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Newfeaturesof the Common-Reflection-SurfaceStack
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ABSTRACT

TheCommon-Refection-Surface(CRS)stack is macro-modelindependentseismicre-
flectionimaging methodthat providesa simulatedzero-offset(ZO) sectionaswell as
kinematicwavefieldattributesfrom2-D multi-coverage data. Theunderlyingtheory,
theimplementationstrategy, andapplicationsof themethodwerethoroughlydiscussed
in the preceedingannualreports. However, the pragmaticsearch strategy described
in thesereportsassignsonly oneoptimumstackingoperator to each ZO sampleto be
simulated.Consequently, in caseof intersectingevents,thisapproach onlyimagesand
characterizesthemostprominenteventinsteadof all contributingevents.To overcome
this limitation, we introducean extendedCRSstack methodthat allows to consider
conflictingdip situations.Combinedwith an improvedhandlingof stacking velocity
constraints, theextendedmethodis bettersuitedto attenuatemultiplesandto reveal
andcharacterizeprimaryeventsformerlyobscuredbymultiples.Each eventcontribut-
ing to a particular ZO sampleis now separatelystackedand describedby meansof
its associatedwavefieldattributes.Thus,theinterferenceof intersectingeventscanbe
simulatedto obtaina morerealisticZOsectionasinput for subsequentpost-stack pro-
cessing. Furthermore, thewavefieldattributesassociatedwith aneventare nowmore
contiguousalongtheevent,evenif theeventinterfereswith an intersectingevent.This
providesa more completeand reliable basisfor a multitudeof applicationsof the
wavefieldattributeslike, e.g., an approximatetimemigration or a layer-basedinver-
sionof thedepthmodel.Wepresentanddiscusssomeof thefirst resultsobtainedwith
theextendedCRSstack strategy.

INTRODUCTION

The CRS stackmethod(Müller, 1998,1999) simulatesa ZO sectionby summing
alongstackingsurfacesin the multi-coveragedata. The stackingoperatoris an ap-
proximationof the kinematicreflectionresponseof a curved interfacein a laterally
inhomogeneousmedium. Threekinematicattributesassociatedwith wavefrontsof
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two hypotheticaleigenwave experimentsaretheparametersof thestackingoperator.
Coherency analysesalongvariousteststackingoperatorsareperformedfor eachpar-
ticular ZO sampleto be simulated. The stackingoperator(and its threeassociated
wavefieldattributes)yieldingthehighestcoherency is usedto performtheactualstack.

Unfortunately, not only oneeventmight contributeto a particularZO sample,but
differenteventsmayintersectat theconsideredZO location.In caseof bow-tie struc-
tures,aneventwill evenintersectitself. To properlysimulateaZO sectionundersuch
conditions,it is no longersufficient to consideronly onestackingoperatorfor each
ZO sample,but wehaveto determineseparatestackingoperatorsfor eachcontributing
event(or segmentof a bow-tie structure).Thefinal stackresultcanbeconstructedas
asuperpositionof thecontributionsof all separatestackingoperators.

Figure 1a shows a detail of a simulatedZO sectionwith a bow-tie structureas
obtainedby theCRSstackwithoutconsiderationof conflictingdips.Theinterference
of thebow-tie segmentsis incorrectlysimulated.Thelessprominentbow-tie segment
is suppressedat theintersectionpointandthusbrokeninto two parts.

ThemodeledZO sectionof thesyntheticdatasetusedfor this exampleis shown
in Figure1b. As expected,thebow-tie segmentsinterfereandthesectiondifferssig-
nificantly from theZO sectionsimulatedby meansof theCRSstack(Figure1a). An
idealCRSstackalgorithmshouldyield theZO sectionof Figure1bratherthanthatof
Figure1a.
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Figure1: a) Detail of a simulatedZO sectionfor asyntheticdataset.Conflictingdips
arenot consideredin this applicationof theCRSstack,thereforethesteeperbow-tie
segmentis broken insteadof interferingwith the flat bow-tie segment. b) Detail of
themodeledZO sectionof thesyntheticdatasetusedasinput for theresultshown in
subfigurea). Theinterferenceof theintersectingbow-tie segmentsis clearlyvisible.
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Thelackof coherentenergy alongthesteeperbow-tie segmentwill causeashadow
zonein a subsequentpost-stackmigration. Furthermore,no wavefield attributesfor
this segmentareavailable in the region of intersection.Suchgapsin the wavefield
attribute sectionswill causedifficulties in subsequentapplicationsof the attributes.
Thisis illustratedin Figure2 for arealdataset:thisfigureshowsadetailof awavefield
attribute basedapproximatetime migration(Mann et al., 2000)without (Figure2a)
andwith (Figure2b) consideringconflictingdips. In theformercase,somereflection
eventsarebrokendueto themissingwavefieldattributes.
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Figure2: Detailsof awavefieldattributebasedapproximatetimemigrationgenerated
a) with themostprominenteventonly, b) with up to threeconflictingdips.Thearrow
indicatesa reflectorsegmentthatis brokenin theformercase.

PRAGMATIC SEARCH STRATEGY

To be ableto follow the pragmaticapproachof (Müller, 1998),let us briefly review
sometheoreticalaspectsof the CRSstack: we usea hyperbolicsecondorderrepre-
sentationof theCRSstackingoperatorwhichcanbederivedby meansof paraxialray
theory(Schleicheret al., 1993;Tygel et al., 1997).Threeindependentparametersare
usedto accountfor thelocalpropertiesof thesubsurfaceinterfaces:theangleof emer-
gence� of thenormalrayandthetwo radii of curvature��� and �����	� associatedwith
two hypotheticaleigenwave experiments(seee.g. (Mannet al., 1999)).Thestacking
operatorreads 
	�������������� ��
	�����! #"%$ �& � �����(')���*�	+ �

� � 
	�-,/.  � �& � 0 �1���)'2���*� ���� � � ����3�	�54 �
(1)
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wherethehalf-offsetbetweensourceandreceiver is denotedby
�
, and

���
denotesthe

midpointbetweensourceandreceiver. Theonly requiredmodelparameteris thenear
surfacevelocity & � . Therespective sampleof theZO traceto besimulatedis defined
by
�1
	�/�#���*�

.

TheCRSstackconsistsof a measureof thecoherency of themulti-coveragedata
alongall operatorsgivenby Equation(1) for any possiblecombinationof valuesof � ,���3�6� , and ��� within aspecifiedtestrange.

In principle,we have to determinetheglobalmaximumanda setof local maxima
of thecoherency measurein thethree-parametricattributedomain.However, eventhe
determinationof theglobalmaximumturnsout to be too time consumingin a three-
parametricsearchstrategy. Therefore,wecannotexpectto beableto detectadditional
localmaximain thisway.

(Müller, 1998) proposedto split the three-parametricproblem into three one-
parametricsearchesandan optional three-parametriclocal optimizationasdepicted
in thefollowing simplifiedflowchart:

multi-coveragedata7
automaticCMPstack7 & ��8:9 ZO section

7
calculate�����	� ;< searchesfor � and ���7 �����	� � and ��� 7

optionaloptimizationandstackwith multi-coveragedata

Thefirst searchstepof this pragmaticapproachis anautomaticCMP stack. The
searchparameteris thestackingvelocity & ��8:9 which canbewritten in termsof the
CRSwavefieldattributesas & ���8:9 �=� & � ���3�	�
	��,/.  � � > (2)

Thenext two searchstepsareappliedto theCMPstackedsection.Thesearchparame-
tersare � and ��� . Theformeris thenusedto calculate�����	� by meansof formula(2).
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Figure3: Coherency measureplot-
ted versus the tested angles of
emergenceof the normalray. Dis-
tinct localmaximacanbeobserved,
althoughconflicting dips have not
beenconsideredin the preceeding
step.
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CONFLICTING DIPS

This three-stepstrategy hasto bemodifiedif conflictingdipsareto becorrectlytaken
into account. Unfortunately, in spiteof the angle-dependenceof & ��8:9 , we cannot
rely on the first stepto separateeventswith differentemergenceanglesbecausethe
associatedstackingvelocitiesmight be similar or even identical. Furthermore,the
signof theemergenceangle� cannotbedeterminedby meansof Equation(2).

However, it is possibleto detecteventswith different emergenceanglesin the
secondstepin theCMP stackedsection,althoughthesehave not beencorrectlytaken
into accountby the preceedingautomaticCMP stack. This is indicatedby Figure3,
which wasobtainedfrom a realdataexample.For a givenpoint in theZO sectionto
besimulatedthecoherency valuesareplottedversusthetestedemergenceangles.We
observethreedistinctlocalmaximawhicharepotentialcandidatesfor conflictingdips.

We have computedthe“anglespectrum”depictedin Figure3 for a deep-offshore
dataset. At the consideredZO location,two diffraction patterns(at �@? '-ACBCD

and�E? �CF D , respectively) andaweakreflectionevent(at �E?�G � D ) intersecteachother.

Dueto theaboveobservations,thethree-stepapproachcanbeeasilyextendedsuch
asto detectconflictingeventswith differentemergenceangles.However, the calcu-
lation of �����	� from � and & ��8:9 accordingto Equation(2) is no longer possible,
because,in general,we will detectmorethanoneangleof emergencebut only one
valuefor thestackingvelocity & ��8:9 . Consequently, theapproachhasto beadapted
to accountfor this fact. An additionalsearchprocedurefor eachradiusof curvature
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�IHKJML�3�6� correspondingto eachconflictingdip � HKJML becomesnecessary.

Unfortunately, �IHNJOL���	� canbe determinedneitherin the CMP stacked sectionnor
in the original CMP gathers. According to the stackingoperator(1), �IHKJML�3�	� hasno
influencein the ZO section

�P�Q�RBC�
, andin the CMP gather

�1���S�T���*�
, �IHNJML���	� and� HKJML cannotbeseparated.To solve this problem,we proposeto performtheadditional

searchfor �IHKJML�3�6� in anothersubsetof themulti-coveragedata,namelyin thecommon-
shot/common-receiver (CS/CR)gather. This gatheris definedby thecondition U ���V'�WB UX?YU � U . A simplifiedflowchartof thisstrategy isdepictedin thefollowingflowchart:

multi-coveragedata7
automaticCMPstack7

ZO section

searchesfor � HNJOL and �IHNJML�7 � HNJML and � HKJML�
searchfor � HKJML���	� in CS/CRgather7 � HNJOL , � HKJML���	� , and ��� HKJML

optionaloptimizationandstackwith multi-coveragedata

Theindex Z denotesthedifferenteventsdetectedfor oneandthesameZO sample.If
only oneevent for a particularZO sampleis detected,we canstill usethepragmatic
schemewithout the explicit searchfor �IHKJML�3�6� . Otherwise,the automaticCMP stack
only serves to provide a simulatedZO sectionin which � HNJML and � HKJML� canbe easily
detected,whereasthestackingvelocity is not explicitly usedanymore.

Theadditionalone-parametricsearchfor �IHKJML�3�	� is almostidenticalasthe already
implementedsearchfor �IHNJOL� . Thus, a new algorithm to perform this searchis not
required.

The determinationof the emergenceanglesis basedon an approximationof the
CRSoperator(1) for ��� �\[^]

in the ZO section
�1���_�`���*�

. This implies that
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we arelooking for planewavesemerging at thesurface.This assumptiononly holds
in a relatively small aperturearoundthe emergencelocationof the normal ray. As
a consequence,the numberof contributing tracesis small andthe algorithmusually
tendsto detectemergenceangleswhicharerelatedto artifactsin thedataratherthanto
actualevents,too. Suchcasescanbeeasilyidentifiedandeliminatedin thesubsequent
searchfor ��� , becausethis searchwill yield very low coherency valuesfor “wrong”
emergenceanglesassociatedwith smallplaneartifacts.

STACKING VELOCITY CONSTRAINTS

Thefirst stepof theCRSstackapproach,theautomaticCMP stack,is very similar to
theconventionalCMPstackmethod.Consequently, multipleswith moveoutsdifferent
from themoveoutsof neighboringprimaryeventscanbeattenuatedin theCRSstack
by applyingstackingvelocityconstraints.

For theCRSstack,this approachwasalreadyintroducedandappliedby (Müller,
1999). However, it is not sufficient to simply restrict the rangeof testedstacking
velocitiesandto selectthestackingvelocityyieldingthehighestcoherencevalue.The
stackingvelocity detectedin this way might be locatedat the margin of the tested
range. In general,sucha value doesnot correspondto an actualmaximumin the
velocityspectrumandyieldsmisleadingresults.

We improvedthehandlingof stackingvelocityconstraintsby addinganautomatic
analysisof thevelocityspectrum.By meansof thisanalysis,we determinethelargest
local maximuminside the testedvelocity range. This leadsto a smootherstacking
velocitysectionandabetterattenuationof themultiples.

Returningto theflowchartsof theCRSstackmethod,we observe that two of the
wavefield attributes, � and ��� , aredeterminedin the resultof the automaticCMP
stackwhich no longer provides any information aboutoffset-dependentmoveouts.
Unfortunately, anattenuatedmultiple in theCMP stackresultmight still be themost
prominentevent (at leastlocally). Consequently, only the combinationof stacking
velocityconstraintsandconflictingdip handlingenablesusto detect,stack,andchar-
acterizepotentialprimaryeventsobscuredby multiples.

Fromourpointof view, thisstrategy is notintendedfor anefficientremovalof mul-
tiples,but asanpossibilityto increasetheprobabilityto successfullydetectobscured
primary events. The multiples will still be containedin the results,but conflicting
primaryeventswill mostlikely bepreferred.
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Figure4: Resultof theunconstrainedautomaticCMPstack.Multiplesof thesea-floor
andtheBSRareclearlyvisible.

FIRST RESULTS

We appliedthe extendedCRSstackstrategy for the very first time to a marinedata
setacquiredoffshoreCostaRica.Thesedatawereacquiredandprovidedby theBun-
desanstaltfür GeowissenschaftenundRohstoffe, Hannover, Germany. Thecomplete
results—asetof 62 outputsections—gofar beyond the scopeof this paper. There-
fore,wefocusonsomesmallsubsetsof theresultsto illustratetheeffectsof thenewly
introducedfeatures.

Theprocesseddatahaveasamplingrateof 4msandaCDPbin distanceof 6.25m.
The maximumfold in the CMP gathersis 49. As first processingstepwe applied
an automaticCMP stackwith very weakstackingvelocity constraints.The result is
shown in Figure4. Weobservestrongmultiplesof thesea-flooraswell asof theBSR
beneathit. The multiplescanalsoeasilybe identifiedin the correspondingstacking
velocitysection(notshown).

We picked a setof traveltimesslightly above the multiplesto setup a very sim-
ple modelof stackingvelocity constraintsin a way that watervelocity is no longer
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Figure5: Resultof the constrainedautomaticCMP stack. The multiplesof the sea-
floor andtheBSRaresignificantlyattenuated.

allowedin thevicinity of themultiples.As canbeseenin Figure5, themultiplesare
significantlyattenuatedin thenow constrainedautomaticCMP stack. This increases
theprobabilityto detectprimaryeventsat theselocations.

In the next processingstep,our aim is to detectconflicting dip situationsin the
resultof theconstrainedautomaticCMPstack.For this taskwehave to automatically
analyzecoherencespectraof thekind shown in Figure3. Thisrequiresthedefinitionof
asetof thresholdsto detectadiscretenumberof contributingevents.For thisexample,
conflictingdipswereacceptedif themostprominenteventreachesa semblancevalue
of 0.6andthelocalmaximareach40%of theglobalmaximum.As aby-productof this
step,wereceiveamapwith thenumberof detectedconflictingevents(notdisplayed).

To briefly illustratethe effect of the conflicting dip handling,detailsof the final
stackresultandtheemergenceanglesectionsareshown in Figure6. At locationswere
only oneevent hasbeendetected,the emergenceanglefor the secondcontributing
event (Figure6d) is replacedby theangleassociatedwith thefirst (and,in this case,
only) event.Thispreservesthespatialcontext of thisattributesection,whichotherwise
wouldbeonly sparselycoveredwith values.
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Figure6: Detailsof theCRSstackresults:a) optimizedCRSstacksection,c) andd)
emergenceanglesof thefirst andseconddetectedcontributingevents,b) differenceof
theemergenceanglesshown in c) andd).

The steepevent in the centerof the figuresintersectsseveral conflicting events,
e.g.,theplateboundaryin thelower left. Dependingon thechosenthresholdsfor the
identificationof conflicting dip situations,the intersectingeventsweredetectedand
characterized.Thiscanbeseenbestin Figure6bwith thedifferenceof theemergence
anglesin subfiguresc andd.

Although the multitude of (actually only sparselycovered)attribute sectionsis
difficult to visualize,we caneasilymake full useof themto simulatethe final ZO
sectionincludingtheinterferenceof intersectingevents.Furthermore,theapproximate
time migrationincludedin thecurrentimplementationhandlesall contributingevents
separately. In contrast,theconventionalpost-stacktimemigrationis notableto resolve
suchambiguitiesasits inputonly containsthesuperpositionof all contributingevents.
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We would like to stressthat our proposedapproachto handleconflictingdip sit-
uationssignificantly differs from the DMO method: insteadof summingalong an
operatorto collectall contributionsfor all potentialdips,we detectandcharacterize
a discretenumberof contributing events. Consequently, our approachprovidesad-
ditional wavefield attributesfor subsequentapplications,whereasDMO correctsthe
stackresultbut doesnotprovideany additionalinformation.

CONCLUSIONS

The pragmaticapproachof (Müller, 1998)to performa ZO simulationby meansof
theCRSstackmethodcanbeadaptedto alsoaccountfor theconflictingdip problem.
An additionalone-parametricsearchis requiredto resolve ambiguitiesintroducedby
differenteventscontributing to oneandthesameZO sampleto besimulated.

Theconsiderationof conflictingdipsis necessaryto obtaina morephysicalsimu-
lationof aZO section:thesimulatedinterferenceof intersectingeventsis closerto the
resultof anactualZO measurement.

In additionto theimprovedsimulatedZO section,theextendedCRSstackstrategy
providesthreekinematicwavefieldattributesfor eachparticularevent,evenif it inter-
sectsoneor moreotherevents(or its own bow-tie segments).Subsequentapplications
of thesewavefield attributes(e.g., an inversionof the macro-velocity model,calcu-
lation of Fresnelzonesetc.) benefitfrom this fact, becauseotherwisethe wavefield
attributesin thegapsbetween“broken” eventsegmentswouldhave to beinterpolated.

Togetherwith an improvedstrategy to considerstackingvelocity constraints,the
extendedCRSstackstrategy is alsobettersuitedto detectandcharacterizeprimary
eventsformerlyobscuredby multiples.

The first resultsobtainedwith the extendedCRSstackstrategy demonstratethat
the newly introducedfeaturesprovide a morerealisticsimulatedZO sectionaswell
asa morecompletesetof wavefield attributesfor subsequentapplications.We feel
thatamoreadequateselectionof theprocessingparameters,especiallyconcerningthe
thresholdsusedto identify conflictingdip situations,will furtherimprovetheresults.

As final remarkwe would like to indicatethat the new CRSstackreleasewhich
includesall newly introducedfeaturesisavailablefor downloadontheWIT homepage.
Wewouldstronglyappreciateany feedbackconcerningtheinstallationandapplication
of thiscode.
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Mann,J., Jäger, R., Müller, T., Höcht,G., andHubral,P., 1999,Common-reflection-
surfacestack- a realdataexample:J.Appl. Geoph.,42, no.3,4,301–318.

Mann, J., Hubral, P., Traub,B., Gerst,A., andMeyer, H., 2000,Macro-ModelIn-
dependentApproximative PrestackTime Migration: 62th Mtg. Eur. Assoc.Expl.
Geophys.,ExtendedAbstracts.

Müller, T., 1998, Common Reflection Surface Stack versus NMO/STACK and
NMO/DMO/STACK: 60thMtg. Eur. Assoc.Expl. Geophys.,ExtendedAbstracts.

Müller, T., 1999,Thecommonreflectionsurfacestack- seismicimagingwithout ex-
plicit knowledgeof thevelocitymodel:DerAndereVerlag,BadIburg.

Schleicher, J.,Tygel,M., andHubral,P., 1993,Parabolicandhyperbolicparaxialtwo-
point traveltimesin 3D media:Geophys.Prosp.,41, no.4, 495–514.

Tygel, M., Müller, T., Hubral, P., andSchleicher, J., 1997,Eigenwave basedmulti-
parametertraveltimeexpansions:67thAnnualInternat.Mtg., Soc.Expl. Geophys.,
ExpandedAbstracts,1770–1773.


