereng valuesareplottedversushetestedemegenceangles.We
obsenethreedistinctlocal maximawhicharepotentialcandidate$or conflictingdips.

We have computedhe “angle spectrum”depictedn Figure 3 for a deep-ofshore
dataset. At the consideredZO location,two diffraction patterns(at o ~ —30° and
a = 25°, respectrely) andaweakreflectionevent(ata ~ 12°) intersecteachother

Dueto theabore obsenations thethree-ste@pproaclktanbeeasilyextendedsuch
asto detectconflicting eventswith differentemepgenceangles. However, the calcu-
lation of Ry p from o andwvyao accordingto Equation(2) is no longer possible,
becausein general,we will detectmorethanoneangleof emegencebut only one
valuefor the stackingvelocity vy 0. Consequentlythe approachhasto be adapted
to accountfor this fact. An additionalsearchprocedurdor eachradiusof curvature
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RY. , correspondingo eachconflictingdip o(® becomesecessary

Unfortunately R%)IP canbe determinedneitherin the CMP stacled sectionnor
in the original CMP gathers. Accordingto the stackingoperator(1), Rgf,)lp hasno
influencein the ZO section(h = 0), andin the CMP gather(z,, = z), R%)IP and
o) cannotbe separatedTo solve this problem,we proposeo performthe additional
searchfor R%)IP in anothersubsebf the multi-coveragedata,namelyin thecommon-
shot/common-receer (CS/CR)gather This gatheris definedby the condition|z,, —
z0| = |h|. A simplifiedflowchartof thisstrategy is depictedn thefollowing flowchart:

multi-coveragedata
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Theindex : denoteghe differenteventsdetectedor oneandthe sameZO sample.If
only oneeventfor a particularZO sampleis detectede canstill usethe pragmatic
schemewithout the explicit searchfor Rgf,)lp. Otherwise the automaticCMP stack
only senesto provide a simulatedZO sectionin which o and RS@) canbe easily
detectedyhereaghe stackingvelocityis not explicitly usedanymore.

The additionalone-parametrisearchfor R%)IP is almostidenticalasthe already
implementedsearchfor RS@). Thus, a new algorithmto performthis searchis not
required.

The determinatiorof the emegenceanglesis basedon an approximationof the
CRSoperator(1) for Ry = +oo in the ZO section(z,, = xy). This implies that
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we arelooking for planewavesemeging at the surface. This assumptioronly holds
in a relatively small aperturearoundthe emepgencelocation of the normalray. As
a consequencdhe numberof contrituting tracesis small andthe algorithmusually
tendsto detectemegenceangleswhicharerelatedto artifactsin thedataratherthanto
actualeventstoo. Suchcasexanbeeasilyidentifiedandeliminatedn thesubsequent
searchfor Ry, becausehis searchwill yield very low cohereng valuesfor “wrong”
emepgenceanglesassociateavith smallplaneartifacts.

STACKING VELOCITY CONSTRAINTS

Thefirst stepof the CRSstackapproachthe automaticCMP stack,is very similar to
thecorventionalCMP stackmethod.Consequentlymultipleswith moveoutsdifferent
from the moveoutsof neighboringprimary eventscanbe attenuatedn the CRSstack
by applyingstackingvelocity constraints.

For the CRSstack,this approachwasalreadyintroducedandappliedby (Muller,
1999). However, it is not sufficient to simply restrictthe rangeof testedstacking
velocitiesandto selectthe stackingvelocity yielding the highestcoherencealue. The
stackingvelocity detectedn this way might be locatedat the magin of the tested
range. In general,sucha value doesnot correspondo an actualmaximumin the
velocity spectrumandyields misleadingresults.

We improvedthe handlingof stackingvelocity constraintdy addinganautomatic
analysisof the velocity spectrum By meansof this analysiswe determinghelargest
local maximuminside the testedvelocity range. This leadsto a smootherstacking
velocity sectionanda betterattenuatiorof the multiples.

Returningto the flowchartsof the CRSstackmethod,we obsenre thattwo of the
wavefield attributes,a and Ry, are determinedn the resultof the automaticCMP
stackwhich no longer provides ary information about offset-dependenmoveouts.
Unfortunately an attenuateanultiple in the CMP stackresultmight still be the most
prominentevent (at leastlocally). Consequentlyonly the combinationof stacking
velocity constraintsand conflictingdip handlingenablesisto detect stack,andchar
acterizepotentialprimary eventsobscuredy multiples.

Fromourpointof view, thisstratgy is notintendedor anefficientremoval of mul-
tiples, but asanpossibility to increasehe probability to successfullydetectobscured
primary events. The multipleswill still be containedin the results,but conflicting
primaryeventswill mostlikely be preferred.
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Figure4: Resultof theunconstrainedutomaticCMP stack.Multiples of the sea-floor
andtheBSRareclearlyvisible.

FIRST RESULTS

We appliedthe extendedCRS stackstratagy for the very first time to a marinedata
setacquiredoffshoreCostaRica. Thesedatawereacquiredandprovided by the Bun-

desanstaltir Geavissenschaftennd Rohstofe, Hannwer, Germary. The complete
results—asetof 62 outputsections—gdar beyond the scopeof this paper There-
fore,wefocuson somesmallsubset®f theresultsto illustratethe effectsof the newly

introducedeatures.

Theprocessedatahave a samplingrateof 4 msanda CDPbin distanceof 6.25m.
The maximumfold in the CMP gathersis 49. As first processingstepwe applied
an automaticCMP stackwith very weak stackingvelocity constraints.The resultis
shavnin Figure4. We obsene strongmultiplesof the sea-flooraswell asof theBSR
beneatht. The multiplescanalsoeasilybe identifiedin the correspondingtacking
velocity section(notshawvn).

We picked a setof traveltimesslightly above the multiplesto setup a very sim-
ple modelof stackingvelocity constraintsn a way that water velocity is no longer
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Figure5: Resultof the constrainecautomaticCMP stack. The multiplesof the sea-
floor andthe BSR aresignificantlyattenuated.

allowedin thevicinity of the multiples. As canbe seenin Figure5, the multiplesare
significantlyattenuatedn the now constrainecautomaticCMP stack. This increases
the probabilityto detectprimaryeventsat theselocations.

In the next processingstep,our aim is to detectconflicting dip situationsin the
resultof the constraineciutomaticCMP stack.For this taskwe have to automatically
analyzecoherencepectraof thekind shavnin Figure3. Thisrequireghedefinitionof
asetof thresholddo detecta discretenumberof contrituting events.For thisexample,
conflictingdipswereacceptedf the mostprominenteventreaches semblancealue
of 0.6andthelocalmaximareach40%of theglobalmaximum.As aby-producbf this
step,we receve amapwith the numberof detectectonflictingevents(notdisplayed).

To briefly illustrate the effect of the conflicting dip handling,detailsof the final
stackresultandtheemepgenceanglesectionsaareshavnin Figure6. At locationswere
only one event hasbeendetectedthe emegenceanglefor the secondcontributing
event(Figure6d) is replacedby the angleassociatedavith the first (and,in this case,
only) event. Thispreseresthespatialcontext of this attributesectionwhich otherwise
would beonly sparselycoveredwith values.
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Figure6: Detailsof the CRSstackresults:a) optimizedCRSstacksection,c) andd)
emegenceanglesof thefirst andseconddetectedontributing events,b) differenceof
theemepgenceanglesshown in c) andd).

The steepeventin the centerof the figuresintersectsseveral conflicting events,
e.g.,the plateboundaryin thelower left. Dependingon the choserthresholdgor the
identificationof conflicting dip situations,the intersectingeventswere detectedand
characterizedThis canbe seerbestin Figure6b with thedifferenceof theemepgence
anglesn subfigures andd.

Although the multitude of (actually only sparselycovered)attribute sectionsis
difficult to visualize,we can easily make full useof themto simulatethe final ZO
sectionincludingtheinterferencef intersectingevents.Furthermoretheapproximate
time migrationincludedin the currentimplementatiorhandlesall contrikuting events
separatelyln contrastthecorventionalpost-stackime migrationis notableto resohe
suchambiguitiesasits inputonly containghe superpositiorof all contriluting events.
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We would lik e to stressthat our proposedapproacho handleconflicting dip sit-
uationssignificantly differs from the DMO method: insteadof summingalong an
operatorto collectall contributionsfor all potentialdips, we detectandcharacterize
a discrete numberof contrituting events. Consequentlyour approachprovidesad-
ditional wavefield attributesfor subsequenépplicationswhereasDMO correctsthe
stackresultbut doesnot provide ary additionalinformation.

CONCLUSIONS

The pragmaticapproachof (Muller, 1998)to performa ZO simulationby meansof
the CRSstackmethodcanbe adaptedo alsoaccountfor the conflictingdip problem.
An additionalone-parametrisearchs requiredto resole ambiguitiesintroducedby
differenteventscontributing to oneandthe sameZO sampleto be simulated.

The consideratiorof conflictingdipsis necessaryo obtaina morephysicalsimu-
lation of aZO section:thesimulatednterferenceof intersectingaventsis closerto the
resultof anactualZO measurement.

In additionto theimprovedsimulatedZO sectiontheextendedCRSstackstratgy
providesthreekinematicwavefield attributesfor eachparticularevent,evenif it inter-
sectsoneor moreotherevents(or its own bow-tie segments).Subsequerdpplications
of thesewavefield attributes(e.g., an inversionof the macro-\elocity model, calcu-
lation of Fresnelzonesetc.) benefitfrom this fact, becausetherwisethe wavefield
attributesin thegapsbetweeribroken” eventsegmentswvould have to beinterpolated.

Togethemwith animproved stratgy to considerstackingvelocity constraintsthe
extendedCRS stackstratey is also bettersuitedto detectand characterizgprimary
eventsformerly obscuredy multiples.

Thefirst resultsobtainedwith the extendedCRS stackstratgy demonstratehat
the newly introducedfeaturesprovide a morerealisticsimulatedZO sectionaswell
asa more completesetof wavefield attributesfor subsequenapplications. We feel
thatamoreadequateelectionof the processingparametersespeciallyconcerninghe
thresholdsisedto identify conflictingdip situationswill furtherimprove theresults.

As final remarkwe would lik e to indicatethat the new CRS stackreleasewhich
includesall newly introducedeaturess availablefor downloadontheWIT homepage.
We would stronglyappreciatarny feedbaclkconcerningheinstallationandapplication
of thiscode.
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