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ABSTRACT

Depthimaging of multi-componentdatasetprovidesa tool for estimatingelasticpa-
rameters ( &gf E &)h ," and &gf0i0&(h ) in complex media. This paper, introducesa methodof
determiningshearwavevelocitiesand velocityratio in a postmigrateddomainafter
doingPoisson'sratio analysis(PRA).Raypathsaretracedthroughaninitial Poisson's
ratio funtion and are usedin combinationwith depthdeviationsin the postmigrated
domainto computePoisson's ratio perturbations.Theperturbationsare addedto the
initial Poisson's ratio functionto obtain the updatedPoisson's ratio. Thetraveltime
of theCRPraysto andfromthereflectionpoint andthehorizontalcomponentsof the
slownessareusedto constrain theraypathwhenparametersof thereferencePoisson's
ratio functionareperturbed.ThePoisson'sratio modelis correctedbyaniterativeop-
timizationtechniquethatminimizesdiscrepanciesin raypath.Theoptimizationscheme
is a conjugate-gradientmethod,wherethegradientoperator linearly relatesperturba-
tionsin Poisson's ratio to changesin reflectorpositions.Thisincludesa tomographic
approach in estimatingPoisson's ratios. HavingthecorrectPoisson's ratio theshear
velocitymodelis directly computed.We assumehere that the depthmodelis known
frompreviousP-wavevelocity/depthanalysisimplyingalsothat thewaveconversion
occured at the sameinterfaceas the P-wavereflection. Themethodology described
herehasbeenappliedto a 2D syntheticdatasetbut is alsoapplicablein a 3D isotropic
medium.

INTRODUCTION

ThePoisson's ratio of sedimentsandrockshasbeenof specialinterestin seismology
and oil-exploration. It can be determinedfrom the ratio of compressionalwave
velocity &jf to shearwave velocity &)h . The presenceof gasin the pore spaceof a
rock layer causesa remarkabledrop in the &gf0i0&(h ratio which leadsto a decreasein
the Poisson's ratio. Thereforean analysisof Poisson's ratio is vital ashydrocarbon
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indicator.

To extract elastic parametersof sedimentsand rocks elastic imaging is per-
formed. On the otherhand,depthimagingof elasticwaves(multi-componentdata)
is complicateddue to the need to develop a consistentvelocity/depthmodel for
both P- and S-waves. Here a methodfor estimatingand optimizing shearwave
interval velocitiesis presentedafterperformingvelocity ratioanalysis(Poisson's ratio
analysis)and iterative tomographyon convertedwaves(C-waves). In the past,two
main approacheshave beenproposedto perform migration velocity analysisafter
migrationandbeforestackingfor monotypicwaves: depthfocusinganalysis(DFA)
(MacKay and Abma, 1992; Jeannotet al., 1986) and residualwavefront curvature
analysis(RCA) (Al-Yahya,1989;Deregowski, 1990;Liu andBleistein,1995). The
methodsof theabove mentionedauthorsdid not includetomographicupdates.Other
authorse.g. (Bishopet al., 1985),(Stork,1992),(Kosloff et al., 1996)usedmigration
tomographyto determinethevelocity/depthmodelfor monotypicwaves.Themethod
presentedhere usesthe residualwavefront curvature analysisand depth misfit in
tomographyfor convertedwaves. More specifically, this methodinterpretseventsin
depthmigratedcommonshotsectionsor commonoffsetsections,andusestheresult
of their interpretationto updatethe Poisson's ratio modelandshearvelocity model.
No depthupdatingis donesince the depthstructureis assumedto be given from
P-waveanalysis.Themethodis usefulin areaswith complex geology(stronglaterally
variantPoisson's ratio andvelocity ratio), especiallyin regionswherethegeologyis
dominatedby salt intrusions.Theseregionsareimportantfor oil explorationbecause
the impermeablesalt boundariesfor incidentP-waves(S-wave) often serve astraps
wherehydrocarbonsaccumulate.Also at theseboundariesstrongwave conversiondo
occurallowing S-waves(P-waves)to penetratefor subsaltillumination.

Poisson'sratioanalysisandvelocityanalysisin thepremigrateddomain(i.e. reflec-
tion tomography)rely onthesameinformationin thedata:energy transmittedthrough
thevelocityvariationsandreflectedbackto thesurfacefrom theunderlyingreflectors.
In an ideal case,if a velocity field matchesthe datain prestackdomain,it will also
matchit in poststackdomain. In a reflectionsurvey, eachpoint on a reflectoris gen-
erally illuminatedby the datarecordedfrom several shots,giving redundantimages
of thesubsurface(seeFigure1). Thenumberof fold is a measureof this redundancy.
Thefigureis aschematicillustrationof commonreflectionpointgathersfor converted
waves from five differentshotpositions. Whenthe prestackdatais migratedto its
point of reflection,therewill bemultiple imagesof that reflector, which aresummed
to producethefinal migratedsection.

If thecorrectPoisson'sratio(velocitymodelsfor bothPandS-waves)areusedin a
prestackdepthmigration,thesemultiple imagesareidenticalandimprovesignal/noise
on summing. The processof Poisson's ratio analysisis to alter the Poisson's ratio
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Figure 1: Rays illustrating commonreflection point gathers(CRP) for converted
waves. The initial model is discretizedandthe CRPraysaretracedfrom sourceto
reciever locations.

field sothatthesemultiple imagesaremoreidenticalandproduceabettersummation.
Moreover, theknowledgeof Poisson's ratio is animportanthydrocarbonindicator.

Analysisof propertiesof commonreflectionpoint (CRP)gathersor commonim-
agegathers(CIG) allowsusto developaniterative tomographicalgorithmto estimate
the interval Poisson's ratio directly. Whenlateralvariationof Poisson's ratio within
individual layersdo exist, all CRPgathersareanalyzedsimultaneously. This simul-
taneousmigrationandanalysisis oneadvantageof the methodpresentedheresince
we canmigratewith a rangeof possiblePoisson's ratio functions.ThePoisson's ratio
is solvedby usingall raypathsin the gridedmodel. Thewholemodelis determined
by layer stripping, in a top down procedure.SincePoisson's ratio is relatedto the
velocity ratio (seeFigure4) the term Poisson's ratio andvelocity ratio will be used
interchangeablyin thesubsequentsections.

The Method

Thetraveltime( k f and k h ) for bothP- andS-raybranchesfrom sourceto receiversare
givenastheintegralalongthecorrespondingray paths

b
;

k fl�nm fjo�p7q r&jf M S O0s b E (1)

k ht� m h o�p7q r&)h M S O s b E (2)
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where S is the positionvector, s b is the differentialdistancealongthe ray. The
total traveltime of a ray from the sourceto the receiver is given asthe integral over
both slownessesalongwhich the ray traversedto the receiver. The slownessof the
mediumis madeupof theP-waveandS-waveslownessesrespectively. Therefore,the
total transienttimeof theray is givenas

k fjht�um�v7wFxFyYz{y p7| M rA} &jf M S O.i)&)h M S O.O r&gf M S O)s b (3)

Fromequation(3) it is seenthatthetraveltimeassociatedwith agivenray (i.e. the
total transit time from sourceto receiver) is the integratedPoisson's ratio alongthat
ray. Thedifferencebetweenthetraveltimefrom aperturbedPoisson'sratiomodeland
aninitial modelis usedto carryout tomographicinversionof Poisson'sratioalongthe
ray path. A difficulty with the tomographyproblemwhenusingequation(3) is that
the ray pathitself dependson the unknown Poisson's ratio (notethat Poisson's ratio
is equivalentto velocity ratio). Thereforeequation(3) is non-linearin Poisson's ra-
tio. Theapproachusedhereis to linearizeequation(3) aboutsomeinitial or reference
Poisson's ratiomodel.In otherwordslikeany tomographicapproach,insteadof solv-
ing equation(3) for &jf0i)&)hl��~ , we solve someapproximationto equation(3) for the
perturbationin &jf0i)&)h from aninitial model.Theperturbationin traveltimeis givenin
matrix form as: � k fjh�� r&jf � ~�� E (4)

where
� ~ is the vectorwhosecomponentsarethe differencesin Poisson's ratio

betweenthe initial modelandthesolution,i.e., an (m V 1) vectorand � is a matrix
whoseelement� 5�� is the distancethe i-th ray travels in the j-th cell, i.e., an (N V
m) matrix and

� k fjh is an (N V 1) vector. The symbol � denotesthe total number
of picked traces,c denotesthe total numberof modelparameters.The matrix � is
alsogivenasa matrix whoseelementsarepartial derivativesof the traveltimeswith
respectto model parameters.In reflectiontime tomographythe model parameters
aremadeup of the total numberof cells in the modelandthe numberof reflectors
(Bishop et al., 1985). In sucha caseone has to differentiatethe traveltime with
respectto the slownessandwith respectto the reflectordepth. (Bishopet al., 1985)
showed that the derivative of the traveltime with respectto the slownessis equalto
the path lengthof the ray in eachcell. In the casepresentedhere,sincethe depth
of the reflectorsare fixed one would then computeonly the traveltime derivative
with respectto the Poisson's ratio. Equation(4) is solved using the least-squares
formulationof (PaigeandSaunders,1982).ThisupdatesthePoisson's ratiomodelby
minimizingthe �P���j� . Equation(4) canbeusedbothin prestackor poststackreflection
tomographyto evaluatechangesin reflectiontraveltime dueto changesin �j�0�)�)� . In
the Prestackdomain, it will be basedon picking, thereforebe proneto humanor
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machinemispickingespeciallyin areaswerecomplex raypathscausetriplications.

To overcomethis difficulty the valuesof �P���j� arecomputedafter the datahave
beendepthmigratedandsortedinto CRPgathers.Depthdeviations( ��� ) in migrated
CRPgathersareconvertedto traveltime deviations(traveltime delays �P���j� ) alonga
CRPray pair. This is doneby using the approximaterelationbetween��� andthe
resultingray traveltimedeviation (FaraandMadariaga,1988;Stork,1992;Kosloff et
al., 1996).For a reflectingmonotypicray (e.gP-P):

�P�������n�j�1�?�����
while: �P�F�]�������1���B���%���1�7� �j�
for polytypic raysof type ¡ and ¢ . The symbol �1� is the vertical slownesscom-

ponentof the incident ray if ��� is the vertical displacementof the boundarylevel.
Substitutingfor the slownessand taking into accountthe local dip of the reflector,�P���j� is givenas:

�P���j�t�����¤£¦¥g§)¨ �ª©«�­¬¯®°��g� �R¥g§)¨ �ª©��¦��®°��(� ± � ����g�³² ¥j§(¨ �{©«�´¬¯®��¦� �j��)� ¥g§)¨ �ª©��¦��®°�7µ¶�
(5)

�g���P���j���u���1� ¥g§)¨ �ª©«�l¬·®°�¦�¯¸ ¥j§(¨ �{©��¦�¹®��.� (6)

suchthat ��� is the residualdepthdeviation, while ©«� and ©�� arethe incidentand
reflectionanglesat the reflectorand ® is the local dip of the reflector. This dip is
computedfrom thestructuregivenin theP-wavemodel.

In equation(4), the º -th row of the » matrixdescribesthepathof the º -th ray from
sourceto receiver. The numberof rows equalthe total numberof rays,whereasthe
numberof columnsis equalto thetotalnumberof cells(nz ¼ nx) usedto describethe
model.

Theleastsquaresolutionto equation(4) is givenas:�½¸�g� �³�ª»�¾�»¿�ÁÀÃÂÄ�ÆÅ1Ç�»�¾��P���j�ÆÈ (7)
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The constantÀ (dampingfactor) addedto the main diagonalof matrix » ¾ »
makes » nonsingularandalsostabilizesthe inversionprocess(PaigeandSaunders,
1982).Thesolutionto equation(4) is a setof Poisson's ratio perturbations�P¸ which
areaddedto the initial Poisson's ratio model to producean updatedmodel, i.e., the
updatedPoisson's ratio field is producedby projecting the �½���j� back throughthe
mediumover thetracedraypaths.At thisstagetheprocedurecanberepeatedwith the
updatedPoisson's ratioandfurtherupdatescanbeundertakenif thenew CRPgathers
arenot flat enough.It shouldbenotedthat,thegrid cell to beadjustedaredependent
on theraypathassociatedwith their reflectioneventalongwhich theobservationsare
made.This in turn is dependenton thesourceandreceiver locationsof thetracesand
the overlying Poisson's ratio model. The changesin traveltime that are requiredin
eachgrid cell translateintochangesin theinterval Poisson'sratiovalueof thegrid cell.

Equation(3) tells us that whena PS-raytravels throughseveral structuresin the
earthmodel,its traveltimeis anintegralmeasureof thevelocity ratio in thestructures
thattheray encounters.Unraveling theexactvelocity ratio of a structurefrom travel-
timeobservationsis thereforepossibleonly whenthestructureis penetratedby a large
numberof raysover a wide rangeof angles. This meansthe accuracy of Poisson's
ratio analysisby CRPtomographyof commonshotgathersis bestfor large source-
to-receiveroffsetsandshortshotpointseparationsaswell asshortseparationbetween
CRP-gathers.Theinitial velocityratiomodelcanbedeterminedfrom CRP-semblence
velocityratioanalysis,geologicalinformation,well logs,orany othersourceof apriori
information.

The algorithm

Theprocedurefollows5 mainsteps.Startingat thetop layer;É at locationsdistributed throughoutthe model computedepthmigratedimage
gathersat theregionof interest,basedonaninitial Poisson's ratiomodel,É estimatethetraveltimecorrectionsnecessaryto flattenthegathers,É solve a large systemof equationsto simultaneouslyobtain the productof P-
wave slownessandvelocity-ratioupdatesthroughoutthemodel(so-calledlocal
tomography),É dividetheproductin previousstepby theP-waveslownesstoobtainthevelocity-
ratioupdate,É addtheupdatedvaluesto theinitial valuesandremigrate.If CRP-flatnessis not
achievedrepeatstartingat step1, if achievedstop.



123

Syntheticexample

To demonstratetheeffectivenessof themethoddescribedabove,anumericalexample
is presented.Consideringthe fact that an imagedepthonly dependson the velocity
ratioabove it, exceptfor turningrays,theuseof layerbasedtomographyis appliedto
determinethePoisson's ratio in individual layers.Themodelconsistof sevenelastic
layers. The P-wave velocitiesare2.075,2.20, 2.655,3.00, 4.202,4.608and5.285
km/swhile thevelocityratiosare1.5,1.73,1.8,1.73,1.81,1.73,1.73respectively. The
waveletusedis a 30HzRicker waveletwith pulsedurationof 0.059s. Thesynthetic
datawerecomputedby a programbasedon the ray method. For this testa total of
17 shotgathersweregeneratedfor a regular receiver grid spacingof 10 m andshot
spacingof 100m with 200m nearoffsetand2000m faroffset.

Figure2 showsaCRPgatheratdistanceÊË�¿Ì�Í(Î�Î maftermigrationwith aconstant
velocity-ratioof 1.99.It is diplayednearthevelocitymodelfor comparison.Notethat
the CRPimagesarecurved upward sincethe Poisson's ratio is higher thanthe true
Poisson's ratio. Thus the S-wave velocity is smaller. Figure 4 shows the relation
betweenPoisson's ratio andshearvelocity. This curvatureis well displayedin the
first layerwerethetruevelocity ratio is 1.5. Imagepositionsin Figure2 aredistorted
andwill eventuallyleadto structuraldistortionof imagesin thestackedsection.The
positionof theotherreflectorimageseventhoughseemsto beflatt aremovedupward.
Comparefor examplethe last two imagepositionsin Figure2. After an averageof
seven iterationsfor eachlayer-strippingprocedurethecorrectedvelocity ratio model
is obtained,Figure3 illustratetheflatnessof thecommon-imagegathersdespitesome
migrationnoisebeingintroduced.

Conclusion

Thevelocityratioanalysismethodpresentedin thispapercanprovideausefultool for
determiningandupdatingshearwave velocity modelsaswell asvelocity ratios. To-
getherwith P-wavevelocityanddensity, someotherparameterslikeelasticimpedance,
S-wave impedance,P-wave impedance,zero-offset shear-wave reflectivity andPois-
son's ratio can be determined. Theseare importantparametersusedfor lithologic
inversionandreservoir characterisation.
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Figure2: Layeredvelocitymodelusedin generatingcommonshotgathers.Themodel
is madeup of seven layers. Thedashedline indicatesthe imagedpositionshown on
the right panel. This panelis a commonimagegatherat position ÊÏ�ÐÌ�ÈYÍ km with
an initial migration �g�0�0�(� -ratio of 1.99for theentiremodel. Usingthis velocity ratio
causestheimageddepthsto moveupwardfrom their truepositions.
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Figure3: Commonimagegatherfrom themigrateddatawith correctedvelocity ratio
afterseveniterations.Displayedis theimagegatheratpositionx=1.5km for compar-
isonwith theimagegatherin Figure2. Despitesomemigrationnoise,thepositionof
theeventsarecorrectlyimaged.
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Figure 4: The relationshipbetweenPoisson's ratio and �g�0�0�(� -ratio, and �(� . For a
constantP-wavevelocity, �)� is inverselyproportionalto Poisson's ratio
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