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SUMMARY
We proposea methodfor estimatinginterval velocity usingkine-
matic informationin diffractions.We extractvelocity information
aftermigrationby analyzingresidualdiffractionfocusingin phys-
ical spaceusingprestackresidualmigration. We invert for inter-
val velocity usinga wave�eld-continuationoperatorlinking veloc-
ity perturbationsto perturbationsof migratedimages.We measure
theaccuracy of themigrationvelocity usinga diffraction-focusing
criterion, insteadof thecriterionof �atnessof migratedcommon-
imagegathersthat is commonlyemployed in Migration Velocity
Analysis (MVA). This criterion enablesus to extract velocity in-
formationfrom eventsthatwould bechallengingto usewith con-
ventionalMVA methods,andthusit makesourmethodapowerful
complementto conventionalMVA.

INTRODUCTION

Migration velocity analysis(MVA) usingdiffractedeventsis not a
new concept.Harlan(1986)proposesmethodsto isolatediffraction
eventsaroundfaults using statisticaltools, and introducesMVA
techniquesapplicableto simplegeology, e.g. constantvelocity or
v(z). Similarly, deVries andBerkhout(1984)usethe conceptof
minimum entropy to evaluatediffraction focusingandapply this
methodologyto MVA. SoellnerandYang(2002)usefocusingof
diffractionssimulatedusingdata-derivedparametersto estimatein-
terval velocities.Khaidukov et al. (2004)proposemethodsto iso-
latediffractedenergy from theseismicdatawhich canbeusedas
velocityanalysisindicators.

Sava andBiondi (2004a,b)introducea methodof wave-equation
migrationvelocityanalysis(WEMVA), which�nds aslownessper-
turbationcorrespondingto animageperturbation.This methodol-
ogyis similarto ray-basedmigrationtomography(Al-Yahya,1989;
Stork,1992;Etgen,1993),wheretheslownessperturbationis de-
rivedfrom deptherrors,andto wave-equationtomography(Taran-
tola,1986;Woodward,1992;Pratt,1999)wheretheslownessper-
turbationis derivedfrom measuredwave�eld perturbations.

The moveout informationgiven by the specularenergy is not the
only informationcontainedby animagemigratedwith anincorrect
slowness.Non-speculardiffractedenergy is presentin the image
andindicatesslownessinaccuracies.Traveltime-basedMVA meth-
odscannoteasilydealwith the diffraction energy, andaremostly
concernedwith moveoutanalysis.In contrast,adifferencebetween
aninaccurateimageanda perfectlyfocusedtarget imagecontains
bothspecularandnon-specularenergy; thereforeWEMVA is nat-
urally ableto derive velocity updatesbasedon both thesetypesof
information.

Onepossibleapplicationof this techniquein seismicimagingcon-
cernsareaswith abundant,clearly identi�able diffractions. Ex-
amplesinclude highly fracturedreservoirs, carbonatereservoirs,
roughsaltbodiesandreservoirswith complicatedstratigraphicfea-
tures.Of particularinterestis thecaseof saltbodies.Diffractions
can help estimatemore accuratevelocitiesat the top of the salt,
particularly in the casesof roughsalt bodies. Moreover, diffrac-
tion energy maybethemostsensitivevelocity informationwehave
from underthesalt,sincemostof there�ectedenergy werecordat
the surfacehasonly a narrow rangeof anglesof incidenceat the
re�ector, renderingtheanalysisof moveoutambiguous.

WEMVA THEORY

Imaging by wave�eld extrapolation(WE) is basedon recursive

Figure 1: Zero-offset syntheticdatausedfor focusingmigration
velocityanalysis.

continuationof the wave�elds (U ) usingan extrapolationopera-
tor (E):
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At any depthz, thewave�eld ( eU ), extrapolatedthroughtheback-
groundmediumcharacterizedby the backgroundvelocity (s̃), in-
teractswith mediumperturbations(1 s) andcreateswave�eld per-
turbations(1 V):
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S is a scatteringoperatorrelatingslownessperturbationsto wave-
�eld perturbations.Thetotalwave�eld perturbationatdepthzC1 z
is the sum of the perturbationaccumulatedup to depth z from
all depthsabove (1 U z), plus the scatteredwave�eld from depth
(1 Vz) extrapolatedonedepthstep(1 z):
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We canusetherecursive equation(3) to computea wave�eld per-
turbation,givena precomputedbackgroundwave�eld anda slow-
nessperturbation.Fromthewave�eld perturbation(1 U ), we can
computeanimageperturbation(1 R ) by applyinganimagingcon-
dition, 1 R D I1 U . If we accumulateall scattering,extrapolation
and imaging into a singleoperatorwe canwrite a linear expres-
sion relatingan imageperturbation(1 R ) to a slownessperturba-
tion (1 s):

1 R D L1 s . (4)

For wave-equationmigrationvelocityanalysis,weuseequation(4)
to estimatea perturbationof theslownessmodelfrom a perturba-
tion of themigratedimageby minimizing theobjective function

J (1 s) D jjW (1 R � L1 s)jj 2 C � 2 jjA1 sjj2 . (5)

A canbea regularizationoperatorwhich penalizesroughfeatures
of themodel,W is aweightingoperatorrelatedto theinverseof the
datacovariance,indicatingthereliability of thedataresiduals,and
� is a scalarparameterwhich balancesthe relative importanceof
thedataresidual,W (1 R � L1 s), andthemodelresidual,(A1 s).
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Figure2: Zero-offsetmigratedimagefor thesyntheticdatain Fig-
ure1: velocitymodel(a),andmigratedimage(b). Migrationusing
theinitial v(z) velocitymodel.

An essentialelementof our velocity analysismethodis the image
perturbation,1 R . For the purposesof the optimizationproblem
in equation(5), this is objectis known andhasto beprecomputed,
togetherwith thebackgroundwave�eld usedby theoperatorL .

A simpleway to de�ne theimageperturbation(1 R ) is to take the
imageobtainedwith the backgroundslownessand improve it by
applyinganimageenhancementoperator. In principle,bothfocus-
ing in space(along the midpoint axis) and focusingin offset are
velocity indicators,andthey shouldbeusedtogetherto achievethe
highestaccuracy. Here,we emphasizemigrationvelocity analysis
usingonly focusingof diffractionsalongthespatialaxes.

We useprestackStolt residualmigration(Stolt, 1996;Sava,2003)
as the imageenhancementoperator(K). This residualmigration
operatorappliedto thebackgroundimagecreatesnew images(R ),
functionsof a scalarparameter(� ), which representstheratio of a
new slownessmodelrelative to thebackgroundone:

R D K (� ) [R b] . (6)

We cannow take the imageperturbationto be the differencebe-
tweenthe improved image(R ) andthe background image(R b):
1 R D R � R b. The challengewith this methodof construct-
ing imageperturbationsfor WEMVA is that the two images,R
andR b, cangetout of phase,suchthat they risk violating the re-
quirementsof the�rst-order Bornapproximation(SavaandBiondi,
2004a).

Weaddressthischallengeby usinglinearizedimageperturbations.
We run residualmigrationfor a largenumberof parameters� and
pick at every locationthe valuewherethe imageis bestfocused.
Thenwe estimateat every point thegradientof the imagerelative
to the� parameterandconstructtheimageperturbationsusingthe
following relation:

1 R � K
0
�
�
�
� D1

[R b] 1 � , (7)

Figure3: Residualmigrationappliedto the imagemigratedwith
theinitial velocitymodel,Figure2. Fromtopto bottom,theimages
correspondto theratios� D 1.04,1.00,0.96,0.92,0.88.

where,by de�nition, 1 � D 1� � . Themainbene�t of constructing
imageperturbationswith equation(7) is thatwe avoid thedanger
of subtractingimagesthatareout of phase.

EXAMPLE

We test our methodologyusing a syntheticdatasetobtainedby
acoustic�nite-dif ferencemodelingover a saltbody. Althoughwe
useour techniqueto constrainthetop of thesalt,themethodology
is applicablein any situationwherediffractionsareavailable,for
example,subsaltwhereangularcoverageis small,anduncollapsed
diffractionscarry substantialinformationwhich is disregardedin
typicalMVA methodologies.

Figure1 shows thezero-offsetdatawe usefor velocity analysisto
delineatethe top of the rough salt body. The sectioncontainsa
largenumberof diffractors,whosefocusingallows usto constrain
theoverburdenvelocitymodel.

Figure2(a)depictsthestartingvelocitymodel,andFigure2(b)de-
pictstheinitial imageobtainedby zero-offsetmigration.Thestart-
ing velocity is atypicalGulf of Mexico v(z) functionhangingfrom
thewaterbottom.Uncollapseddiffractionsarevisible at thetop of
thesalt, indicatingthat thevelocity in theoverburdenis not accu-
rate. Suchdefocusingalsohampersour ability to pick accurately
thetop of thesaltand,therefore,degradesimagingat depth.

We run residualmigration on the backgroundimage(Figure 2).
Figure?? shows this imageafter residualmigrationwith various
velocity ratios (Sava, 2003). From top to bottom, the ratiosare:
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Figure 4: Residualmigration picks (a) and the associatedcon�-
denceweights(b).

1.04,1.00,0.96,0.92,0.88. Differentpartsof the imagecomeinto
focusat differentvaluesof thevelocity ratio.

Figure4(a)shows thepickedvelocity ratiosat variouslocationsin
the image. Thewhite backgroundcorrespondsto picked 1 � D 0,
andthe gray shadescorrespondto 1 � between0 and0.08. Fig-
ure4(b)showsamapof theweights(W) associatedto eachpicked
value.Thewhitebackgroundcorrespondsto W D 0, indicatinglow
con�dencein thepickedvalues,andthedarkregionscorrespondto
W D 1, indicatinghigh con�dencein thepickedvalues.

Figure5(a) shows the slownessperturbationobtainedafter 20 it-
erationsof inversionfrom the imageperturbationin Figure5(b).
The smoothslownessperturbationis constrainedby a regulariza-
tion operator(Laplacian).Figure6(a)shows theupdatedslowness
modelandFigure6(b)showsthezero-offsetmigratedimagecorre-
spondingto theupdatedmodel.Most of thediffractionsat thetop
of the salt have beencollapsed,andthe roughtop of the salt can
beeasilypicked. Thediffractionscorrespondingto thesaltbodies
at x D 2000� 4000 ft, z D 3500ft arenot fully collapsed,indi-
catingthatanothernonlineariterationinvolving residualmigration
andpicking is necessary.

Finally, Figure7 shows prestackmigratedimagesusingthe initial
velocity model(a) andtheoneupdatedusingzero-offset focusing
(b). The top panelsdepict stacks,and the bottom panelsdepict
angle-domaincommon-imagegathers(ADCIG) (Sava andFomel,
2003).TheADCIGsshow substantialbendingaftermigrationwith
the initial velocity, but they are mostly �at after migration with
the updatedvelocity, althoughnoneof the moveout information
hasbeenusedfor velocity update. Figure8 shows two ADCIGs
at x D � 2350ft from theimagesobtainedwith theinitial velocity
model(a)andtheupdatedvelocitymodel(b). TheADCIG in panel
(a) correspondsto a notchin thetop of thesaltandis complicated
to usefor velocity analysis.However, aftermigrationwith theup-
datedvelocity model,panel(b), theADCIG is muchsimpler, and
thesmallresidualmoveoutscanbepickedfor velocityupdates.

A comparisonof Figure 6(b) with Figure7(b) shows a potential

Figure5: Slownessperturbation(a),derivedfrom animagepertur-
bation(b) derived from thebackgroundimagein Figure2 andthe
velocity ratiopicksin Figure4.

limitationof ourtechniquein thepresenceof prismaticwaves(Biondi,
2003). Both imagesareobtainedwith the samevelocity, the �rst
onewith zero-offset dataandthe secondonewith prestackdata.
Theimagingartifactsvisible at thebottomof thedeepcanyonsat
thetopof thesaltin Figure6(b)arecreatedby prismaticwavesthat
arenotproperlyimagedfrom zero-offsetdata.Prismaticwavesare
better(thoughnot perfectly) handledby full prestackmigration,
andthustheartifactsarenotvisible in theprestack-migratedimage
shown in Figure7(b). Sincetheseartifactsresembleuncollapsed
diffractions,they maymisleadtheanalysisof theresidualmigrated
imagesandbeinterpretedassymptomsof velocity inaccuracies.

CONCLUSIONS

Diffractionscontainvelocityinformationthatisoverlookedbycon-
ventional MVA methods,which use �atness of commonimage
gathersastheonly criterionfor theaccuracy of migrationvelocity.
We demonstratethat accurateinterval-velocity can be estimated
by invertingtheresultsof a residual-focusinganalysisof migrated
diffractedevents.To convert residual-focusingmeasurementsinto
interval-velocity updates,we employ the WEMVA methodology
which is ideally suitedfor this taskbecauseit inverts imageper-
turbationsdirectly, without requiring an estimateof the re�ector
geometry.

Our exampledemonstrateshow the proposedmethodcanexploit
thevelocity informationcontainedin theeventgeneratedby a ru-
gosesalt-sedimentinterface.Thiskind of eventsis presentin many
salt-relateddatasets,andtheability of usingthediffractedenergy
to furtherconstrainthevelocitymodelmightsigni�cantly improve
the�nal imagingresults.
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Figure6: Zero-offsetmigratedimagefor thesyntheticdatain Fig-
ure1: velocitymodel(a),andmigratedimage(b). Migrationusing
theupdatedvelocity.
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