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ABSTRACT
The velocity-depthambiguityin depthmigrationis a well known problemstemming
from several factors,suchaslimited aperture band-limitationof the sourceandthe
interplay betweenparametersof the backgroundmedium contrikuting to the non-
uniguenesof the problem.In addition, the isotropic assumptioncan causesevere
deptherrorsin the presenceof anisotroly. Theseare severe issueswhen consider
ing PPand PSimagesfrom depthmigrationwheregeologicallyequivalenthorizons
shouldbe mappedto the samedepths.The presentmethodis baseduponthe differ-
ential semblancenis t functionin angleto nd tting backgroundmodels.This re-
quiresamplitude-compensatethgle-domaircommonimage-pointgathersto be uni-
form. Depth consisteng betweenthe PP and PS depthimageis enforcedthrougha
regularizationapproactpenalizingmistie betweerkey imagedre ectorsin additionto
thedifferentialsemblancenis t function.By migration/mapdemigrationtime infor-
mationis obtainednthekey re ectorsof thePPandPSimage.Thistimeinformation,
whichis independentf thevelocity model,canbemap-migratedo reconstructhere-
ectors in depthfor a given backgroundnodelgiving an automaticway to quantify
the depthdiscrepang in the tomographicapproachAn approximatve simpli cation
useghenormal-incidencgointraysin the mapmigration. Themethodis presentedh
a general3-D framawork allowing for the useof true depthinformationsuchaswell
markersandtheinclusionof anisotropy. A stratey is presentedo retrieve all parame-
tersof atranserslyisotropicmediumwith a known symmetryaxis dependingon the
availableinformation.Thisis emplojedonanocearbottomseismiceld datasetfrom
the North Sea.

Key words: Re ection tomographygeneralizedRadontransform,differentialsem-
blancein angle,anisotroyy, corvertedwaves.

1 INTRODUCTION By a gradient-basedearchof the model space the rangeof

- L the forward scatteringoperatoris adaptedo containthe data.

Here,_we demqnstratehe useof annlhll_atorba§edﬂ|gratlon Dataarein therangeif they canbe predictedby the operator
velocity analysis(MVA), relatedto the differentialsemblance o :

(SymesandCarazzonel 991)approachonjoint PPandPSre- Annihilators detectwhetherthe dataarein the rangeof

y £z pp onjol the forward scatteringoperator(Stolk and de Hoop, 2002).

ectiondata.Themis®tfunctionassociateavith thisapproach They have their counterparin the image domain: The data

is uniquein thatit dependsmoothlyonthevelocitymodel.As

arein the rangeif the commonimage-pointgathers(CIGs)

IS cz:tmmonln MVA wte qu (Ieclitlherefectlor:jdatalt? thesmgle obtainedirom the data— parametrizedy scatteringangleand
scatteningapproximationyielding a forwardscatieringopera- azimuth— areuniform, i.e., "at andshav angle-independent

tor that,givena velocity model, mapsre ectorgo re ections.

amplitude;annihilatorsemepge asderivativeswith angle.
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As MVA typically is baseconasmallcollectionof re ec-
tions, one expectsan inherentnon-uniquenesm the inverse
problemof determiningthe velocity model.We considera ve-
locity modelto beacceptabléf there ectionsarein therange
of the forward scatteringoperatorIn this paper we searchin
the classof acceptableselocity modelsfor a modelthat not
only predictsthe PP and PSre ectionsin time, but alsoties
the PPandPSimagesof correspondinge ectorsn depth.In
this so-calledco-depthingprocess one needsto ensurethat
thePPandPSimagesndeedhave thesere ectorsn common,
whichrequiresadegreeof seismicinterpretationCo-depthing
canalsobecarriedoutwith well data.

Tradionally MVA exploits theredundang in thedataby
studyingtheresiduaimoveouton CIGs(Al-Y ahya,1989).Flat
gatherguarantea velocity modelresultingin awell-focused
(sharp)image.lmagegathersare formed from data subsets,
typically parametrizeddy offset. The differential semblance
mis®t function (Symesand Carazzone1991) measureghe
residuaimoveoutontheseClGsandquanti®eghedegreeof ®t
betweentracesby a local derivative in offset. This procedure
hasbeencarriedout by Plessixet al. (2000)and Chaurisand
Noble (2001)amongsbthers.

In the presenceof caustics,an image generatedrom
common-ofset data will, however, contain artifacts (false
re ectors). To remedy this, (surface) offset and azimuth,
parametrizinglatasubsetshave beenreplacedy the (subsur
face)scatteringangleandazimuthbetweenn- andout-going
raysat theimagepoint. In the Kirchhoff approactto seismic
inversescatteringit hasbeenproposedto usea generalized
Radontransform(GRT) to generatea setof imagesparame-
terizedby theseangles(de Hoopetal., 1994;de Hoopetal.,
1999). The GRT, here,is derived from a least-squaredata-
®tting formulationof theinversescatteringoroblem.Artif acts
dueto theformationof causticsaresuppressebly a ‘focusing
in dip' procedurgBrandsbeg-Dahl et al., 2003a),usingonly
the contrikutions to the diffraction integral that are closeto
the speculare ections Suchartifactswerenumericallystud-
ied by Brandsbeg-Dahl et al. (2003a)andanalyzedby Stolk
(2002). Annihilatorsappeatin the image domain,essentially
aslocal derivativeswith angleof CIGs, seeBrandsheg-Dahl
et al. (1991, 2003b), thus forming a differential semblance
measurdrom CIGsin angleratherthanoffset; this approach
hasbeenappliedto a®eld casestudyby Fossetal. (2003b).

In the absenceof caustics,the differential semblance
measureseemsto yield a global minimizer (Symes,1991).
This meanghattheinitial velocity modelcanbequitefarfrom
anacceptablenodel,andoptimizationwill still resultin such
an acceptablanodel. Numerical experimentscarried out by
Plessixetal. (2000)suggestisingdifferentialsemblancepti-
mizationuntil a certainrateof improvementandthenswitch-
ing to semblanceptimization(TanerandKoehler 1969).We
follow this suggestioronly in thosepartsof thevelocity model
wherewe ®ne tuneour estimateof anisotrop.

To ensurethat AVA behaior on the CIGs — associated
with a re”ectioncoef®cient or contrast-sourceadiation pat-
terns— doesnot contritute to the differentialsemblancén an-
gle, one either hasto adaptthe de®nition of the annihilator

(Fosset al., 2003a,(54-55)) or modify the amplitudefunc-
tion in the GRT inverse(Brandsheg-Dahl et al., 2003b,(11)
andbelaw) to resole oneparticularelasticparametecombi-
nation. This combinationis controlledby the contrast-source
radiationpatterns,andis illucidatedin the main text of this
paper We loosely refer to the resulting GRT as “amplitude-
compensatedigration’; the detailsof sucha processanbe
foundin Ursin (2003).1t is notedthatthe calculationof radia-
tion patternsdoesnot malke useof the mediumperturbations,
which is a consequencef the Born(-Kirchhof) approxima-
tion onwhich themigrationproceduras based.

Severalauthorshave recentlyapproachedhe problemof
joint PP and PS velocity analysis(Sollid, 2000; Stopin and
Ehinger 2001; Alerini et al., 2002; Grechkaand Tsvankin,
2002b; Broto et al., 2002; Grechkaand Tsvankin, 2002b;
Broto et al., 2003); seeHerrenschmidtet al. (2001) for a
review. The diodic natureof PSre ections(Thomsen,1999)
demands treatmenbf MVA differentfrom thatfor PPre ec-
tions.Thediodic natureis aconsequencef thefactthatPSre-
“ectionsarenon-reciprocain sourceandrecever; indeedthe
reciprocabf PSis SR It is alsoawell-known dif®culty thatim-
agesof acommongeologicalre ectorfrom PPandPSre ec-
tionsoftendonotmatchin depth.Thereareseveralreasongor
this. The velocity-depthambiguity (Stork and Clayton, 1986;
Bube, 1995; Bube al., 2002) is intimately connectedo ray
coverageandacquisitionapertureIn addition,anisotroy has
to be includedin orderto computedepth-consistenPP and
PSimagesbecausan isotropicassumptiorcan causesevere
deptherrorsin the presenceof anisotroy Artola al., 2003).
This appliesespeciallyto converted waves. And then, with
an anisotropicmedium, thereis an addedambiguity in the
interplay betweenthe different elasticparameter¢Bube and
Meadavs, 1999). Versteg (1993) shaved how continuously
smoothinga correctmodelwould recreateheimagegeomet-
rically, yet blur it. One canview theseapparentambiguities
as structuresin the manifold of acceptablevelocity models,
i.e., velocity modelsthat recreatethe data: The rangeof the
forward scatteringoperatordoesnot changesigni®cantlybe-
tweenmodelsin thismanifold. Thetying of PPandPSimages
of commonre ectorsconstrainsthe manifold of acceptable
velocity models.

PPangletomographyby meanof differentialsemblance
in angleoptimizationBrandsbeg-Dahl et al. (2003b)is here
extendedto PSre ectionsaccountingfor their diodic nature.
The key contritution of this paperis a methodologyof co-
depthingthe PP and PS CIGs in anglein the framework of
angletomographyIn practice,we focusthe tying of PPand
PSimagesn depthon prior choserkey re ectors thatarepre-
sumedto be the samebasedon geologicalgrounds.To facil-
itate the inclusion of other depthinformation, we introduce
the notion of refeencedepthfunction. This function canbe
derived from well information, if available, or from strong,
coherentre ectorson the PPimage;a PPimageusually has
superiorray coverageandhencesuperiorresolution.

To performthe tying in depthof the PPand PSre ec-
tions, we usetime horizonsobtainedfrom pairedand picked
eventsin depthon PPandPSimageshataremap-demigrated
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to time. Using map migration (Kleyn, 1977; Gjoystdal and
Ursin, 1981)of thetime horizonsfor every suggestedelocity
modelwe areableto quantify the depthmismatchin anauto-
maticway. Notice thatthetime horizonsneedonly be picked
once.Map (de)migrationcanbe usedin complex media;see
DoumaanddeHoop (2003)for detailsandreferences-or the
corverted-vave eventsthe ability to perform PS map migra-
tionis highly dependenbn how closewe areto thetruemodel
initially; hencewe have optedfor applyingthe ‘PP+PS=SS'
approachof Grechkaand Tsvankin (2002b)to corvert PSto
SSfor this purposeln this paperwe usea zero-ofsetrestric-
tion by map demigratingnormalincidencepoint (NIP) rays
(Hubral andKrey, 1980)as suggestedby Whitcombe(1994)
. For the modeconvertedwaveswe emplg a simpli®edver
sion of the 'PP+PS=SSapproachusingNIP raysto compute
approximatezero-ofsetSStraveltimedata.

The outline of the paperis asfollows. In following sec-
tion, we introducenotationand shav how to transformdata
to CIGs in scatteringangle and azimuthfor the purposeof
velocity analysis.The formulationhereis in 3-D andfollows
the presentatiorof Ursin (2003);the 2.5-D formulation and
its subletiesare presentedn Fosset al. (2003a).Then we
give abrief review of PPangletomographyBrandsbeg-Dahl
al., 2003b)andits extensionto mode-comertedwaves.In the
next sectionweintroduceour co-depthingnethodologyin the
frameawork of thedifferentialsemblancén angleoptimization
by addinga penalizingterm to the mis®t function. Thenwe
present step-wisestratgy usingthe aforementionedomog-
raphy tools to obtain valuesof a trans\erselyisotropic (TI)
mediumwith a known symmetryaxis. Although the stratgy
is presentedor a 3-D medium, we disregard the presence
of azimuthalanisotroy. Sucha mediumis equialentto a
Tl mediumwith a vertical symmetryaxis throughthe Bond
transformationgCarcione 2001).1t canbe parameterizetyy

,and . which arethe vertical P- andS-wave ve-
locitiesandthe Thomsen(1986)parametergespectiely. The
optimizationstrat@y is split into thefollowing steps:

(i) isotropicP-wave velocityanalysison PPCIGsusingdif-
ferentialsemblancén angle;

(i) isotropic S-wave velocity analysison PS CIGs using
differentialsemblancén angle,makinguseof the P-wave ve-
locity modelobtainedn (i);

(i) seismicinterpretatiorof the PPandPSimagesfor key
re ectors;map demigrationof thesere ectorsyielding time
horizons;

(iv) co-depthingof PP andPSimagesof key re ectorsto
obtainan optimalisotropic S-wave velocity model,usingthe
differentialsemblancén angleof the PPandPSCIGsasreg-
ularizer;

(v) differential semblancein angle and semblanceopti-
mization of PP and PS CIGs jointly allowing the model to
becomeanisotropic enforcingthe depthconsisteng

Several authorshave discussedhe point that,in orderto
obtaininformationonthe parameteroneeitherneedsnfor-
mationof thetruedepthof are ectorthroughwell logsor trav-
eltimesfrom raysthathave traveledat anobliqgueangle,e.qg.,
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from stronglydippingre ectorsor from large-ofsetdata(Au-
debertetal., 2001;lverseretal., 2000).In theabsencef such
information,severalapproachebave beensuggeste@Alkhali-
fahandTsvankin,1995;GrechkaandTsvankin,2002b) Here,
we malke theconvenientchoiceof setting equalto zerocon-
sideringa quasi-TIV medium.The remaining parameteis
notthetrueanisotroy parameterbut aneffective one.

Finally, we emplgy the abave methodologyon a North
Seaoceanbottom seismic(OBS) ®eld datasetto obtain®rst
a quasi-TIV velocity modelandthenall parametersf a TIV
velocity model.

2 MIGRATION TO "UNIFORM' ANGLE COMMON
IMA GE-POINT GATHERS

Dip, scattering angle, and azimuth. We considermigration
of seismicdatain a 3-D heterogeneousnisotropicelastic
medium.The geometryis shawvn in Figure 1 wherethe im-
agepointis denotedby . Sourcepositionsin
the acquisitionmanifold aredenotedby =~ andrecever po-
sitionsby  (bold fontsindicatevectors).The superscripts
and indicateassociatiorwith a ray from a sourceanda re-
cewer, respectiely. The covector is the slownessvec-
tor of the ray connectingthe sourcepoint  with the image
point evaluatedatthelatterpoint; indicategheslow-
nessalongthis ray evaluatedat the sourcelt is the projection
of ontheacquisitionmanifoldthatis detected
(via slopeestimatesjn thedata We furthermorentroducethe
phasedirection andthe phasevelocity ac-
cordingto . A similar notationis employed for
the slownessvectorrelatedquantitiesalongthe ray connect-
ing therecever with theimagepoint, namely , ,
and , aswell as and . The polarizationvector
, is de®nedin the samemannerasthatfor the slownessvec-
tor atthesourcerecever andimagepoint. The migrationdip,
, isthedirection of themi-
grationslowvnessvector .
The scatteringangle, , betweenincomingandscattered
rays,is de®nedby

at ()

for a particulardiffractionbranchaway from causticsat  or
. The scatteringazimuth, , is the angulardisplacemenof
thevector with

at 2)

The two-way traveltimefor a particulardiffraction branchas-
sociatedwith aray pathconnecting with  via is de-
notedby .

Map (de)migration. Map migration describeshow the
geometryof are ectionis mappedon the geometryof a re-
ector

at ?3)

suchthat the normal to the re ectoris given by . For a
givenvalueof thisprocessanbereversedo yield map
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demigration,
4
Map demigrationcorrespondindo the exploding re ectormodelis obtainedby setting ; thenthe recevers (at zerooffset,
) areconnectedvith there ectorssia normalincidencepoint (NIP) rays(HubralandKrey, 1980).
GeneralizedRadon transform inversion. The mediumis describedby its stiffnesstensor ( ) and

density . Theseparameteraredecomposedsa sumof a smoothpart(with superscript ) anda perturbation(with superscript

):
®)

The estimationof the smoothpart, the velocity model, is the objective of MVA while the medium perturbationscontainary
singularities(re ectors)and are found by imaging-irversion,given a velocity model. We assumenow that the perturbationsare
jumpsin the parameteracrossa smoothinterfacede®nedby the zerolevel set of afunction (deHoopandBleistein,
1997); multiple interfacesaresimply treatedwith a ®nite collectionof level-setfunctions.Theinterfacenormalis given by
. Throughoutwe usethe subscriptsummatiorconvention.
In preparatiorof migrationof seismicdatato “uniform' anglecommonimage-pointgatherswe considerthe following form
of the GRT, derivedfrom the Born approximation,

(6)

in which and , asillustratedin Figurel. This transformis a strippeddown versionof
Brandsbeag-Dahlal. (2003a,(20)) in asmuchastheradiation-patteriinversionhasbeenremoved aswell asthe contribution
to the obliquity factor (Ursin, 2003). The domainof integration over is indicatedby
andrevealstheillumination or acquisitionfootprint. Thedata correctedor amplitude phaseandtraveltimeat
agivenimagepointare(Burridgeetal., 1998,(4.2))

@)

where  denoteghebulk densityof thesmoothbackgroundwhile denoteshemulti-componentiatacorrectedor apossible
phaseshift dueto the presencef caustics,

®)

Here, denotegheHilberttransform(notethat ) while is theaccumulatedKMAH
index for theray connecting to theimagepoint andtheray connectingheimagepoint to . Furthermore, and

arethe relative geometricalspreading/Ceneny, 2001)for the recever and sourcerays, respectrely. All factorsthat
enterin (6)-(7) arecalculatedwith the aid of kinematicanddynamicray tracing.Basedon (de HoopandBleistein,1997,(37-38)),
the GRT in (6) is designedo reconstruct distribution of thetype

in which is independenof upto leadingorderasymptoticgthoughit doesdepencon ); is strictly only de®nedfor
with
Forgiven and ,let bethespeculare ectionpointwith associatedlip . For in thevicinity of this specular

re ectionpoint, we have

where isgivenby
suchthat 9)
whichis the so-calledstretchfactor(Tygelal., 1994;Ursin, 2003).We have

Resolutionanalysisassuminga band-limitedsignaturecommonfor all the sourcesthenleadsto thefactorization,
small (20)

where denotesa -family of smoothfunctionsrevealingthe acquisitionfootprintat  (deHoopandBleistein, 1997,

(94)).
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AVA compensation.Therelative contrastn the mediumparameterss formally de®nedby the “vector'

(11)

Its dimensiondependon the symmetryof the elasticmedium.For the PPandPSre ectionproblemin a TIV medium which will
betreatedn the®eld dataexample,it is of dimensions. We have assumedhat with

,where denotegshederivative with respecto thesecondargumentand denoteghelocal magnitudeof thejump
acrosghezerolevel setof . Then(deHoopandBleistein,1997,(38))

12)
where denoteghe ‘vector' of radiationpatterns
13)

Here, and arethephasevelocitiesat averagecdbverphaseanglesWereferto aslinearizedscatteringcoef®cients;
is a®lteredrealizationof , wherethe®lter is determinedy theillumination.

For theestimatiorof thesmoothlyvaryingparametersf the backgroundnedium(velocity model)we useaslightmodi®cation
of transform(6), with

(14)
is theEuclideamormof the "vector' of radiationpatternsAt speculare ectionpoints, in (12) getsreplaceddy
with
We anticipatethat is only weaklydependentn ; henceUrsin (2003)refersto (14) asamplitude-compensatedigration.
For interpretatiorandcomparisonsye alsousethe structuralimage,
(15)

Subscriptareusedto indicatewhethera currentcommonimage-poingather(14) or structuraimage(15) is computedrom PPor
PSre ections: and , respectiely.

In the presenceof caustics, asde®nedin (14) commonlygeneratesrtifacts.A remedyfor this is the useof the
downward continuationapproachfrom which an angletransformcanbe extractedthat generate€IGs in anglewithout artifacts
(Stolk andde Hoop, 2004).1n the ®eld casestudyin this paper we believe thatthe formationof causticsplaysa minor role; the
compleity herearisesfrom the elasticity

3 ANGLE REFLECTION TOMOGRAPHY BY OPTIMIZA TION

Tomographyis performedto estimatethe parametersiescribingthe smoothpart of the mediumin equation(5) by kinematic
and dynamicray tracing, to computethe different quantitiesand factorsin (7). The parametersre the density at the sources
andreceversandthe elasticstiffnesstensorin the subsuréce.For anisotropicbackgroundnedium,only the P-wave velocity is
requiredfor a P-wave modeandonly the S-wave velocity for an S-wave mode.Eachparameteis given a representationvith a
®nite numberof coefdcients,de®ninga®nite-dimensionasubspacef velocity models If we assumehat coe®cients,denotecby
, aresuf®cientto describehebackgroundnedium,the CIGsgeneratedby (14) aredenotedby

Thedlfferentlalsemblancm anglemis®t function SymesandCarazzone]991;Brandsbeg-Dahletal., 2003b)for PPre ec-

tionsis givenby

_ (16)

A minimum of this functionis foundfor uniform gathersuniform gathergguarante®ptimalfocusingof the structuraimage.The
mis®t functioncanbe minimizedby a gradient-basedearchof themodelspacesuchasa quasi-Nevton method(Gill etal., 1981).

In settingup the optimization,onehasto decidewhich quantitiesare kept ®xed underperturbationof the velocity modelin
betweerthere ectorandthe acquisitionmanifold: or . We will keepthe®rst setof variables®xed
in thepresenapproachA componenbdf the gradientof the mis®t function (16) is thengivenby (Brandsbeg-Dahlal., 2003b)

(17
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A perturbationof the velocity modelthusimplies a per
turbationof mapping , illustratedin Figure 2. The deriva-
tive of the CIGswith the mediumparametersanbeevaluated
with the aid of ray perturbatiortheory (Farraand Madariaga,
1987;Cenery, 2001)andcanbefoundin Brandsbeg-Dahlet
al. (2003b,(12)). Motivatedby a study of Symes(2000),we
conjecturaghattheminimumof our mis®tfunctionscanbeob-
tainedby optimizationeven with poor startingvaluesfor the
backgroundnediumparameters.

PSangletomography. Dueto thediodic nature(Thom-
sen,1999)of the PSre ectionsyve split the CIGscontrituting
to the mis®t function into positive and negative constituents,
denotedcby and . In theabsencef causticshe pos-
itive constituentsare formed from positive acquisitionoffset
datawhereaghe negative constituentareformedfrom nega-
tive acquisitionoffsetdata:The ClGsaregeneratedrom
seismiceventswherethe sourceandrecever raysintersectat
theimagepointwith orientationsshavn in Figure3. Thesplit-
ting is necessaryn atomographigrocedurebecauseherays
for thetwo constituentgravel in differentpartsof the velocity
model. Thecompletemis®t functionis, hencegivenby

(18)

4 CO-DEPTHING THE PPAND PSIMA GES

Sincethe GRT approachs basedupona high-frequeng ap-
proximationand decouplesS- from P-wave propagationwe
needto considerpossibleinconsisteng in depthof re ectors
commonin PPandPSimages.In re ectiontomographywe
thereforeincorporatea termin the mis®t functionthat penal-
izesmismatchin depthof a smallcollectionof key re ectors.
A key re ectorin the structuralimagesis choseron the basis
of thefollowing criteria: (i) cohereng, and(ii) focusing.Then
akey re ectoris easilypicked. We emphasiz¢hat®nding the
key re ectorgequiresa degreeof seismicinterpretationThe
dif®culty hereis assuringhatthe PPandPSimagedre ectors
pertainto the samegeologicalinterface.

Let the 'th pair of interpretedkey re ectorson depth-
migratedPPandPSimagesbegivenby thegraphs

(19)

for a given velocity model . Matching theseinterfacesin
depthcanbeperformedoy velocity-modelupdating eachtime
carryingoutthemigrationon PPandPSdata,andperforming
theinterpretationThekey re ectorsonthe PPandPSimages
canalsobematchedo theirdepths derivedfrom
well logsatwell locations

To includethe co-depthingn our MVA procedurewith-
out performingfull (GRT) migrationsrepeatedlyin the scan-
ning procedureabore, we suggesfollowing a mapmigration
approachinstead.The small collection of picked key re ec-
tors, yielding position of and normalto eachof them, from
migratedimages(19) aremapdemigratednto PPandPSre-

“ectiontime surfacesandslopeg(Kleyn, 1977).Thisinforma-
tion is now consideredsdata.

For variable velocity models,we subjectthe re ection
time surfacesandslopesto mapmigration,reconstructinghe
key interfacesin depthandthusenablinga geometricakom-
parison.Ilt seemshowever, that we have introducedan am-
biguity: The continuationof the GRT with velocity is based
on keepingthe input variablesto mapdemigration( in (4))
®xed, while the continuationof the co-depthingis basedon
keepingtheinput variablesto mapmigration( in (3)) ®xed.
We comebackto thisin the next sectionon strateyy. The ow
of the image pointswith changingvelocity model coincides
with so-calledvelocityrays(Fomel,1997).

As an approximation,here,we restrictthe abose men-
tioned matching procedureto zero scatteringangle, i.e.,
exploding-re ectormodel data; then only normal-incidence
point (NIP) raysto the surface (Hubral and Krey, 1980) are
to be accountedor. Specialconsiderations neededfor the
corverted-vave casewith its diodic. We exposethatbelow.

PURE-MODE EVENTS

Map demigration. Indicatedin Figure4 aretwo NIP raysfor
the re ectorpoint  for two differentwave modes,P waves
and S waves. The NIP ray for the PP re ectionconnects

and , andfor the SSre ection and ; the two-way NIP
ray traveltimesare and , respectrely. Even
thoughtheraysof thetwo wave modeshothtake off normalto
theinterface they usuallyfollow differentpathsto thesurface,
asindicated.The PPandSSNIP rayscoincideonly whenthe

-ratio is constanthroughouthevelocity model.

Map migration. Using map migrationin a given back-
groundmedium , we mapthe time horizonsand slopesto
depthhorizonsanddips.A particularimagedre ectorpointis
writtenas ; seeFig-
ure 5. Also indicatedin the ®gureis the imagedkey re ec-
tor point givena differentmodel . The arrow indicatesthe
movementof image points and dips along the velocity ray.
Notethat,in principle,the proces®f repeatednapmigrations
doesnot requirethat the imagesof a key re ectorhave to be
picked againaftereachvelocity modelupdate.

Converted-modeevents

We shallemplg/ a simpli®cationof andapproximatiorto the
"PP+PS=SSapproactof GrechkaandTsvankin(2002b).The
amplitudeof aPSeventatzeroscatteringanglevanishesNev-
erthelessin the PSanglegatherswe canextrapolatethe sin-
gularsupportgo zeroangle.

In anacceptablevelocitymodelfor thePSevent,theNIP-
Prayconnects to andtheNIP-Srayconnects to  asin
Figure4. Thetwo-way traveltimeis thengivenby,

(20)

with re ectionpoint . Notice the useof two argumentsin
the traveltime function for corvertedmodesasthereare two
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emeping pointsatthe acquisitionsurface:Zeroscatteringan-
gle doesnot necessarilymply zerooffset.

In anunacceptableelocity model,let usassumehatwe
have successfullyidenti®edan interfaceon both a PPimage
anda PSimagethatis geologicallythe samebut is imagedat
differentdepths.This situationis sketchedin Figure6, where
both the PPand PSimagesof the key re ectorareindicated.
Thedottedlinesindicatethe S-wave rayswhile the solid lines
indicatethe P-wave rays. In the unacceptablenodel,the PS
eventis imagedat , while the PPeventis imagedat , as-
sumingthe same position for the NIP-P ray throughmap
demigration;the PS eventtied to the PSimagehastwo-way
traveltime ( asthe modelis unaccept-
able). The zero-scattering-anglPP and PS two-way travel-
times are dataobtainedfrom map demigration,andare con-
sideredto be correct.If we assumehat , We canuse
(20) to compute ,

(21)

We have obtainedpure S-waveNIP two-way traveltimesthat
we will exploit asdatafrom now on. The techniquesf the
previous subsectiorapplyto thesedata;seeFigure5.

Mis t functional for co-depthing

Theinitial interpretationsn (19) yield
and by map demigration and the
"PP+PS=SSapproximatior(21). We arethenableto compute
theimageddepthof the key re ectors,

(22)

in an automaticway through map migration basedon the
mediumparameters, , governingthe P-wave andthe S-wave
propagationn adiscriminatefashion For example we cande-
®ne a mis®t functionalfor co-depthing penalizingthe mistie
betweenthe picked PP re ectorin depth(19) andthe map-
migratedSSre ectorbasedon the mediumparametergov-
erningthe S-wave propagationyiz.,

(23)

Thereasorto usethedepthsof interfacesickedon PPimages

asareferencas thatthey areusuallymuchbetterdetermined

in view of the PP versusPSray coverage.Poorerray cover

ageimplies an increasecambiguityin re ectordepth(Bube,

1995).Themis®tfunctionalcanalsobeformulatedio penalize

themistie betweerPPandSSinterfacesandwell log markers
atdiscrete points.

A mis®t functionallike (23) allows for a gradient-based
searchin modelspacefor anoptimummodelchoice. Thegra-
dientof (23) involvesthe derivative of the depthof there ec-
torswith respecto the medium,
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(24)

This deriative is de®nedin the framavork of ray perturba-
tion theory and coincideswith a tangentto the velocity ray
(Iversen2001).

We arrive at a joint angletomographyand co-depthing
mis®t functional,

(25)

where and areregularizationparametergoverning
the trade-of betweenuniform CIGs and depth consisteng.
By setting the searchaims at matchingthe rangeof
the PP and PS forward scatteringoperatorsto the relevant
dataconstituentsThe co-depthings accomplishedy setting
andaimsat a searchin modelspacewithout
changingtherangeof the forward scatteringoperators.

5 STRATEGY FOR DEPTH-CONSISTENT PP AND
PSANGLE TOMOGRAPHY IN A TI MEDIUM

We considera trans\ersely isotropic (Tl) medium with a
known global direction of the symmetryaxis in 3-D. The
mediumis equivalentto a Tl mediumwith averticalsymmetry
axis(TIV) throughthe Bondtransformatior{Carcione2001).
Thusthe mediumis describedby 4 parametersfor example
thevertical P-andS-wave velocities andThomsers
(1986) and . We approacltthe problemof estimatinga ve-
locity modelin the framavork of Tl mediaby performingthe
modelupdatesn abootstrappingnanneyusingthe following
stepsre ectinga hierarchyof model compleity; the mis®t
functionalis givenin (25):

(i) We ®rst carry outisotropicP-wave velocity analysison

PPCIGsusingdifferentialsemblancén angle( ,
, )-

(i) Keepingthe P-wave velocity model obtainedin (i)
®xed, we carry out isotropic S-wave velocity analysison PS
CIGsusingdifferentialsemblancén angle( , ,

).

(iif) We carry out seismicinterpretationof the PPand PS
imagesfor key re ectorsandpick them(including the dips).
There ectompickedonthe PPimagewill yield the ‘reference’
in the mis®t functional . We map demigratethe results,
making use of the P- and S-wave velocity modelsobtained
in (i) and(ii) —we derive SStime horizonsandslopeswhich
playtherole of data.

(iv) We carry out co-depthingkeepingthe P-wave veloc-
ity modelfrom (i) ®xed, makinguseof mapmigrationof the
dataobtainedn (iii). Thedifferentialsemblancén anglecon-
tribution to mis®t plays the role of regularization( ,

(v) Finally, wecarryoutdifferentialsemblancén angleand
semblanceptimizationof PPandPS CIGsjointly, allowing
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themodelto becomeanisotropiTIV); theco-depthingnis®t
playstherole of regularization( , ).

(I) ISOTROPIC PPANGLE TOMOGRAPHY

The only parameteenteringthis step,the P-wave velocity; is
parameterizetbllowing Billette andLambag (1998)as

(26)

Equation(26) shavs a decompositiorof the parametrization
into a linear trend within layersand a 3-D B-spline repre-
sentation.The linear trend is describedby a vertical veloc-
ity gradient , a constant and an indicator function
thatis equalto onein layer andzerooutside.The second
summationin equation(26)is a 3-D cubicB-splineexpansion
with 3-D splines, ,andcoefdcients (deBoor, 1978);
this summationcapturesary departuregrom the layerbased
model.Thecompleteparametevectoris thenthecollectionof
coef®cients

@7)

Theinterfacegeometryimplied by is updatecautomati-
cally in the searchprocedurgFossal., 2003b):Fromtheini-
tial PPimage,interfaces/re ectorarepicked(in depth)which
arethenmap-demigratedlongthe NIP raysto computezero-
offsettime horizons/re ectiong-or thecurrentvelocity model
thesetime horizonsaremap-migratedo generatehe new in-
terfacegeometryA gradienttomputatiordoesnotaccountor
an updatein geometry Becausehe new interface geometry
needshe new modelandnotthe currentone,a few iterations
areneededo stabilizethis procedure.

The P-wave velocity optimizationitself follows a boot-
strappingapproachfirst we optimizewith respecto the pa-
rametersn the layerbaseddescriptionof equation(26), and
thenwe addthe B-splinesand optimize with respecto their
coef®cientsto capturefeaturesof thevelocity functionnotde-
scribedby thelayerbasednodel.Oneiteration,usinga quasi-
Newton method(Gill al., 1981),constituteghe calculationof
agradient,equivalentto equation(17) andaline searchin the
gradientdirectionfor theminimum of the mis®t function (16).

(ii) Isotropic PSangletomography

We keepthe P-wave velocity (obtainedin the previous step)
®xedandparameterizéhe S-wave velocityin amanneisimilar
to thatfor equation(26),

(28)

whichyields
(29)

Theinterfacegeometry is kept®xedandis given by the
P-wave velocity modelrepresentationWe carry out differen-
tial semblancén angleoptimizationof PSdataandobtainan
isotropicS-wave velocity model.

(iii) Generatingthe datafor co-depthing

We generatea PS image using the isotropic P- and S-wave
velocity modelsobtainedin the previous two steps.On this
imagewe ®nd andtracekey re ectorghatwe areableto rec-
ognizein andpairwith the PPimage.In practice theseform a
subsebf theinterfacesalreadyfoundin the estimationof the
PP layer geometry The pairedkey re ectorsare map demi-

gratedandSStraveltimesandslopesarecomputedisingequa-
tion (21).

(iv) Co-depthing PP and PSimages

We usethe picked PPre ectorsin depth(anddip) from the
isotropic processingand updatethe isotropic S-wave veloc-
ity to obtaindepthconsistenPPandPSkey re ectordy (23).
Thisis donewith agradient-basedptimizationwherethedata
arethe SStraveltimesandslopesobtainedn thepreviousstep.
The searchis constrainedo the rangeof the forward scat-
tering operatorsn isotropic velocity models.In the presence
of anisotroy the PSCIGswill now exhibit residualmoveout
againasprior to step(ii).

(v) Anisotropic PP and PSangletomography

The Thomsen and parameter@re represented a man-
ner similar to thatfor the P- and S-wave velocitieswithin the
interfacegeometryof the P-wave velocity model,viz.

(30)

whichyields
(31)

In seismicvelocity models,the anisotroy parametergypi-
cally vary slowly over large regions. We henceuse constant
valueswithin layers, but with a B-splines contritution we
couldcapturedeparture$rom this assumption.

TheP-andS-wave (interval) NMO velocities(Thomsen,
1986)aregivenby

(32)

and
— (33)

The S-wave NMO velocity depend®nthedifference ,
which is scaledby the squared ratio throughthe
parameterBecausef this, beingdirectly relatedto
and througha Dix-type equation,the pro-
cessingof PSeventsis much more sensitve to the presence
of anisotroy thanis thatof PPeventsTsvankinandGrechka,
2002). Basedon re ectionmaveout analysis,estimatingthe
parameterequireswell logs, large-ofsetandwide-azimuth
PPandPSdatain 3-D in thepresencef re ectorswith arange
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of dips(Grechkaetal., 2002),or otherinformationconcerning
depthsof re ectorsasdiscussedy Audebertetal. (2001).If
well-log informationis presentthetruedepthof there ectors
canbeobtainedvherethewells penetrat¢hem.Thetruedepth
of are ector—in theabsenc®f too stronglateralheterogene-
ity — is governedby the parameterthe vertical P-wave
velocity, which canbe obtainedby matchingthe PPre ectors
to well markersby mapmigration,similarto (23).

We assumaveakanisotropy. We denotethe estimatefor
the P-wave velocity functionobtainedin (i) by . In theab-
senceof too stronglateralheterogeneitythe P-wave velocity
obtainedn (i) is approximatelyaninterval NMO velocity,

(34)

The parameteris the parameterthat causesthe tradeof
between and throughequation(32). Basedon
(Grechkaand Tsvankin, 2002a,(4)), the S-wave velocity ob-
tainedin (ii), denotedby , will approximatelbeaninterval
NMO velocity also,

(35)

However, after co-depthing(step(iv)), the estimate denoted
by again,maydiffer from

To maintain the depth consisteng obtainedafter (iv),
while allowing anisotrop, the ratio of the vertical interval
P- and S-wave velocitiesneedsto be kept ®xed. On the one
hand,having assumedsotrogy up to this stage,our estimate
for this ratiowould be , whichimpliesin the searchor
anisotropigparameterghat

constant (36)

In the presenceof anisotroy, however, the ratio of interval
NMO velocitiesandtheratio of verticalvelocitiescanbevery
different.In the absencef too stronglateralheterogeneityin
theframework of aDix-typeformula,the ratiocanbe
estimatedrom the ratio of vertical PPand SStimesobtained
from NMO analysisfor PPandPSre ectionsandkept®xed.
PS angletomographyis now carriedout to estimate

(cf. (30)). In the absenc®f informationneededo resole the

parameterwe simply set , thusallowing only a spe-
cial caseof aTIV mediumfor thevelocity model.We thenuse
theratio in (36) to ®x the interval vertical velocity . The
outcomeof the optimizationprovides an effective (a “work-
ing") anisotroy parametemotatrue estimateof thelocal pa-
rameter itself. Theeffective parameteyieldsfocuseddepth-
consistenPPandPSimagesyetwith anuncertaintyin abolute
depth(dueto ).

6 FIELD DATA EXAMPLE

We testedour procedureon an ocean-bottonseismic(OBS)
line from dataoverthe Norwegiansectorof theNorth SeaOut
of necessesifyve usea 2.5-Dformalismdevelopedby Fosset
al. (2003a)andFossandUrsin (2003),considering3-D wave
propagationin a 2-D modelwhereall calculationsare done
in a properly chosenplane.The datahave beensubjectedo

standargrocessinguchasstaticcorrectionsdesignature, -
summatior(multipleremoval),and - decowolutionYilmaz,
1987).

(i) ForisotropicPPangletomographywe usethe P-wave
parametrizatiorin (26), butin 2-D. Thusthe B-splineis 2-D
and in thefollowing. The2-D B-splinenodesare
sampledcevery 250m in thehorizontaldirectionandevery 100
m in depth.Theimageresultingfrom a simple 1-D optimiza-
tion is usedto identify the layeringof the velocity model.In
this initial optimization,a relatively densesamplingin depth
was deemedhecessanpecausef the obsered rapid veloc-
ity increasesThe time horizonsof the interfacegeometryin
(26) are found from map demigrationas describedn previ-
ous sections.Thesetime horizons,a total of 14, are usedin
the subsequentelocity-estimationstepsto control the inter-
facegeometryin (26). Thestartingvaluesof constanwelocity
andvelocity gradientwithin thelayersaretakenfrom well in-
formation from closeto the 2-D slice in the mediumunder
consideratiorhere. The initial model and the corresponding
PPimagearegivenin Figures? (topleft) and9.

To constructa well-behaed mis®t function (17) and
guaranteea numerically stable computationof the gradient
(17), we bandpas®lter the databetween3 and 15 Hz. The
derivatives in angleinside the mis®t function are taperedat
small andlarge anglesto remove truncationeffects. We nor
malize the mis®t function (17) following Chaurisand Noble
(2001)to reducethein uenceof erroneocusmplitudecalcula-
tionsandnoisein the data(this couldhave beencircumwented
by makingthe GRT of thedatato CIGsunitary). Thegradient
contributionsaretaperedaswe approachiheboundarie®f the
modelor in placeswith low ray coverage.Before calculating
boththegradientandthe mis®t function,we smooththe CIGS
by a simple convolution ®lter in angleand
depth;in addition,we applya 2-D Fourier dip’ ®lter (in depth
andangle)to supprestmagingartifactsandnoise. The®lter is
appliedadaptvely, allowing for eventswith smallermoveout
aswe approachuniformgathersThisis donein aconserative
mannersoasto avoid destrging the moveoutbehaior of the
primaryevents.Theseconsiderationgretakeninto accountin
all subsequentalculations.

The 14 ClGsaresampledevery 250m from 1250m on-
wards.EachCIG is sampledevery 0.5 degreesup to 45 de-
greesin incomingP-wave re ectionangle.Figure8 shavs the
a) starting,b) after 4 iterationsandc) after 7 iterations(®nal)
collectionof CIGSin the optimization.Theresultingvelocity
modelandcorrespondindg®Pimagearegivenin Figures7 (top
right) and 10, respectiely. The optimizationfor the B-spline
coefdcientswas carriedout in the ®nal couple of iterations,
but this shaved little improvementin the mis®t function. No-
tice in particularthe movementof the interface geometryin
the®nal velocity modelFigure7 (top right) ascomparedvith
theinitial one(top left).

(ii) Theinitial S-wave velocity modelis chosennaively
by a ®xed ratio for the entire modelbasedon the ®-
nal P-wave velocity, andis givenin Figurel1 (left). The cor
respondingPS imageis given in Figure 13. The P-wave ve-
locity modelis consideredeliable up to 45 degreesincom-
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ing P-wave angle(which wasthe maximumangleusedin the

isotropic P-wave velocity analysis) We apply a taperedmute
on the outgoing S-wave anglesthat through Snell's law, are
tiedto incomingP-wave angledargerthan45 degreesWe use
8 positive and negative CIGs, and , from surfacepo-

sition 1750m onwardswith a 300 m horizontalspacing.The

initial CIGSandthe onesafterthethird and®fth iterationare
shavn in Figure 12 a), b) andc), respectiely. The CIGs are
displayedpairwisefor the samehorizontalpositionwith the

positive imageon theleft andthe negative imageon theright,

asexplainedin Figure3. They areplottedasfunctionsof out-

going S-wave angle(contraryto corvention)runningfrom the

indicatedaxisseparatinghem,in the positive andnegative di-

rections.The S-wave anglerangesfrom 0.4to 25 degrees.

(i) The PSimageresultingfrom the isotropic velocity
analysisis given in Figure 14. Superimposedre the arravs
andtracingof the mainre ector( c)) asfound on the PPim-
age,Figurel0. In theshallav partre ectora) of the PSimage
occursslightly deeperthanthe correspondinge ectorin the
PPimage(atthe arrav). Thedepthdiscrepang cannotbe ex-
plainedby the CIGSin Figure12c),which areuniformandin-
dicatea ®tting modelaccordingto our differentialsemblance
in anglemis®t measureln the deeperpartsthe superimposed
PPre ectorc) seemgo matcha PSre ector but the geolog-
ically equivalentre ectoron the PSimageis indicatedwith
the dottedline. Thusunderthe isotropicassumptionthe mi-
grated,equivalentre ectorsareseveral hunded metes apart
in thePPandPSimages.

To computepure-modeSS traveltimes and slopeswe
identify andpair severalinterfaceson boththe PPandthe PS
imageswhich arethenmapdemigratedalongthe NIP raysto
obtainthe approximatie SStraveltimesfrom equation(21).
Thekey interfacesusedarethe threeindicatedwith arronsin
thePPimage(Figurel4).

(iv) In the processof co-depthingthe S-wave velocity
is parameterizedsin (28). Theresultingdepth-consister?S
imageis givenin Figure17 andis computedwith the velocity
modelgivenin Figurel1 (right). The key re ectorsn the PP
and PS imagesare now at matchingdepths,but becauseof
theisotropicassumptiorthe PSCIGs shav residualmoveout
behaior, again,asillustratedin Figure 16a). This concludes
theisotropicprocessingrocedure.

(v) For the anisotropicprocessingve parameterize as
(30) assuminghe mediumis TIV. Thereis no well-log infor-
mationfrom wells intersectingour planeof considerationin
addition, the datahasto be mutedsothatno large-ofsetdata
are available for PP re ectionsfrom the shallav part of the
model.Hence,we set , asmentionedbefore.The start-
ing value for the optimizationis in the entire model.
The CIGSarenow sampledevery 550 m in the horizontaldi-
rectionstartingat 1750m; therearestill 8 pairsof positive and
negative CIGS.

Thegradientin the optimizationis taperedat 700m (and
above) and 2700 m (and belon) basedon ray coverage.All
parametersxcept are kept ®xed at their valuesobtained
from isotropicvelocity analysis Figure 16 shaws two setsof
CIGS. The ®rst set, @), is the outcomeof co-depthing(iv).

The shallov re”ectingeventsarestill quite uniform in these
CIGs, but, asseenin Figure17, they have, in fact, movedin
the co-depthingstep. This meansthat the velocity updatein
(iv) wasnot detectableby the differentialsemblancen angle
mis®tfunction,becauseve have stayedn therangeof thefor-
ward scatteringoperator The ®nal setof CIGS, Figure 16b),
are optimized gathersafter 2 iterationswith . Most of the
changeappliesto the middle depthinterval, betweenl500m
and2500m. Theresulting function andthe corresponding
imagearegivenin Figure15 (left) and18, respectiely, where
theindicatorsfrom the PPimage(Figure 10) areagainsupef
imposed Thegeologicallyequivalentre ectorsonthe PPand
PSimagesnow appeaito matchin depth.However, below re-
“ectorc), thePSimagemisseghestructureclearlyobserable
in the PPimage.By investigatingthe setof PSCIGS in Fig-
ure16b)in thisregion, we obsere misalignmenbr alignment
alonglines with large angles.Sincethe formationof caustics
is unlikely here,we attribute theseto wave constituentsnot
modeledby our 2.5-D scatteringoperator

In Figure 19 we summarizethe resultsby extracting a
singletrace,at 3200m horizontaldistancefrom theimagesn
Figures10 (step(i)), 14 (step(ii)), 17 (step(iv)) and 18 (step
(v)). Onecanclearly obsere the mistiein depthbetweerthe
®rst two tracesthe shift in depthfrom the secondo the third
trace,andareductionin oscillationsfrom thethird traceto the
fourthtrace.

Depth delity . In orderto examinehow the -parameter
functionin uencesesultsof theanalysigproposedndcarried
outabove, we performajoint PPandPSangletomographyin
a layerstripping manner We usethe layering structureonly,
in the parametrizatiorof and , and omit the contrikution
from the splines.In addition, we limit the numberof layers
usedto 5 asindicatedin Figure15 (right). Notethattheinter
facesin this geometryform a subsebf the setof interfacesin
the geometryin Figure 7 (bottom).Thetop layer (water)and
the bottomlayer, belov approximately2700m, are assumed
isotropic.lsotropicparametersretaken from (i)-(ii)-(i v); the
samplingof CIGsis the sameasin step(v).

In additionto the differential semblancen angle mis®t
functionwe alsoincludethe sensitve semblanceneasureWe
introducethe PPsemblance-basedis®t as

@37

wherethe division in the integrandis a normalizationof
eachCIG with its “enegy' (ChaurisandNoble,2001).Upon
discretizingtheintegrals, becomeghenumberof and
valuesused,and becomeshetotal numberof CIGS
used.Semblanceoptimizationis hereformulatedas a mini-
mization problem.We introducein a similar mannerthe PS
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semblance-basadis®t,

where and arede®nedasin (37) for the positive

CIGSand and for thenegative CIGS.
Figure 20 illustratesthe shapesf the mis®t for the ®ve
differentlayersin a layerstripping approachas function of
and . In the layer stripping approachwe usethe optimal
valuesobtainedin the layersabove the layer in which
theparameterareunderinvestigation Shavn, by column,are
the semblancemis®ts for PS, PP (equations(??) and (37)),
their normalizedsum, and our joint PR PSdifferential sem-
blancein anglemis®t ( , ). The PPand
PSsemblancdunctionsare plotted on the samescale.In the
PS semblanceplot, the apparentvalley at a 45 degreeangle
is governedby asin equation(33). This indicatesthe
feasibility of detectinganisotroy in thePSCIGS,withoutdis-
criminatingbetweerthe two parameterdn the PPsemblance
plotwe areunableto obsere signi®cantchangen thevalueof
themis®t functionwith changinganisotrop. This is expected
asthedataoffsetsarenot suf®ciently largefor theshallav part
of themodelbecaus®f theaforementionednute.
In thejoint PR PSsemblancandjoint PR PSdifferential
semblancén anglemis®t plots,thelines and

(38)

aredravn, where and areoptimal valuesfor and in
eachlayer, andcanbefoundin Tablel. In the®rstthreelayers
the valuesare choserusingthe PSsemblanceplot only, with

, sincethereis not enoughresolutionin . In layers4
and5 we usethejoint PR PSsemblancelots. In theselayers
valuesfor and canberesoled by locatingthe semblance
mis®t minimum after analyzingthe joint PR PS differential
semblancén anglemis®t function®rst. In thedeepestayer, a
thresholdonthedifferentialsemblancén anglemis®t function
limits theregion wherethe semblancenis®t minimumis to be
found, and thus enablesus to discriminatebetweenthe two
apparenminimain the semblancenis®t function.

In the calculationswe usea ®xed depthwindow of the
CIGs. Thisimplies, for example,thatif becomegoo nega-
tive,aneventcanmove out of this depthwindow andhenceno
longercontrikutesto the mis®t.

The®nal PPandPSCIGsfor the and valuesin Ta-
ble 1 areshown in Figure21. The correspondindmagesare
givenin Figures22 and 23 in depthandin two-wayPPtime
(obtainedby depth-to-timecorversionusing the P-wave ve-
locitiesfrom (i)) in Figures24 and25. Theimagesn thelatter

layer

1 0.035 0.0

2 0.0 0.0

3 0.02 0.0

4 0.09 -0.04
5 -0.02 -0.02

Table 1. Anisotropicparameteraluesresultingfrom layerstripping.

two ®gurescorrelatevery well. For comparisontheinitial PP
imageobtainedin (i) is alsoconvertedto two-way PPtime in
Figure26.

7 DISCUSSIONAND CONCLUSION

We have presenteda re ectiontomographicor MVA ap-
proachto obtaindepth-consisterffPandPSimagesby mak-
ing useof a differentialsemblancén anglemeasuresndmap
(de)migration enablingautomaticmeasuremertf ary mistie
in depth.This involvesan extensionof differentialsemblance
in angleto corvertedwaves, aswell asthe developmentof
a co-depthingneasureThe co-depthingprocedures derived
from the zeroscatteringanglecaseof GrechkaandTsvankin's
"PP+PS=SStonceptWhenthevelocity modelis far from the
true model, or whenthereis a signi®cantinconsisteng be-
tweenthe modelsgaoverning the P-wave leg andthe S-wave
leg of the PSscatteringevent, the approximatiorwe male in
the "PP+PS=SStonceptdeterioratesAlso, the currentco-
depthingprocedure basedon zero scatteringangle, fails to
applyin thepresencef causticsThenthe co-depthingproce-
durecanbere®nedby usingthe aforementionedPP+PS=SS'
approacho computepresta& SStraveltimesandslopes.and
makinguseof ®nite-offsetmap(de)migration.

Perhapsone would expect that by ®rst estimatinga P-
wave velocity modelfrom PPre ectionsandthenan S-wave
velocity model from PSre ectionswould guaranteeconsis-
teng in depthbetweenPP and PSimages,sincethe mode-
corvertedwave is tied to the P wave. The ®eld dataexample
illustratesthatthisis notthecase Thedifferencein depthscan
beseveralhundredmetersevenif thedifferentialsemblancén
anglemeasurethroughuniform CIGS,indicatea model®tting
boththe PPandPSscatteringevents.

The tying of the PP and PS events forces us to take
anisotroy into account;this has beenobsered by several
authors,seefor exampleArtola et al. (2003). We developed
anapproachderived from joint PPandPSangletomography
consistingof ®ve steps for carryingout MVA. We estimated
a compressionaland sheaswave velocity model basedon a
quasi-TIV medium(Thomsers ) assumptionWe also
succeedeth estimating separatelfrom , with a degreeof
uncertainty in partof the model;in this estimationwe made
additionaluseof a semblanceneasureappliedto the PPand
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PSCIGs.As to beexpectedthebestresohed parametecom-
binationfrom PSangletomographyis

The , parameteestimationwascarriedoutin alayer
strippingmanner The estimategor  aresigni®cantlydiffer-
ent from thoseobtainedby the automaticglobal searchfor a
quasi-TIV medium.This shavs that our procedureand strat-
egy cannotleadto uniquenesf the re ectiontomography
problem.

Our methodshaws the potentialto achieve depthconsis-
teng/ anduniform CIGs atthe sametime. It reliesheavily on
the ability to identify, interpret,andpair interfaceson the PP
and PSimages.The succes®f this dependn whetherPS
imagesof suf®cient quality canbe generatedo begin with. It
canbe arguedthat the current®eld dataexamplecould have
beensolvedby alesssophisticatednethod,suchasonebased
on the generalizedDix approachOur method,however, ex-
tendsfar beyondthecasesherethegeneralizedix equation
applies.

One of the potential applicationsof re ectiontomog-
raphyis pore pressureprediction (Sayerset al., 2004). Our
method can not only provide P-wave velocity modelsat a
higher spatialresolutionthan can be obtainedby hyperbolic
moveoutor othercorventialvelocity analysesit canalsoyield
animprovedestimateof thelocal ratio.
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Figure 1. Geometryof raysconnectingheimagingpoint with the sourceandtherecever; anillustration of map(de)migration.

Figure 2. Thedifferentialsemblancenis®t functionin angleis differentiateckeepingtheimagepoint, scatteringangle azimuthandmigrationdip
®xed.Dottedlinesindicateperturbedays.
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Figure 3. Positve andnegative PSCIGS, and . Thearraws indicatetheray directionsin the two re ectionevents.The solid anddashed
cunesarethe P-andS-wave legs, respectiely, of thedifferentevents.

Figure 4. Two normal-incidence-pointNIP) raysfor the P andS wave from the subsuracepoint .

Figure 5. Mappingof the NIP re”ectiontraveltime functionandslopeso re ectordepthsanddips,givena velocity model  and
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PPimage

PSimage

Figure 6. There ectorpointimagedat and from PPandPSre ectiondata,respectiely, resultingfrom aninconsistenbackgroundmodel.
IndicatedareNIP raysfrom thetwo re ectorpointsto theacquisitionsurface.
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Figure 7. Initial (topleft) and®nal (top right) P-wave velocity modelfrom isotropicangletomographywith the ®nal interfacegeometry(bottom).
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Figure 10. The PP imageusing the ®nal isotropic P-wave velocity
modelin Figure7 (topright). Indicatedwith arrons area selectionof
interfacesof particularinterestdenotedy a), b) andc).
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Figure 8. The common-imagepoint gathersof the isotropic P-wave
velocity optimizationafter0, 4, and7 iterations.

Figure 9. PSimageusingthe initial S-wave velocity modelin Fig-

ure 11 (left) andusingthe P-wave velocity modelfrom the isotropic

P-wave angletomography Figure 12. The common-imaggoint gathersof the isotropicS-wave
velocity optimizationafter0, 2, and5 iterations.
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Figure 11.Initial (left) and®nal (right) S-wave velocity modelobtainedwith isotropicangletomography
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Figure15.The modelafterthe®nalanisotropicupdate( ) (left) andthe5 anisotropidayersusedin the layerstrippingapproach(right).
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Figure 13. PSimageusingtheinitial S-wave velocity modelin Fig- Figure 14. PSimageafterisotropic S-wave angletomographyon PS
ure 11 (left) andusingthe P-wave velocity modelfrom the isotropic CIGs.
P-wave angletomography
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Figure 16. Thecommon-imag@ointgathersof theangletomography Figure 19. A single trace,at 3200m horizontaldistance from the
in aftera)0 andb) 2 iterations. imagesin Figures10 (step(i)), 14 (step(ii)), 17 (step(iv)) and 18
(step(v)).
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Figure 17. PSimageafterisotropicco-depthing.
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Figure 20. Contour plots for anisotropiclayers1-5 (vertical direc-

1.0 2.0 3.0 4.0 5.0 [km] tion) and mis®t plots for PS, PP and PP+PSsemblanceand differ-
ential semblancen anglefor PP+PSThe semblanceplots aregiven
j‘) by equationg37) and(??), formulatedasminimizationproblemsfor

comparisorwith the differentialsemblancenis®t function.

Figure 18. PSimageafterquasi-TIV parameteupdate( ).
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Figure 21. Final PPandPSCIGS after anisotropicmodelupdateob-
tainedfollowing alayerstrippingapproach.
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Figure 22. PPimageusingthe anisotropicparametersbtainedfrom
thelayerstripping.
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Figure 23. PSimageusingthe anisotropicparametersbtainedfrom
thelayerstripping.
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Figure 24. PPimageusingthe anisotropicparametersbtainedfrom
thelayerstripping,in two-way PPtime.
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Figure 25. PPimageusingthe anisotropicparametersbtainedfrom
thelayerstripping,in two-way PPtime.
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Figure 26. Theinitial PPimageobtainedn (i) (sameasin Figure9),
in two-way PPtime.
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