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ABSTRACT
The velocity-depthambiguityin depthmigrationis a well known problemstemming
from several factors,suchas limited aperture,band-limitationof the sourceandthe
interplay betweenparametersof the backgroundmedium contributing to the non-
uniquenessof the problem.In addition, the isotropic assumptioncan causesevere
deptherrors in the presenceof anisotropy. Theseare severe issueswhen consider-
ing PPandPSimagesfrom depthmigrationwheregeologicallyequivalenthorizons
shouldbe mappedto the samedepths.The presentmethodis baseduponthe differ-
ential semblancemis�t function in angleto �nd �tting backgroundmodels.This re-
quiresamplitude-compensatedangle-domaincommonimage-pointgathersto beuni-
form. Depthconsistency betweenthe PPandPSdepthimageis enforcedthrougha
regularizationapproachpenalizingmistiebetweenkey imagedre�ectorsin additionto
thedifferentialsemblancemis�t function.By migration/mapdemigration,time infor-
mationis obtainedonthekey re�ectorsof thePPandPSimage.Thistimeinformation,
which is independentof thevelocitymodel,canbemap-migratedto reconstructthere-
�ectors in depthfor a given backgroundmodelgiving an automaticway to quantify
thedepthdiscrepancy in the tomographicapproach.An approximative simpli�cation
usesthenormal-incidencepoint raysin themapmigration.Themethodis presentedin
a general3-D framework allowing for theuseof truedepthinformationsuchaswell
markersandtheinclusionof anisotropy. A strategy is presentedto retrieveall parame-
tersof a transverslyisotropicmediumwith a known symmetryaxisdependingon the
availableinformation.Thisis employedonanoceanbottomseismic�eld datasetfrom
theNorthSea.

Key words: Re�ection tomography, generalizedRadontransform,differentialsem-
blancein angle,anisotropy, convertedwaves.

1 INTR ODUCTION

Here,we demonstratethe useof annihilator-basedmigration
velocity analysis(MVA), relatedto thedifferentialsemblance
(SymesandCarazzone,1991)approach,onjoint PPandPSre-
¯ectiondata.Themis®t functionassociatedwith thisapproach
is uniquein thatit dependssmoothlyonthevelocitymodel.As
is commonin MVA we modelthere¯ectiondatain thesingle
scatteringapproximation,yieldinga forwardscatteringopera-
tor that,givena velocitymodel,mapsre¯ectorsto re¯ections.

By a gradient-basedsearchof the modelspace,the rangeof
theforwardscatteringoperatoris adaptedto containthedata.
Dataarein therangeif they canbepredictedby theoperator.

Annihilatorsdetectwhetherthe dataarein the rangeof
the forward scatteringoperator(Stolk and de Hoop, 2002).
They have their counterpartin the imagedomain:The data
are in the rangeif the commonimage-pointgathers(CIGs)
obtainedfrom thedata– parametrizedby scatteringangleand
azimuth– areuniform, i.e., ¯at andshow angle-independent
amplitude;annihilatorsemergeasderivativeswith angle.
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As MVA typically is basedonasmallcollectionof re¯ec-
tions, oneexpectsan inherentnon-uniquenessin the inverse
problemof determiningthevelocitymodel.Weconsiderave-
locity modelto beacceptableif there¯ectionsarein therange
of the forwardscatteringoperator. In this paper, we searchin
the classof acceptablevelocity modelsfor a model that not
only predictsthe PPandPSre¯ectionsin time, but also ties
thePPandPSimagesof correspondingre¯ectorsin depth.In
this so-calledco-depthingprocess,one needsto ensurethat
thePPandPSimagesindeedhavethesere¯ectorsin common,
whichrequiresadegreeof seismicinterpretation.Co-depthing
canalsobecarriedoutwith well data.

Tradionally, MVA exploits theredundancy in thedataby
studyingtheresidualmoveoutonCIGs(Al-Yahya,1989).Flat
gathersguaranteeavelocitymodelresultingin a well-focused
(sharp)image.Imagegathersare formed from data subsets,
typically parametrizedby offset. The differential semblance
mis®t function (Symesand Carazzone,1991) measuresthe
residualmoveoutontheseCIGsandquanti®esthedegreeof ®t
betweentracesby a local derivative in offset.This procedure
hasbeencarriedout by Plessixet al. (2000)andChaurisand
Noble(2001)amongstothers.

In the presenceof caustics,an image generatedfrom
common-offset data will, however, contain artifacts (false
re¯ectors).To remedy this, (surface) offset and azimuth,
parametrizingdatasubsets,havebeenreplacedby the(subsur-
face)scatteringangleandazimuthbetweenin- andout-going
raysat the imagepoint. In theKirchhoff approachto seismic
inversescatteringit hasbeenproposedto usea generalized
Radontransform(GRT) to generatea setof imagesparame-
terizedby theseangles(deHoopet al., 1994;deHoopet al.,
1999).The GRT, here,is derived from a least-squaresdata-
®tting formulationof theinversescatteringproblem.Artif acts
dueto theformationof causticsaresuppressedby a `focusing
in dip' procedure(Brandsberg-Dahlet al., 2003a),usingonly
the contributions to the diffraction integral that are closeto
thespecularre¯ections.Suchartifactswerenumericallystud-
ied by Brandsberg-Dahl et al. (2003a)andanalyzedby Stolk
(2002).Annihilatorsappearin the image domain,essentially
aslocal derivativeswith angleof CIGs,seeBrandsberg-Dahl
et al. (1991; 2003b), thus forming a differential semblance
measurefrom CIGs in angleratherthanoffset; this approach
hasbeenappliedto a ®eld casestudyby Fosset al. (2003b).

In the absenceof caustics,the differential semblance
measureseemsto yield a global minimizer (Symes,1991).
Thismeansthattheinitial velocitymodelcanbequitefarfrom
anacceptablemodel,andoptimizationwill still resultin such
an acceptablemodel.Numericalexperimentscarriedout by
Plessixetal. (2000)suggestusingdifferentialsemblanceopti-
mizationuntil a certainrateof improvementandthenswitch-
ing to semblanceoptimization(TanerandKoehler, 1969).We
follow thissuggestiononly in thosepartsof thevelocitymodel
wherewe®netuneourestimateof anisotropy.

To ensurethat AVA behavior on the CIGs – associated
with a re¯ectioncoef®cient or contrast-sourceradiationpat-
terns– doesnotcontributeto thedifferentialsemblancein 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(Brandsberg-Dahl et al., 2003b,(11)
andbelow) to resolve oneparticularelasticparametercombi-
nation.This combinationis controlledby the contrast-source
radiationpatterns,and is illucidated in the main text of this
paper. We loosely refer to the resultingGRT as `amplitude-
compensatedmigration'; the detailsof sucha processcanbe
foundin Ursin (2003).It is notedthatthecalculationof radia-
tion patternsdoesnot make useof themediumperturbations,
which is a consequenceof the Born(-Kirchhoff) approxima-
tion onwhich themigrationprocedureis based.

Severalauthorshave recentlyapproachedtheproblemof
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)
demandsatreatmentof MVA differentfrom thatfor PPre¯ec-
tions.Thediodicnatureis aconsequenceof thefactthatPSre-
¯ectionsarenon-reciprocalin sourceandreceiver; indeed,the
reciprocalof PSisSP. It is alsoawell-known dif®culty thatim-
agesof a commongeologicalre¯ectorfrom PPandPSre¯ec-
tionsoftendonotmatchin depth.Thereareseveralreasonsfor
this. Thevelocity-depthambiguity(StorkandClayton,1986;
Bube, 1995; Bube al., 2002) is intimately connectedto ray
coverageandacquisitionaperture.In addition,anisotropy has
to be includedin order to computedepth-consistentPP and
PSimagesbecausean isotropicassumptioncancausesevere
deptherrorsin the presenceof anisotropy Artola al., 2003).
This appliesespeciallyto converted waves. And then, with
an anisotropicmedium, there is an addedambiguity in the
interplaybetweenthe differentelasticparameters(Bubeand
Meadows, 1999).Versteeg (1993)showed how continuously
smoothinga correctmodelwould recreatetheimagegeomet-
rically, yet blur it. One can view 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
velocitymodels.

PPangletomographyby meansof differentialsemblance
in angleoptimizationBrandsberg-Dahl et al. (2003b)is here
extendedto PSre¯ections,accountingfor their diodic nature.
The key contribution of this paperis a methodologyof co-
depthingthe PP and PS CIGs in anglein the framework of
angletomography. In practice,we focusthe tying of PPand
PSimagesin depthonprior chosenkey re�ectors thatarepre-
sumedto be the samebasedon geologicalgrounds.To facil-
itate the inclusion of other depth information, we introduce
the notion of referencedepthfunction. This function canbe
derived from well information, if available, or from strong,
coherentre¯ectorson the PPimage;a PPimageusuallyhas
superiorraycoverageandhencesuperiorresolution.

To perform the tying in depthof the PPandPSre¯ec-
tions,we usetime horizonsobtainedfrom pairedandpicked
eventsin depthonPPandPSimagesthataremap-demigrated



Joint P andSvelocityre�ection tomography 145

to time. Using map migration (Kleyn, 1977; Gjoystdal and
Ursin,1981)of thetimehorizonsfor everysuggestedvelocity
modelwe areableto quantifythedepthmismatchin anauto-
maticway. Noticethat thetime horizonsneedonly bepicked
once.Map (de)migrationcanbe usedin complex media;see
DoumaanddeHoop(2003)for detailsandreferences.For the
converted-wave eventsthe ability to performPSmapmigra-
tion is highly dependentonhow closeweareto thetruemodel
initially; hencewe have optedfor applyingthe `PP+PS=SS'
approachof GrechkaandTsvankin (2002b)to convert PSto
SSfor this purpose.In this paperwe usea zero-offset restric-
tion by map demigratingnormal incidencepoint (NIP) rays
(Hubral andKrey, 1980)assuggestedby Whitcombe(1994)
. For the modeconvertedwaveswe employ a simpli®edver-
sionof the`PP+PS=SS'approachusingNIP raysto compute
approximatezero-offsetSStraveltimedata.

Theoutline of thepaperis asfollows. In following sec-
tion, we introducenotationandshow how to transformdata
to CIGs in scatteringangleand azimuthfor the purposeof
velocity analysis.The formulationhereis in 3-D andfollows
the presentationof Ursin (2003); the 2.5-D formulation and
its subletiesare presentedin Foss et al. (2003a).Then we
give abrief review of PPangletomography(Brandsberg-Dahl
al., 2003b)andits extensionto mode-convertedwaves.In the
next section,weintroduceourco-depthingmethodologyin the
framework of thedifferentialsemblancein angleoptimization
by addinga penalizingterm to the mis®t function. Thenwe
presenta step-wisestrategy usingtheaforementionedtomog-
raphy tools to obtain valuesof a transversely isotropic (TI)
mediumwith a known symmetryaxis.Although the strategy
is presentedfor a 3-D medium, we disregard the presence
of azimuthalanisotropy. Such a medium is equivalent to a
TI mediumwith a vertical symmetryaxis throughthe Bond
transformations(Carcione,2001).It canbeparameterizedby

�����������	����
 , and
�

. which aretheverticalP- andS-wave ve-
locitiesandtheThomsen(1986)parameters,respectively. The
optimizationstrategy is split into thefollowing steps:

(i) isotropicP-wavevelocityanalysisonPPCIGsusingdif-
ferentialsemblancein angle;

(ii) isotropic S-wave velocity analysison PS CIGs using
differentialsemblancein angle,makinguseof theP-wave ve-
locity modelobtainedin (i);

(iii) seismicinterpretationof thePPandPSimagesfor key
re¯ectors;map demigrationof thesere¯ectorsyielding time
horizons;

(iv) co-depthingof PPandPSimagesof key re¯ectorsto
obtainan optimal isotropicS-wave velocity model,usingthe
differentialsemblancein angleof thePPandPSCIGsasreg-
ularizer;

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

Severalauthorshave discussedthepoint that, in orderto
obtaininformationon the

�

parameter, oneeitherneedsinfor-
mationof thetruedepthof are¯ectorthroughwell logsor trav-
eltimesfrom raysthathave traveledat anobliqueangle,e.g.,

from stronglydippingre¯ectorsor from large-offsetdata(Au-
debertetal., 2001;Iversenetal., 2000).In theabsenceof such
information,severalapproacheshavebeensuggested(Alkhali-
fahandTsvankin,1995;GrechkaandTsvankin,2002b).Here,
we make theconvenientchoiceof setting

�

equalto zerocon-
sideringa quasi-TIV medium.The remaining 
 parameteris
not thetrueanisotropy parameter, but aneffective one.

Finally, we employ the above methodologyon a North
Seaoceanbottomseismic(OBS) ®eld datasetto obtain®rst
a quasi-TIVvelocity modelandthenall parametersof a TIV
velocitymodel.

2 MIGRA TION TO `UNIFORM' ANGLE COMMON
IMA GE-POINT GATHERS

Dip, scattering angle,and azimuth. We considermigration
of seismicdata in a 3-D heterogeneousanisotropicelastic
medium.The geometryis shown in Figure 1 wherethe im-
agepoint is denotedby ��������

�

�	�

�

����� . Sourcepositionsin
the acquisitionmanifold aredenotedby ��� andreceiver po-
sitionsby ��� (bold fonts indicatevectors).Thesuperscripts�

and  indicateassociationwith a ray from a sourceanda re-
ceiver, respectively. The covector !"�#��$� is the slownessvec-
tor of the ray connectingthe sourcepoint �

� with the image
point  evaluatedatthelatterpoint; !

�
���

�
� indicatestheslow-

nessalongthis ray evaluatedat thesource.It is theprojection
%
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� of !
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���

�
� on theacquisitionmanifoldthatis detected

(via slopeestimates)in thedata.Wefurthermoreintroducethe
phasedirection &
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��* andthephasevelocity �

� ac-
cording to *
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. A similar notationis employed for

the slownessvectorrelatedquantitiesalongthe ray connect-
ing thereceiver with theimagepoint,namely !
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� ,

and %

�
���

�
� , aswell as &

�
and �

�
. The polarizationvector,

.

, is de®nedin thesamemannerasthatfor theslownessvec-
tor at thesource,receiver andimagepoint.Themigrationdip,
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��$� , is thedirection /�0
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Thescatteringangle, 6 , betweenincomingandscattered

rays,is de®nedby
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for a particulardiffractionbranchaway from causticsat �
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or
�@� . Thescatteringazimuth,A , is theangulardisplacementof
thevector B
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Thetwo-way traveltimefor a particulardiffractionbranchas-
sociatedwith a ray pathconnecting��� with ��� via  is de-
notedby L1�MLN�����

�
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Map (de)migration. Map migration describeshow the

geometryof a re¯ectionis mappedon the geometryof a re-
¯ector,
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suchthat the normal to the re¯ectoris given by /X0 . For a
givenvalueof �E6

�

A�� thisprocesscanbereversedto yield map
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Map demigrationcorrespondingto theexploding re¯ectormodelis obtainedby setting 6X��� ; thenthe receivers(at zerooffset,
�@� �1�@� ) areconnectedwith there¯ectorsvia normalincidencepoint (NIP) rays(HubralandKrey, 1980).

GeneralizedRadon transform inversion. The mediumis describedby its stiffnesstensor ��� ���
	 ( �

������ �������

,

�

J J

����� ) and
density � . Theseparametersaredecomposedasa sumof a smoothpart(with superscript����� ) anda perturbation(with superscript
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The estimationof the smoothpart, the velocity model, is the objective of MVA while the mediumperturbationscontainany
singularities(re¯ectors)andarefound by imaging-inversion,given a velocity model.We assumenow that the perturbationsare
jumpsin theparametersacrossa smoothinterfacede®nedby thezerolevel set !$�������"� of a function ! (deHoopandBleistein,
1997);multiple interfacesaresimply treatedwith a ®nite collectionof level-setfunctions.Theinterfacenormalis givenby /$#

�
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! * . Throughoutwe usethesubscriptsummationconvention.
In preparationof migrationof seismicdatato `uniform' anglecommonimage-pointgathers,we considerthefollowing form

of theGRT, derivedfrom theBornapproximation,
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Brandsberg-Dahlal. (2003a,(20)) in asmuchastheradiation-patterninversionhasbeenremovedaswell asthecontribution
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a givenimagepoint are(Burridgeetal., 1998,(4.2))
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denotesthebulk densityof thesmoothbackground,while
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Here, I denotestheHilbert transform(notethat I
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which is theso-calledstretchfactor(Tygelal., 1994;Ursin,2003).Wehave
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Resolutionanalysis,assuminga band-limitedsignaturecommonfor all thesources,thenleadsto thefactorization,
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where c
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A�� -family of smoothfunctionsrevealingtheacquisitionfootprint at �
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(deHoopandBleistein,1997,
(94)).
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AVA compensation.Therelativecontrastin themediumparametersis formally de®nedby the`vector'
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Its dimensiondependson thesymmetryof theelasticmedium.For thePPandPSre¯ectionproblemin a TIV medium,which will
betreatedin the®eld dataexample,it is of dimension5. We have assumedthat �
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 denotesthederivative with respectto thesecondargument,and
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acrossthezerolevel setof ! . Then(deHoopandBleistein,1997,(38))
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where denotesthe`vector' of radiationpatterns
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Here, �
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� arethephasevelocitiesat  averagedoverphaseangles.Wereferto
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aslinearizedscatteringcoef®cients;
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is a ®lteredrealizationof
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, wherethe®lter is determinedby theillumination.
For theestimationof thesmoothlyvaryingparametersof thebackgroundmedium(velocitymodel)weuseaslightmodi®cation

of transform(6), with
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We anticipatethat � is only weaklydependenton �E6

�

A�� ; hence,Ursin (2003)refersto (14)asamplitude-compensatedmigration.
For interpretationandcomparisons,we alsousethestructuralimage,
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Subscriptsareusedto indicatewhethera currentcommonimage-pointgather(14)or structuralimage(15) is computedfrom PPor
PSre¯ections:

�

��� and
�

��� , respectively.
In the presenceof caustics,

�

��H>T6

�

A�� asde®nedin (14) commonlygeneratesartifacts.A remedyfor this is the useof the
downward continuationapproachfrom which an angletransformcanbe extractedthat generatesCIGs in anglewithout artifacts
(Stolk anddeHoop,2004).In the®eld casestudyin this paper, we believe that the formationof causticsplaysa minor role; the
complexity herearisesfrom theelasticity.

3 ANGLE REFLECTION TOMOGRAPHY BY OPTIMIZA TION

Tomographyis performedto estimatethe parametersdescribingthe smoothpart of the mediumin equation(5) by kinematic
and dynamicray tracing, to computethe different quantitiesand factorsin (7). The parametersare the densityat the sources
andreceiversandtheelasticstiffnesstensorin thesubsurface.For an isotropicbackgroundmedium,only the P-wave velocity is
requiredfor a P-wave modeandonly the S-wave velocity for an S-wave mode.Eachparameteris given a representationwith a
®nitenumberof coef®cients,de®ninga®nite-dimensionalsubspaceof velocitymodels.If weassumethat � coef®cients,denotedby
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�C���
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J)J)J
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��� � , aresuf®cient to describethebackgroundmedium,theCIGsgeneratedby (14)aredenotedby
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A�� .
Thedifferentialsemblancein anglemis®t functionSymesandCarazzone,1991;Brandsberg-Dahletal., 2003b)for PPre¯ec-

tionsis givenby
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A minimumof this functionis foundfor uniform gathers;uniform gathersguaranteeoptimalfocusingof thestructuralimage.The
mis®t functioncanbeminimizedby a gradient-basedsearchof themodelspacesuchasa quasi-Newtonmethod(Gill et al., 1981).

In settingup theoptimization,onehasto decidewhich quantitiesarekept®xedunderperturbationof thevelocity modelin
betweenthere¯ectorandtheacquisitionmanifold: ��
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!

0 �
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A�� or ���
�
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�SR � %

�

�T%

�
� . Wewill keepthe®rst setof variables®xed

in thepresentapproach.A componentof thegradientof themis®t function(16) is thengivenby (Brandsberg-Dahlal., 2003b)
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A perturbationof thevelocity modelthusimplies a per-
turbationof mapping

�

, illustratedin Figure 2. The deriva-
tiveof theCIGswith themediumparameterscanbeevaluated
with theaid of ray perturbationtheory(FarraandMadariaga,
1987; �Cerveńy, 2001)andcanbefoundin Brandsberg-Dahlet
al. (2003b,(12)). Motivatedby a studyof Symes(2000),we
conjecturethattheminimumof ourmis®t functionscanbeob-
tainedby optimizationeven with poor startingvaluesfor the
backgroundmediumparameters.

PSangletomography. Dueto thediodic nature(Thom-
sen,1999)of thePSre¯ections,wesplit theCIGscontributing
to the mis®t function into positive andnegative constituents,
denotedby

���

�@� and
�

Y

��� . In theabsenceof causticsthepos-
itive constituentsare formedfrom positive acquisitionoffset
datawhereasthenegative constituentsareformedfrom nega-
tive acquisitionoffsetdata:The

���

��� CIGsaregeneratedfrom
seismiceventswherethesourceandreceiver raysintersectat
theimagepointwith orientationsshown in Figure3.Thesplit-
ting is necessaryin a tomographicprocedurebecausetherays
for thetwo constituentstravel in differentpartsof thevelocity
model.Thecompletemis®t functionis, hence,givenby
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4 CO-DEPTHING THE PPAND PSIMA GES

Sincethe GRT approachis basedupona high-frequency ap-
proximationanddecouplesS- from P-wave propagation,we
needto considerpossibleinconsistency in depthof re¯ectors
commonin PPandPSimages.In re¯ectiontomographywe
thereforeincorporatea term in themis®t function thatpenal-
izesmismatchin depthof a smallcollectionof key re¯ectors.
A key re¯ectorin thestructuralimagesis chosenon thebasis
of thefollowing criteria:(i) coherency, and(ii) focusing.Then
a key re¯ectoris easilypicked.We emphasizethat®ndingthe
key re¯ectorsrequiresa degreeof seismicinterpretation.The
dif®culty hereis assuringthatthePPandPSimagedre¯ectors
pertainto thesamegeologicalinterface.

Let the � ' th pair of interpretedkey re¯ectorson depth-
migratedPPandPSimagesbegivenby thegraphs
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for a given velocity model � . Matching theseinterfacesin
depthcanbeperformedby velocity-modelupdating,eachtime
carryingout themigrationonPPandPSdata,andperforming
theinterpretation.Thekey re¯ectorson thePPandPSimages
canalsobematchedto theirdepths���

�
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well logsat well locations��� 
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� .
To includetheco-depthingin our MVA procedurewith-

out performingfull (GRT) migrationsrepeatedlyin thescan-
ning procedureabove, we suggestfollowing a mapmigration
approachinstead.The small collectionof picked key re¯ec-
tors, yielding position of and normal to eachof them, from
migratedimages(19) aremapdemigratedinto PPandPSre-

¯ectiontimesurfacesandslopes(Kleyn, 1977).This informa-
tion is now consideredasdata.

For variablevelocity models,we subjectthe re¯ection
time surfacesandslopesto mapmigration,reconstructingthe
key interfacesin depthandthusenablinga geometricalcom-
parison.It seems,however, 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(

O

in (3)) ®xed.
Wecomebackto this in thenext sectionon strategy. The¯ow
of the imagepoints with changingvelocity model coincides
with so-calledvelocityrays(Fomel,1997).

As an approximation,here,we restrict the above men-
tioned matching procedureto zero scattering angle, i.e.,
exploding-re¯ectormodel data; then only normal-incidence
point (NIP) rays to the surface(Hubral andKrey, 1980)are
to be accountedfor. Specialconsiderationis neededfor the
converted-wave casewith its diodic.Weexposethatbelow.

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 �

� �

��� 
 � , respectively. Even
thoughtheraysof thetwo wavemodesbothtakeoff normalto
theinterface,they usuallyfollow differentpathsto thesurface,
asindicated.ThePPandSSNIP rayscoincideonly whenthe

���

(

��� -ratio is constantthroughoutthevelocitymodel.
Map migration. Using mapmigrationin a given back-

groundmedium � , we mapthe time horizonsandslopesto
depthhorizonsanddips.A particularimagedre¯ectorpoint is
writtenas �����

�

���

���

�

�����

�

���#> �

�

�

�

�����

�T%	��


�

�����

� �

� � ; seeFig-
ure 5. Also indicatedin the ®gure is the imagedkey re¯ec-
tor point givena differentmodel �


 . Thearrow indicatesthe
movementof imagepoints and dips along the velocity ray.
Notethat,in principle,theprocessof repeatedmapmigrations
doesnot requirethat the imagesof a key re¯ectorhave to be
pickedagainaftereachvelocity modelupdate.

Converted-modeevents

We shallemploy a simpli®cationof andapproximationto the
`PP+PS=SS'approachof GrechkaandTsvankin(2002b).The
amplitudeof aPSeventatzeroscatteringanglevanishes.Nev-
ertheless,in the PSanglegatherswe canextrapolatethe sin-
gularsupportsto zeroangle.

In anacceptablevelocitymodelfor thePSevent,theNIP-
Prayconnects to � andtheNIP-Srayconnects to � 
 asin
Figure4. Thetwo-way traveltimeis thengivenby,
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with re¯ectionpoint  . Notice the useof two argumentsin
the traveltime function for convertedmodesastherearetwo



Joint P andSvelocityre�ection tomography 149

emerging pointsat theacquisitionsurface:Zeroscatteringan-
gledoesnotnecessarilyimply zerooffset.

In anunacceptablevelocitymodel,let usassumethatwe
have successfullyidenti®edan interfaceon both a PPimage
anda PSimagethat is geologicallythesamebut is imagedat
differentdepths.This situationis sketchedin Figure6, where
both thePPandPSimagesof thekey re¯ectorareindicated.
ThedottedlinesindicatetheS-wave rayswhile thesolid lines
indicatethe P-wave rays. In the unacceptablemodel,the PS
event is imagedat  
 , while the PPevent is imagedat  , as-
sumingthe same� position for the NIP-P ray throughmap
demigration;the PSevent tied to the PSimagehastwo-way
traveltime �

�@�

���

�

� 
 
 � ( � 


�

� � 
 
 as the model is unaccept-
able). The zero-scattering-anglePP and PS two-way travel-
timesaredataobtainedfrom mapdemigration,andarecon-
sideredto becorrect.If we assumethat � 
 
�� � 
 , we canuse
(20) to compute�
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We have obtainedpure S-waveNIP two-way traveltimesthat
we will exploit asdatafrom now on. The techniquesof the
previoussubsectionapplyto thesedata;seeFigure5.

Mis�t functional for co-depthing

Theinitial interpretationsin (19) yield ���
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����� � by map demigration and the
`PP+PS=SS'approximation(21).Wearethenableto compute
theimageddepthof thekey re¯ectors,
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in an automaticway through map migration basedon the
mediumparameters,� , governingtheP-waveandtheS-wave
propagationin adiscriminatefashion.For example,wecande-
®ne a mis®t functionalfor co-depthing,penalizingthemistie
betweenthe picked PPre¯ectorin depth(19) and the map-
migratedSSre¯ectorbasedon the mediumparametersgov-
erningtheS-wavepropagation,viz.,
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Thereasonto usethedepthsof interfacespickedonPPimages
asa referenceis that they areusuallymuchbetterdetermined
in view of the PPversusPSray coverage.Poorerray cover-
ageimplies an increasedambiguity in re¯ectordepth(Bube,
1995).Themis®t functionalcanalsobeformulatedto penalize
themistiebetweenPPandSSinterfacesandwell log markers
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� � at discrete���
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� points.
A mis®t functionallike (23) allows for a gradient-based

searchin modelspacefor anoptimummodelchoice.Thegra-
dientof (23) involvesthederivative of thedepthof there¯ec-
torswith respectto themedium,
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This derivative is de®nedin the framework of ray perturba-
tion theory and coincideswith a tangentto the velocity ray
(Iversen,2001).

We arrive at a joint angletomographyandco-depthing
mis®t functional,
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where � �

�

� � and � are regularizationparametersgoverning
the trade-off betweenuniform CIGs and depthconsistency.
By setting �D� � the searchaimsat matchingthe rangeof
the PP and PS forward scatteringoperatorsto the relevant
dataconstituents.Theco-depthingis accomplishedby setting

����@�

�

� ��� � andaimsat a searchin modelspacewithout
changingtherangeof theforwardscatteringoperators.

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

We considera transversely isotropic (TI) medium with a
known global direction of the symmetryaxis in 3-D. The
mediumis equivalentto aTI mediumwith averticalsymmetry
axis(TIV) throughtheBondtransformation(Carcione,2001).
Thusthe mediumis describedby 4 parameters,for example
theverticalP-andS-wave velocities�	� � , ���	� andThomsen's
(1986)

�

and 
 . We approachtheproblemof estimatinga ve-
locity modelin theframework of TI mediaby performingthe
modelupdatesin a bootstrappingmanner, usingthefollowing
stepsre¯ectinga hierarchyof model complexity; the mis®t
functionalis givenin (25):

(i) We ®rst carryout isotropicP-wave velocity analysison
PPCIGsusingdifferentialsemblancein angle( �����C, , � � �

� , � �Z� ).
(ii) Keeping the P-wave velocity model obtained in (i)

®xed,we carry out isotropicS-wave velocity analysison PS
CIGsusingdifferentialsemblancein angle( ��� �"� , � �;� , ,

� �Z� ).
(iii) We carry out seismicinterpretationof the PPandPS

imagesfor key re¯ectors,andpick them(including thedips).
There¯ectorpickedonthePPimagewill yield the`reference'
in the mis®t functional

�
�

. We map demigratethe results,
making useof the P- and S-wave velocity modelsobtained
in (i) and(ii) – we derive SStime horizonsandslopes,which
play theroleof data.

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

���� ��� � ).
(v) Finally, wecarryoutdifferentialsemblancein angleand

semblanceoptimizationof PPandPSCIGs jointly, allowing
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themodelto becomeanisotropic(TIV); theco-depthingmis®t
playstheroleof regularization( ���=� � , � �  � � � ).

(I) ISOTROPIC PPANGLE TOMOGRAPHY

Theonly parameterenteringthis step,theP-wave velocity, is
parameterizedfollowing Billette andLambaŕe (1998)as

� �

�����$�
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�
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� 4
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��� � ���@�+����� 4
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�

��� � �����KJ (26)

Equation(26) shows a decompositionof the parametrization
into a linear trend within layers and a 3-D B-spline repre-
sentation.The linear trend is describedby a vertical veloc-
ity gradient �

� , a constant� �

� andan indicator function � �

that is equalto one in layer � andzerooutside.The second
summationin equation(26) is a 3-D cubicB-splineexpansion
with 3-D splines,� � ����� , andcoef®cients �

� (deBoor, 1978);
this summationcapturesany departuresfrom the layer-based
model.Thecompleteparametervectoris thenthecollectionof
coef®cients
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� J (27)

Theinterfacegeometryimplied by �

�
�

� is updatedautomati-
cally in thesearchprocedure(Fossal., 2003b):Fromthe ini-
tial PPimage,interfaces/re¯ectorsarepicked(in depth)which
arethenmap-demigratedalongtheNIP raysto computezero-
offsettimehorizons/re¯ections.For thecurrentvelocitymodel
thesetime horizonsaremap-migratedto generatethenew in-
terfacegeometry. A gradientcomputationdoesnotaccountfor
an updatein geometry. Becausethe new interfacegeometry
needsthenew modelandnot thecurrentone,a few iterations
areneededto stabilizethis procedure.

The P-wave velocity optimizationitself follows a boot-
strappingapproach:First we optimizewith respectto thepa-
rametersin the layer-baseddescriptionof equation(26), and
thenwe addthe B-splinesandoptimizewith respectto their
coef®cientsto capturefeaturesof thevelocity functionnotde-
scribedby thelayer-basedmodel.Oneiteration,usingaquasi-
Newton method(Gill al., 1981),constitutesthecalculationof
a gradient,equivalentto equation(17) anda line searchin the
gradientdirectionfor theminimumof themis®t function(16).

(ii) Isotropic PSangletomography

We keepthe P-wave velocity (obtainedin the previous step)
®xedandparameterizetheS-wavevelocityin amannersimilar
to thatfor equation(26),
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which yields
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Theinterfacegeometry�

�$�

� is kept®xedandis givenby the
P-wave velocity modelrepresentation.We carryout differen-
tial semblancein angleoptimizationof PSdataandobtainan
isotropicS-wavevelocitymodel.

(iii) Generating the data for co-depthing

We generatea PS imageusing the isotropic P- and S-wave
velocity modelsobtainedin the previous two steps.On this
imagewe ®nd andtracekey re¯ectorsthatwe areableto rec-
ognizein andpairwith thePPimage.In practice,theseform a
subsetof the interfacesalreadyfoundin theestimationof the
PP layer geometry. The pairedkey re¯ectorsaremapdemi-
gratedandSStraveltimesandslopesarecomputedusingequa-
tion (21).

(iv) Co-depthingPPand PSimages

We usethe picked PPre¯ectorsin depth(anddip) from the
isotropic processingand updatethe isotropic S-wave veloc-
ity to obtaindepthconsistentPPandPSkey re¯ectorsby (23).
Thisis donewith agradient-basedoptimizationwherethedata
aretheSStraveltimesandslopesobtainedin thepreviousstep.
The searchis constrainedto the rangeof the forward scat-
tering operatorsin isotropicvelocity models.In the presence
of anisotropy thePSCIGswill now exhibit residualmoveout
againasprior to step(ii).

(v) Anisotropic PPand PSangletomography

The Thomsen
 and
�

parametersare representedin a man-
nersimilar to that for theP- andS-wave velocitieswithin the
interfacegeometryof theP-wave velocitymodel,viz.
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whichyields
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In seismicvelocity models,the anisotropy parameterstypi-
cally vary slowly over large regions.We henceuseconstant
valueswithin layers, but with a B-splinescontribution we
couldcapturedeparturesfrom this assumption.

TheP-andS-wave(interval) NMO velocities(Thomsen,
1986)aregivenby
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TheS-waveNMO velocitydependson thedifference�




S

�

� ,
which is scaledby the squared�����

(

���	� ratio throughthe U

parameter. Becauseof this, �
�@������� beingdirectly relatedto

��������� and ��������� througha Dix-type equation,the pro-
cessingof PSeventsis muchmoresensitive to the presence
of anisotropy thanis thatof PPeventsTsvankinandGrechka,
2002).Basedon re¯ectionmoveout analysis,estimatingthe

�

parameterrequireswell logs,large-offsetandwide-azimuth
PPandPSdatain 3-D in thepresenceof re¯ectorswith arange
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of dips(Grechkaetal., 2002),or otherinformationconcerning
depthsof re¯ectors,asdiscussedby Audebertet al. (2001).If
well-log informationis present,thetruedepthof there¯ectors
canbeobtainedwherethewellspenetratethem.Thetruedepth
of a re¯ector– in theabsenceof toostronglateralheterogene-
ity – is governedby the ��� � parameter, the vertical P-wave
velocity, which canbeobtainedby matchingthePPre¯ectors
to well markersby mapmigration,similar to (23).

We assumeweakanisotropy. We denotetheestimatefor
theP-wave velocity functionobtainedin (i) by

&

��� . In theab-
senceof too stronglateralheterogeneity, theP-wave velocity
obtainedin (i) is approximatelyaninterval NMO velocity,

&

� �

�

� �������

J (34)

The
�

parameteris the parameterthat causesthe tradeoff
between��������� and ��� � throughequation(32). Basedon
(GrechkaandTsvankin,2002a,(4)), theS-wave velocity ob-
tainedin (ii), denotedby

&

��� , will approximatelybeaninterval
NMO velocity also,

&

�
�

�

�
�������

J (35)

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

&

�
� again,maydiffer from �

������� .
To maintain the depth consistency obtainedafter (iv),

while allowing anisotropy, the ratio of the vertical interval
P- andS-wave velocitiesneedsto be kept ®xed. On the one
hand,having assumedisotropy up to this stage,our estimate
for this ratiowould be

&

���

(

&

��� , which impliesin thesearchfor
anisotropicparametersthat

�����

�
�	�

�

&

���

&

�
�

�

��� �

�

,H4

?

�

&

�
�

� constantJ (36)

In the presenceof anisotropy, however, the ratio of interval
NMO velocitiesandtheratioof verticalvelocitiescanbevery
different.In theabsenceof too stronglateralheterogeneity, in
theframework of aDix-typeformula,the �

���

(

�
�	� ratiocanbe

estimatedfrom theratio of verticalPPandSStimesobtained
from NMO analysisfor PPandPSre¯ections,andkept®xed.

PS angle tomographyis now carriedout to estimate


(cf. (30)). In theabsenceof informationneededto resolve the
�

parameter, we simply set
�

� � , thusallowing only a spe-
cial caseof aTIV mediumfor thevelocitymodel.Wethenuse
the ratio in (36) to ®x the interval vertical velocity �

�	� . The
outcomeof the optimizationprovides an effective (a `work-
ing') anisotropy parameter, nota trueestimateof thelocalpa-
rameter
 itself.Theeffectiveparameteryieldsfocused,depth-
consistentPPandPSimagesyetwith anuncertaintyin abolute
depth(dueto

�

� � ).

6 FIELD DATA EXAMPLE

We testedour procedureon an ocean-bottomseismic(OBS)
line from dataovertheNorwegiansectorof theNorthSea.Out
of necessesity, weusea2.5-Dformalismdevelopedby Fosset
al. (2003a)andFossandUrsin (2003),considering3-D wave
propagationin a 2-D model whereall calculationsaredone
in a properlychosenplane.The datahave beensubjectedto

standardprocessingsuchasstaticcorrections,designature,_ - �

summation(multipleremoval),and � -_ deconvolutionYilmaz,
1987).

(i) For isotropicPPangletomographyweusetheP-wave
parametrizationin (26), but in 2-D. ThustheB-splineis 2-D
and� �C� ���

�

� ��� in thefollowing.The2-D B-splinenodesare
sampledevery250m in thehorizontaldirectionandevery100
m in depth.Theimageresultingfrom a simple1-D optimiza-
tion is usedto identify the layeringof the velocity model.In
this initial optimization,a relatively densesamplingin depth
wasdeemednecessarybecauseof the observed rapid veloc-
ity increases.The time horizonsof the interfacegeometryin
(26) are found from mapdemigrationas describedin previ-
oussections.Thesetime horizons,a total of 14, areusedin
the subsequentvelocity-estimationstepsto control the inter-
facegeometryin (26).Thestartingvaluesof constantvelocity
andvelocitygradientwithin thelayersaretakenfrom well in-
formation from closeto the 2-D slice in the mediumunder
considerationhere.The initial model and the corresponding
PPimagearegivenin Figures7 (top left) and9.

To constructa well-behaved mis®t function (17) and
guaranteea numerically stablecomputationof the gradient
(17), we bandpass®lter the databetween3 and15 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 ChaurisandNoble
(2001)to reducethein¯uenceof erroneousamplitudecalcula-
tionsandnoisein thedata(thiscouldhave beencircumvented
by makingtheGRT of thedatato CIGsunitary).Thegradient
contributionsaretaperedasweapproachtheboundariesof the
modelor in placeswith low ray coverage.Beforecalculating
boththegradientandthemis®t function,wesmooththeCIGS
by a simple �

,
(

�

�

,
(

?

�

,
(

�

� convolution ®lter in angleand
depth;in addition,weapplya2-D Fourier`dip' ®lter (in depth
andangle)to suppressimagingartifactsandnoise.The®lter is
appliedadaptively, allowing for eventswith smallermoveout
asweapproachuniformgathers.This is donein aconservative
mannersoasto avoid destroying themoveoutbehavior of the
primaryevents.Theseconsiderationsaretakeninto accountin
all subsequentcalculations.

The14 CIGsaresampledevery 250m from 1250m on-
wards.EachCIG is sampledevery 0.5 degreesup to 45 de-
greesin incomingP-wavere¯ectionangle.Figure8 shows the
a) starting,b) after4 iterationsandc) after7 iterations(®nal)
collectionof CIGSin theoptimization.Theresultingvelocity
modelandcorrespondingPPimagearegivenin Figures7 (top
right) and10, respectively. Theoptimizationfor theB-spline
coef®cientswas carriedout in the ®nal coupleof iterations,
but this showedlittle improvementin themis®t function.No-
tice in particularthe movementof the interfacegeometryin
the®nal velocity modelFigure7 (top right) ascomparedwith
theinitial one(top left).

(ii) The initial S-wave velocity model is chosennaively
by a ®xed � �

(

��� ratio for the entiremodelbasedon the ®-
nal P-wave velocity, andis given in Figure11 (left). Thecor-
respondingPS imageis given in Figure13. The P-wave ve-
locity model is consideredreliable up to 45 degreesincom-
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ing P-wave angle(which wasthemaximumangleusedin the
isotropicP-wave velocity analysis).We applya taperedmute
on the outgoingS-wave anglesthat throughSnell's law, are
tiedto incomingP-waveangleslargerthan45degrees.Weuse
8 positive andnegative CIGs,

���

and
�

Y

, from surfacepo-
sition 1750m onwardswith a 300m horizontalspacing.The
initial CIGSandtheonesafterthethird and®fth iterationare
shown in Figure12 a), b) andc), respectively. The CIGs are
displayedpairwisefor the samehorizontalpositionwith the
positive imageon theleft andthenegative imageon theright,
asexplainedin Figure3. They areplottedasfunctionsof out-
goingS-waveangle(contraryto convention)runningfrom the
indicatedaxisseparatingthem,in thepositiveandnegative di-
rections.TheS-wave anglerangesfrom 0.4to 25degrees.

(iii) The PSimageresultingfrom the isotropicvelocity
analysisis given in Figure14. Superimposedare the arrows
andtracingof themain re¯ector( c)) asfoundon thePPim-
age,Figure10.In theshallow partre¯ectora)of thePSimage
occursslightly deeperthanthe correspondingre¯ectorin the
PPimage(at thearrow). Thedepthdiscrepancy cannotbeex-
plainedby theCIGSin Figure12c),whichareuniformandin-
dicatea ®tting modelaccordingto our differentialsemblance
in anglemis®t measure.In thedeeperpartsthesuperimposed
PPre¯ectorc) seemsto matcha PSre¯ector, but thegeolog-
ically equivalent re¯ectoron the PS imageis indicatedwith
the dottedline. Thusunderthe isotropicassumption,the mi-
grated,equivalentre¯ectorsareseveral hundred meters apart
in thePPandPSimages.

To computepure-modeSS traveltimes and slopeswe
identify andpair several interfaceson boththePPandthePS
images,which arethenmapdemigratedalongtheNIP raysto
obtain the approximative SStraveltimesfrom equation(21).
Thekey interfacesusedarethethreeindicatedwith arrows in
thePPimage(Figure14).

(iv) In the processof co-depthing,the S-wave velocity
is parameterizedasin (28).Theresultingdepth-consistentPS
imageis givenin Figure17 andis computedwith thevelocity
modelgiven in Figure11 (right). Thekey re¯ectorsin thePP
and PS imagesare now at matchingdepths,but becauseof
the isotropicassumptionthePSCIGsshow residualmoveout
behavior, again,as illustratedin Figure16a).This concludes
theisotropicprocessingprocedure.

(v) For the anisotropicprocessingwe parameterize
 as
(30) assumingthemediumis TIV. Thereis no well-log infor-
mationfrom wells intersectingour planeof consideration.In
addition,thedatahasto bemutedsothatno large-offsetdata
are available for PP re¯ectionsfrom the shallow part of the
model.Hence,we set

�

� � , asmentionedbefore.Thestart-
ing value for the optimizationis 


� � in the entiremodel.
TheCIGSarenow sampledevery 550m in thehorizontaldi-
rectionstartingat1750m; therearestill 8 pairsof positiveand
negative CIGS.

Thegradientin theoptimizationis taperedat 700m (and
above) and2700 m (andbelow) basedon ray coverage.All
parametersexcept 
 are kept ®xed at their valuesobtained
from isotropicvelocity analysis.Figure16 shows two setsof
CIGS. The ®rst set, a), is the outcomeof co-depthing(iv).

The shallow re¯ectingeventsarestill quite uniform in these
CIGs,but, asseenin Figure17, they have, in fact,moved in
the co-depthingstep.This meansthat the velocity updatein
(iv) wasnot detectableby thedifferentialsemblancein angle
mis®t function,becausewehavestayedin therangeof thefor-
ward scatteringoperator. The ®nal setof CIGS,Figure16b),
are optimizedgathersafter 2 iterationswith 
 . Most of the
changeappliesto themiddledepthinterval, between1500m
and2500m. The resulting 
 function andthe corresponding
imagearegivenin Figure15 (left) and18,respectively, where
theindicatorsfrom thePPimage(Figure10) areagainsuper-
imposed.Thegeologicallyequivalentre¯ectorson thePPand
PSimagesnow appearto matchin depth.However, below re-
¯ectorc), thePSimagemissesthestructureclearlyobservable
in thePPimage.By investigatingthesetof PSCIGS in Fig-
ure16b)in this region,weobserve misalignmentor alignment
alonglineswith largeangles.Sincethe formationof caustics
is unlikely here,we attribute theseto wave constituentsnot
modeledby our 2.5-Dscatteringoperator.

In Figure 19 we summarizethe resultsby extracting a
singletrace,at3200m horizontaldistance,from theimagesin
Figures10 (step(i)), 14 (step(ii)), 17 (step(iv)) and18 (step
(v)). Onecanclearlyobserve themistie in depthbetweenthe
®rst two traces,theshift in depthfrom thesecondto thethird
trace,andareductionin oscillationsfrom thethird traceto the
fourth trace.

Depth �delity . In orderto examinehow the
�

-parameter
functionin¯uencesresultsof theanalysisproposedandcarried
outabove,weperforma joint PPandPSangletomography, in
a layer-strippingmanner. We usethe layeringstructureonly,
in the parametrizationof

�

and 
 , andomit the contribution
from the splines.In addition,we limit the numberof layers
usedto 5 asindicatedin Figure15 (right). Notethattheinter-
facesin this geometryform a subsetof thesetof interfacesin
thegeometryin Figure7 (bottom).Thetop layer (water)and
the bottomlayer, below approximately2700m, areassumed
isotropic.Isotropicparametersaretaken from (i)-(ii)-(i v); the
samplingof CIGsis thesameasin step(v).

In addition to the differential semblancein anglemis®t
functionwealsoincludethesensitive semblancemeasure.We
introducethePPsemblance-basedmis®t as

�
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� (37)

wherethedivision in the integrandis a normalizationof
eachCIG with its `energy' (ChaurisandNoble,2001).Upon
discretizingtheintegrals,

�

d�O e

becomesthenumberof 6 and
A valuesused,and

�
���

O

���

becomesthetotalnumberof CIGS
used.Semblanceoptimizationis hereformulatedas a mini-
mization problem.We introducein a similar mannerthe PS
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semblance-basedmis®t,
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where
�

�

d�O e

and
� �

���

O

���

arede®nedasin (37) for thepositive
CIGSand

�

Y

d�O e

and
�

Y

���

O

���

for thenegative CIGS.
Figure20 illustratesthe shapesof the mis®t for the ®ve

different layers in a layer-stripping approachas function of

 and

�

. In the layer strippingapproach,we usethe optimal
�


	�

�

� valuesobtainedin the layersabove the layer in which
theparametersareunderinvestigation.Shown, by column,are
the semblancemis®ts for PS, PP (equations(??) and (37)),
their normalizedsum,andour joint PP, PSdifferentialsem-
blancein anglemis®t ( �

�
� �

�
� , , � � � ). The PPand

PSsemblancefunctionsareplottedon thesamescale.In the
PSsemblanceplot, the apparentvalley at a 45 degreeangle
is governedby �




S

�

� asin equation(33).This indicatesthe
feasibilityof detectinganisotropy in thePSCIGS,withoutdis-
criminatingbetweenthetwo parameters.In thePPsemblance
plot weareunableto observesigni®cantchangein thevalueof
themis®t functionwith changinganisotropy. This is expected
asthedataoffsetsarenotsuf®ciently largefor theshallow part
of themodelbecauseof theaforementionedmute.

In thejoint PP, PSsemblanceandjoint PP, PSdifferential
semblancein anglemis®t plots,thelines

�

�Z� and




S

&




�

�

S

&

�

� (38)

are drawn, where
&


 and
&

�

are optimal valuesfor � and
�

in
eachlayer, andcanbefoundin Table1. In the®rst threelayers
thevaluesarechosenusingthePSsemblanceplot only, with

�

� � , sincethereis not enoughresolutionin
�

. In layers4
and5 we usethejoint PP, PSsemblanceplots.In theselayers
valuesfor 
 and

�

canberesolved by locatingthesemblance
mis®t minimum after analyzingthe joint PP, PS differential
semblancein anglemis®t function®rst. In thedeepestlayer, a
thresholdonthedifferentialsemblancein anglemis®t function
limits theregionwherethesemblancemis®tminimumis to be
found, and thus enablesus to discriminatebetweenthe two
apparentminimain thesemblancemis®t function.

In the calculationswe usea ®xed depthwindow of the
CIGs.This implies, for example,that if

�

becomestoo nega-
tive,aneventcanmoveoutof thisdepthwindow andhenceno
longercontributesto themis®t.

The ®nal PPandPSCIGs for the
&


 and
&

�

valuesin Ta-
ble 1 areshown in Figure21. The correspondingimagesare
given in Figures22 and23 in depthandin two-wayPPtime
(obtainedby depth-to-timeconversionusing the P-wave ve-
locitiesfrom (i)) in Figures24and25.Theimagesin 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. Anisotropicparametervaluesresultingfrom layerstripping.

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

7 DISCUSSIONAND CONCLUSION

We have presenteda re¯ection tomographicor MVA ap-
proachto obtaindepth-consistentPPandPSimagesby mak-
ing useof adifferentialsemblancein anglemeasuresandmap
(de)migration,enablingautomaticmeasurementof any mistie
in depth.This involvesanextensionof differentialsemblance
in angleto convertedwaves,as well as the developmentof
a co-depthingmeasure.Theco-depthingprocedureis derived
from thezeroscatteringanglecaseof GrechkaandTsvankin's
`PP+PS=SS'concept.Whenthevelocitymodelis far from the
true model,or when thereis a signi®cantinconsistency be-
tweenthe modelsgoverning the P-wave leg and the S-wave
leg of thePSscatteringevent, theapproximationwe make in
the `PP+PS=SS'conceptdeteriorates.Also, the current co-
depthingprocedure,basedon zero scatteringangle,fails to
applyin thepresenceof caustics.Thentheco-depthingproce-
durecanbere®nedby usingtheaforementioned̀PP+PS=SS'
approachto computeprestack SStraveltimesandslopes,and
makinguseof ®nite-offsetmap(de)migration.

Perhapsone would expect that by ®rst estimatinga P-
wave velocity modelfrom PPre¯ectionsandthenanS-wave
velocity model from PS re¯ectionswould guaranteeconsis-
tency in depthbetweenPP and PS images,sincethe mode-
convertedwave is tied to the P wave. The®eld dataexample
illustratesthatthis is not thecase:Thedifferencein depthscan
beseveralhundredmetersevenif thedifferentialsemblancein
anglemeasure,throughuniformCIGS,indicateamodel®tting
boththePPandPSscatteringevents.

The tying of the PP and PS events forces us to take
anisotropy into account;this has beenobserved by several
authors,seefor exampleArtola et al. (2003).We developed
anapproachderived from joint PPandPSangletomography,
consistingof ®ve steps,for carryingout MVA. We estimated
a compressional-andshear-wave velocity modelbasedon a
quasi-TIV medium(Thomsen's

�

� � ) assumption.We also
succeededin estimating

�

separatelyfrom 
 , with a degreeof
uncertainty, in part of the model; in this estimationwe made
additionaluseof a semblancemeasureappliedto thePPand
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PSCIGs.As to beexpected,thebestresolvedparametercom-
binationfrom PSangletomographyis 


S

�

.
The 
 ,

�

parameterestimationwascarriedout in a layer-
strippingmanner. Theestimatesfor 
 aresigni®cantlydiffer-
ent from thoseobtainedby the automaticglobal searchfor a
quasi-TIV medium.This shows that our procedureandstrat-
egy cannotlead to uniquenessof the re¯ectiontomography
problem.

Our methodshows thepotentialto achieve depthconsis-
tency anduniform CIGsat thesametime. It reliesheavily on
the ability to identify, interpret,andpair interfaceson the PP
and PS images.The successof this dependson whetherPS
imagesof suf®cientquality canbegeneratedto begin with. It
canbe arguedthat the current®eld dataexamplecould have
beensolvedby a lesssophisticatedmethod,suchasonebased
on the generalizedDix approach.Our method,however, ex-
tendsfarbeyondthecaseswherethegeneralizedDix equation
applies.

One of the potential applicationsof re¯ection tomog-
raphy is pore pressureprediction(Sayerset al., 2004). Our
methodcan not only provide P-wave velocity modelsat a
higherspatialresolutionthan canbe obtainedby hyperbolic
moveoutor otherconventialvelocityanalyses,it canalsoyield
animprovedestimateof thelocal ���

(

��� ratio.
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�Cerveńy, V., 2001,Seismicraytheory:, CambridgeUniversity
Press.

Chauris,H., andNoble,M., 2001,Two-dimensionalvelocity
macromodelestimationfrom seismicre¯ectiondataby lo-
cal differentialsemblanceoptimization:applicationto syn-
theticandrealdatasets:Geophys.J. Int., 144, 14–26.

deBoor,C.,1978,A practicalguideto splines:, Springer, New
York.

de Hoop,M. V., andBleistein,N., 1997,GeneralizedRadon
transforminversionsfor re¯ectivity in anisotropicelastic
media:InverseProblems,13, 669–690.

de Hoop, M. V., Burridge, R., Spencer, C., and Miller, D.,
1994,GeneralizedRadontransformamplitudeversusan-
gle (GRT/AVA) migration/inversionin anisotropicmedia:
ProceedingsSPIE2301,pages15–27.

deHoop,M. V., Spencer, C., andBurridge,R., 1999,There-
solving power of seismicamplitudedata:An anisotropic
inversion/migrationapproach:Geophysics,64, 852–873.

Douma, H., and de Hoop, M., 2003, Closed-formexpres-
sionsfor maptime-migrationin vti mediaandapplicability
of mapdepth-migrationin the presenceof caustics:Geo-
physics,submitted.

Farra,V., andMadariaga,R., 1987,Seismicwaveform mod-
eling in heterogeneousmediaby ray perturbationtheory:
Journalof GeophysicalResearch,92, 2697–2712.

Fomel, S., 1997, Velocity continuationand the anatomyof



Joint P andSvelocityre�ection tomography 155

residualprestackmigration:Proceedings67th Ann. Inter-
nat.Mtg. Soc.of Expl. Geophys.,pages1762–1765.

Foss,S. K., andUrsin, B., 2003,2.5-D modeling,inversion
andanglemigrationin anisotropicelasticmedia:Geophys-
ical Prospecting,Accepted.

Foss,S.K., deHoop,M., andUrsin,B., 2003a,Linearized2.5-
D parameterimaging-inversionin anisotropicelasicmedia:
Geophys.J. Int., submitted.

——– 2003b,A practicalapproachto automatedpp angleto-
mography:EAGE/ SEGsummerresearchworkshopin Tri-
este.

Gill, P. E., Murray, W., andH., W. M., 1981,Practicalopti-
mization:, AcademicPress.

Gjoystdal, H., and Ursin, B., 1981, Inversion of re¯ection
timesin three-dimensions:Geophysics,46, 972–983.

Grechka,V., andTsvankin,I., 2002a,Thejoint nonhyperbolic
moveout inversionof pp and ps data in vti media:Geo-
physics,67, 1929–1932.

——– 2002b,Pp+ ps= ss:Geophysics,67, 1961–1971.
Grechka, V., Pech, A., and Tsvankin, I., 2002, Multi-

componentstacking-velocity tomographyfor transversely
isotropicmedia:Geophysics,67, 1564–1574.

Herrenschmidt,A., Granger, P.-Y., Audebert,F., Gerea,C.,
Etienne,G., Stopin, A., Alerini, M., Le Bégat,S., Lam-
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Figure 1. Geometryof raysconnectingtheimagingpointwith thesourceandthereceiver; anillustrationof map(de)migration.
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Figure 2. Thedifferentialsemblancemis®t functionin angleis differentiatedkeepingtheimagepoint,scatteringangle,azimuthandmigrationdip
®xed.Dottedlinesindicateperturbedrays.
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Figure 3. Positive andnegative PSCIGS, �
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��� . Thearrows indicatetheray directionsin thetwo re¯ectionevents.Thesolid anddashed
curvesaretheP-andS-wave legs,respectively, of thedifferentevents.
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Figure 4. Two normal-incidence-point(NIP) raysfor thePandSwave from thesubsurfacepoint  .
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Figure 5. Mappingof theNIP re¯ectiontraveltimefunctionandslopesto re¯ectordepthsanddips,givena velocitymodel ! and !
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Figure 6. There¯ectorpoint imagedat  and 




from PPandPSre¯ectiondata,respectively, resultingfrom an inconsistentbackgroundmodel.
IndicatedareNIP raysfrom thetwo re¯ectorpointsto theacquisitionsurface.
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Figure 7. Initial (top left) and®nal (top right) P-wave velocity modelfrom isotropicangletomography, with the®nal interfacegeometry(bottom).
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Figure 8. The common-imagepoint gathersof the isotropicP-wave
velocity optimizationafter0, 4, and7 iterations.
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Figure 9. PS imageusing the initial S-wave velocity model in Fig-
ure 11 (left) andusingtheP-wave velocity modelfrom the isotropic
P-wave angletomography.
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Figure 10. The PP imageusing the ®nal isotropic P-wave velocity
modelin Figure7 (top right). Indicatedwith arrows area selectionof
interfacesof particularinterest,denotedby a),b) andc).
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Figure 12.Thecommon-imagepoint gathersof the isotropicS-wave
velocity optimizationafter0, 2, and5 iterations.
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Figure11. Initial (left) and®nal (right) S-wave velocity modelobtainedwith isotropicangletomography
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Figure15.The � modelafterthe®nal anisotropicupdate(
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��� ) (left) andthe5 anisotropiclayersusedin thelayer-strippingapproach(right).
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Figure 13. PSimageusingthe initial S-wave velocity modelin Fig-
ure 11 (left) andusingtheP-wave velocity modelfrom the isotropic
P-wave angletomography.
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Figure 14. PSimageafter isotropicS-wave angletomographyon PS
CIGs.
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Figure16.Thecommon-imagepointgathersof theangletomography
in � aftera)0 andb) 2 iterations.
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Figure 17.PSimageafterisotropicco-depthing.
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Figure 18.PSimageafterquasi-TIVparameterupdate(
�

��� ).
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Figure 19. A single trace,at 3200 m horizontaldistance,from the
imagesin Figures10 (step(i)), 14 (step(ii)), 17 (step(iv)) and 18
(step(v)).
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Figure 20. Contourplots for anisotropiclayers1-5 (vertical direc-
tion) andmis®t plots for PS,PP andPP+PSsemblance,anddiffer-
ential semblancein anglefor PP+PS.The semblanceplots aregiven
by equations(37) and(??), formulatedasminimizationproblemsfor
comparisonwith thedifferentialsemblancemis®t function.
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Figure 21.Final PPandPSCIGSafteranisotropicmodelupdateob-
tainedfollowing a layer-strippingapproach.
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Figure 22. PPimageusingtheanisotropicparametersobtainedfrom
thelayerstripping.
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Figure 23. PSimageusingtheanisotropicparametersobtainedfrom
thelayerstripping.
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Figure 24. PPimageusingtheanisotropicparametersobtainedfrom
thelayerstripping,in two-way PPtime.
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Figure 25. PPimageusingtheanisotropicparametersobtainedfrom
thelayerstripping,in two-way PPtime.
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Figure 26.Theinitial PPimageobtainedin (i) (sameasin Figure9),
in two-way PPtime.
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