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Offset-dependentresolutionof seismicmigration
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ABSTRACT

In thiswork, westudytheresolvingpowerof seismianigrationasa functionof source-
receiveroffset. We quantify horizontalresolutionby meansof the region aroundthe
migratedreflectionpoint that is influencedby the migratedelementarywave To ob-
tain an estimatefor the mentionedzoneof horizontalinfluenceafter migration, we
investigatehe migration outputat a chosendepthpointin thevicinity of the specular
reflectionpoint, i.e., whenthe outputpoint is movedalongthe reflector We find that
theregion of influencas well approximatedoy the differencebetweernhetime-domain
Fresnelzoneand its paraxial approximation. Thewidth of the spatial resolutionre-
sultingfrommigration of thereflectioneventis compaedwith theresolutionpredicted
from theoetical ray-theoryformulasfor various data setswith different offsets. It
is to be remarled that the above resolutionis reated only with perfect,noise-feg
correctlysampledunbiasedata.

INTRODUCTION

Seismicresolutionafter depthmigration hasbeentheoreticallydiscussedy various
authors(Berkhout,1984; Beylkin, 1985; Cohenet al., 1986; Bleistein,1987). A re-
centcomprehense study on the subjectwas carriedout in Vermeer(1999), where
additionalreference®nthe subjectcanbefound.

It iswidely accepte@monggeophysicistthat' depthmigrationreducesheFresnel
zone'. Althoughthisis a very sloppy expressionpecausehe Fresnekzoneis afixed-
sizefrequeng-dependenguantityassociateavith thereflectedray, we will seein this
sectionthatthereis alot of truthin it.

We discusshorizontalresolutionin a completelyanalogousmannerto the dis-
cussionof the pulsestretchin Tygel et al. (1994)thatis closelyrelatedto vertical
resolution. Note thatwe implicitly definenow resolutionin a slightly differentway
from whatis usuallydonein the literature. Corventionally resolutionis quantified
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by the minimal distanceof two objectssuchthattheirimagescanstill be recognized
astwo distinct ones. In this way, resolutionis clearly a frequeng-domainconcept.
For amorepractical time-domainconceptwe needa differentdefinition. Guidedby
the above sectionon pulsedistortion,we quantify horizontalresolutionby meansof
theregion aroundthe migratedreflectionpoint My, thatis influencedby the migrated
elementarywave at M.

To obtainanestimatdor thementionedzoneof ‘horizontalinfluence'aftermigra-
tion, we investigatethe migration outputat the chosendepthpoint M = M in the
vicinity of the speculareflectionpoint My (seeFigurel), i.e., whenthe outputpoint
is movedalongthereflectorXg.

7 migrated reflector image
Figurel: Horizontalresolution:influenceof the migratedeventat the speculareflec-
tion point Mz onthemigrationresultat the neighboringpoint M g onthereflector

In particular we studythe horizontalresolutionof seismicmigrationasa function
of offset. As shavn by Tygel etal. (1994),the vertical resolutionis the worsethe
greaterthe offsetbecomesFor a horizontalreflectorbelov a constant-elocity over
burden,it decreaseproportionallyto the cosineof the reflectionangle. A similiar
behaiour is expectedor horizontalresolution.

MATHEMATICAL DERIVATION

As the startingpoint, we considerthe time-dependentiffraction-stackntegral in the
form of Tygeletal. (1994),

VM,0) = o [ € BEM) Flt+ Tan(E ) ®
A
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where A denoteghe migrationaperture,B includesall amplitudefactorsbeingthe
weight function andthe seismicdataamplitude,and 74¢(¢, M) is the differencebe-
tweenthe stackingsurface,i.e., thediffractiontraveltime 7, (£, M), andthereflection

traveltime 7z (¢). Thesearched-fodiffraction-stackmigrationresultat M is givenby
theimagingconditiont = 0, V(M) = V (M, 0).

Applying theFouriertransformwith respecto ¢ to equation(1), we obtainaccord-
ing to familiarrules,

A

V(M) = Flw] o2 [ € BE by e @
A

We considera Taylor-seriesexpansiorof V(HR, w) In Zr in theplaneQ tangent
to thereflectorat My (seeFigurel).Dueto Fermats principle,we will needasecond-
orderseries

P p—

~ — A~ ].
V(MRa CU) = V(MRa CL)) + VRV(MRa w)fR + §fR : VDR(MR’ w)j‘Ra (3)

whereV ,V is thegradientandV/ r IS thesecond-ordederivative (Hessian)matrix of

A~

V(M g,w) with respecto z g, amjxm takenat M.

The stackresult, V (Mg, w) is given, after asymptoticevaluationof this integral
upontheuseof the Methodof StationaryPhasgBleistein,1984),by

V(Mp,w) ~ Flw] T(£Mp), (4)

wherethe new amplitudeT(E*; Mp) includesthe amplitudefactor B of integral (1)

togetherwith someadditionalfactorsthatappearasa consequencef the stationary-
phaseanalysis.Moreover, & denoteghe stationaryor critical point, i.e., the pointthat
satisfieghefollowing stationaritycondition

VeTan(&, M) =0. (5)
£=¢

Here,we assumehat one andonly onecritical point E* existsin the aperturerange
A which satisfiesequation(5). If no critical point£* existsin A, the diffraction-stack
outputwill beasymptoticallysmall. Onthe otherhand,if morethanonecritical point
existsin A, the stackresultwill be a sumof the contritutionsfrom eachsingleone.
Thesecontributionswill shaw, in general, differentamplitudesand differentdistor
tions. Therefore the migratedpulseis no longerundercontrol. However, for mostof
the usualseismicmeasuremertonfigurationge.g.,commonshotor constanpffset),
the latter situationis extremelyunlikely, asthis meansthat a secondray connecting
thesamesource-receer pair would reflectat the samedepthpoint.
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Thederivationsof V(MR, w) with respecto thecomponentsf 7y aregivenby

V(M) = o // < sty OF )awTdif(f?M). (6)

agL‘R] &vRJ 83:Rj

SinceTz is notafunctionof 'z, we obserethat

OTar _ 0Tp _ 0T @

8mR]- 8$Rj 8:53]-

wherewe have usedthe notation7s;, for the diffraction-traseltimefunctionalongrays
connectingan arbitrarysource-rece&er pair definedby £ to anarbitrarypoint on the
reflectorX. Fermats principle stateghenthat

0Ts

P = 0. (8)

-

IT=T R

Differentiatingequation(6) a secondimeyields

oV W 0T . 0Tx OB
——— (Mg,w) = F[w]%// [zwiB-l-zw +

(%Rjﬁxm E)ijaka 8.’1?Rj (‘3ka
.2 0T 0Tx 0°B 0T 0B
2 B zw7af 5 M) 9
+(ZCU) aij 8331?,19 + aijaka + aka 8:633 ( )

wherewe have againusedequation(7).

In high-frequeng approximation,equations(6) and (9) are dominatedby the
highest-ordenon-vanishingtermsin w. At Mpg, the first derwvative of 7y vanishes
dueto Fermats principle,equation(8). Thus,we find in this approximation,

v
a.’,ER ] (MRa (U) =0 (10)
J
and
PV O*Ts - T (E
9V (Mgp,w) = Flw // £ Mp)eTat@Ma) (11
&ijaaka( R &vRJaka R)e | ( )

Theasymptotievaluationof equation(11) is completelyparallelto thatof integral (2)
andyields
v 0Ty
Ba:Rj(%Rk - 6$Rj8-TRk
Here,we recognizethe Hessianmatrix H , asdefinedby Hubraletal. (1992). We
thuswrite in matrix form, L

iwFw]Y (€, Mp) (12)

V= HpiwFlw]T(§ M), (13)
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We now substituteequationg4), (10) and(12) in the Taylor serieq3) to obtain

A

1 . -
V(Mg w) = [1 + i i IjDrF;sz] Flo]Y(€ Mg). (14)
Backin thetime domain,this reads
- 1. o .
V(M t) = [Flt] + 5~ HpinF 1] T M), (15)

or,att =0,

V(iw) = V(¥r,0) = [F0) + 520 0] YEMr). (1)

Thisresultcanagainbeinterpretedasafirst-orderTaylor expansionof

V(i) = I HpZaX(E Ma). (1)

Thephysicalinterpretatiorof this resultis straightforvard. SinceF'[¢] is zerooutside
theintenal 0 < t < 7., theinfluenceof the migratedwavefield at M endsat that

particularpoint M 5, where
1

57 Hpfn=T.. (18)
This is exactly the definition of the time-domainFresnelzone(Hubral et al., 1992).

Thus, the areaaffecting the reflectedfield in the vicinity of Mg is the areaof the
paraxialFresnekzoneat M.

Let us appreciatehe meaningof this result. We know that forward wave prop-
agationdistributesthe information scatteredrom each“diffraction point” M in the
seismicdataover one projectedrFresnelzone,which is thereforethe minimum aper
ture for seismicKirchhoff prestackdepthmigration (Schleicheret al., 1997). The
presentresulttells us that migrationsmearghe informationpertainingto eachdepth
point is smearedn the migratedsectionover a paraxialFresnelzone. To undothe
effectsof wave propagationthatis, to recover the migratedimagewith a perfectres-
olution, however, it shouldsmearthis informationover the true time-domainFresnel
zone.Thus,we canexpectthatthe migrateddatawill shav a lateralresolutionthatis
roughlyequwalentto the quality of the paraxialapproximatiorof the Fresnekone.In
thenext sectionwe confirmthis conclusiorwith a simplenumericalexperiment.

SYNTHETIC EXAMPLE

To demonstratehe lateralresolutionof seismicKirchhoff depthmigration,we have
devisedthe following simple numericalexperiment. Considera horizontalinterface
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Figure2: Earthmodelfor asimplenumericalexperiment.Also shavnis therayfamily
for acommon-ofsetexperimentwith asource-receer offsetof 3000m.

belov a homogeneoukalfspacewith an acousticwave velocity of 6 km/s (seeFig-
ure 2). Below theinterface,we considera verticalfaultat z = 0 km, separatingwo
homogeneoublockswith velocitiesof 5 km/sand5.5 km/son theleft andright side
of thefault, respectrely. In this model,we have simulatedan ensemblef common-
offsetseismicsureys with source-receer offsetsrangingfrom 0 m to 4000m. The
reflectionanglefor the largestoffsetis about68°. A typical common-ofset dataset
(for asource-receer offsetof 3000m) is depictedn Figure3. Thenumericalmodel-
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Figure3: A numericallysimulatedcommon-ofsetdatasefor themodelin Figure2.
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ing wasrealizedby animplementatiorof the 2.5-dimensionaKirchhoff integral. The
sourcewaveletis asymmetricaRicker waveletwith a durationof 64 ms.

The modelwaschoserto demonstratéhe capacityof Kirchhoff migrationto col-
lapsethe Fresnelzone. The simple fault modelis ideal for this demonstratiorasit
allows for a quantitatve estimateof the residualFresnelzoneafter migration. The
Kirchhoff datashaov how theinformationof thefaultis distributedin the seismicam-
plitudesover a projectedFresnelzone. To malke this even more evident, we have
picked the peakamplitudealong the seismiceventin Figure 3. This amplitudeis
shown in Figure4 asa functionof midpointcoordinate Also indicatedin Figure4 are

X 10

-2.51 b

Amplitude
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—-25000 -15‘00 —1600_ 560 0 . 560 1060 15‘00 2000
Midpoint Coordinate (m)

Figure4: Seismigpeakamplitudealongthereflectioneventin Figure3. Also indicated
arethe boundarief the time-domainprojectedrFresnelzonein the directionof the
seismicline.

the boundarie®f the time-domainprojectedFresnelzone. For a common-ofset ex-
perimentoveramodelwith ahorizontalreflectorbelonv anoverburdenwith aconstant
velocity v, the projectedFresnekzoneis anellipsewith semi-axes

b
b=/vT.z, =Sy (29)

where7; is thelengthof thesourcewavelet, z is thereflectordepthanda is thereflec-
tion angle. Indicatedin Figure4 is the sizeof the greatersemi-axisa thatquantifies
the extensionof the Fresnelzonein thedirectionof the seismicline. We obsene that
theabrupthorizontalvelocity contrasteadsto a smoothamplitudeincreasealongthe
seismicreflectionevent,almostcoveringa completeprojected~resnekone.
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Figure5: Depthsectionafteratrue-amplitudeKirchhoff migrationof the datain Fig-
ure3.

Figure5 shavs the dataof Figure3 afterapplicationof a seismicprestackKirch-
hoff depthmigration. The sameprestackdepthmigrationhasbeenperformedon all
othercorrespondingyntheticcommon-ofsetsectionswith source-receer offsetsbe-
tween0 m and4000m. Theresultsof thesemigrationsaresimilar to thatof Figure5
andare,thus,not depictednere. We alreadyrecognizen Figure5 thattheamplitude
changefrom one side of the fault to the otherhasbecomemuchsteepethanin the
original data(cf. Figure3). This comesasno surprisesinceit is well-known that mi-
grationincreaseshe lateralresolution. To betterquantify this effect, Figure6 showvs
the picked peakamplitudesalongthe seismiceventin Figure5. In this figure, it is
mucheasierto obserethanin Figure5 thatthechangan amplitudesetweerthetwo
valuesof thereflectioncoeficientatbothsidesof thefaultis muchmoreabruptthanin
Figure4. TheFresnekonehasindeedbeenstronglyreducedy Kirchhoff migration.
Ourtheoreticakstimateor thesizeof theresidualFresnekoneaftermigration,based
ontheresultsof theprevioussectionjs indicatedby two verticalbars. Theseshaw the
extensionof thedifferencebetweerthetruetime-domainFresnekoneandits paraxial
approximation We seethatthis estimategorovidesa pretty goodestimateof theactual
sizeof theresidualFresnelzone.

To put this investigationon a broaderbasisand make its resultsmoreconclusve,
we have repeatedhis numericalcomparisorfor the othersource-recser offsetsbe-
tween0 m and4000m. Figure7 shawvs the sizeof theresidualFresnelzoneafter mi-
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Figure6: Picked peakamplitudesof the migratedreflectioneventin Figureb.

grationasafunctionof offset(opencircles). Thesizeof theresidualFresnekoneafter
migrationwasestimatedby determiningwherethe amplitudevaluesin the transition
zonereachthevalueof thereflectioncoeficientasrecoveredby thetrue-amplitudeni-
gration. Becausef the numericalerror, this cannotbe usedasan exactcriterion. We
thereforechosethe value of the recoveredreflectioncoeficient to be reachedvhere
the errorwaslessthansix percent.Figure7 compareghe sizeof theresidualFresnel
zoneasestimatedn thisway to its predictedsize(solid line) ascalculatedby the dif-
ferenceof the paraxialandtrue time-domainFresnelzones.We obsene quite a good
agreemenbf estimatedandpredictedvaluesover thewholerangeof offsets.

Notethattheabove resultsexplain awell-known practicalobsenation. It hasbeen
frequentlyobsened in practicethat zero- and nearoffset datacan provide a better
lateralresolutionthanfar-offsetdata. With the above considerationgn mind, we now
understandhis fact. Thereasoris thatthe paraxialapproximatiorto the Fresnekzone
is theworsethefartherthe offsetsare.

By meansof the presentanalysiswe have now gaineda muchmore quantitatve
understandin@f whatthe commonexpressiornt‘depth migrationreduceghe Fresnel
zone”meansn quantitatve terms. Speakingmplicitly in time-domainconceptsthe
zoneof influencereducedrom the projectedFresnelzonedescribedoy the Hessian
matrix H , to the differencebetweenthe paraxialFresnelzonedescribedoy matrix
IaDIF anathetrueFresnekone.lt is to beremarled,however, thattheabove resolution
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Figure7: Fresnelzoneasa function of offset. Shavn arethe exact (solid line) and
paraxial(dashedine) sizesof the Fresnelzone,their difference(dottedline) andthe
estimatedesolutionregion (crossesafterKirchhoff depthmigration.

is reachedonly with perfect,thatis, noise-free,correctly sampled,unbiased data.
Any additionaldistortiondueto the wave propagationin aninhomogeneouseflector
overkurden,suchas transmissiorlosses focusingand defocusing,caustics.etc., as
well asacquisitioneffects suchasirregular sourceandrecever spacing,sourceand
recever coupling,uncalibratedracesgtc.,will notonly affecttherecovery of thebest
possibleamplitudesout will alsodegradethe seismicresolution.

SUMMARY

In this paper we have discussedhorizontalresolutionof true-amplitudeKirchhoff
depthmigrationin dependencen the source-receer offset. We have seenthatthe
region aroundthereflectionpoint affectedby thereflectedvavefieldaftermigrationis
closelyrelatedto thedifferencebetweerthetime-domainFresnekoneandits paraxial
approximation.Sincethis differenceincreasesvith offsetasthe paraxialapproxima-
tion is gettingworse,so doesthe resolutionpower of seismicmigration. A possible
explanationof this behaiour is thatKirchhoff migrationis analgorithmthatis based
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on asecond-ordeapproximation.Thereforejt canbe expectedto be correctonly up
to seconcborder

Qualitatively, we obsene theexpectedbehaiour of adecreasindgporizontalresolv-
ing power with increasingoffset. However, the quantitatve behaiour of horizontal
resolutionasa functionof offsetis differentfrom thatof verticalresolution.As shaovn
by Tygel et al. (1994),for constantvelocity and a horizontalreflector the vertical
resolutiondecreasegroportionallyto the cosineof the reflectionangle. Horizontal
resolvingpower, however, seemaot to be a simplefunction of thatangle. The best
fitting curve of thetype cos? o hasanexponentof ¢ ~ 1.5. Theresultingcurve, how-
ever, doesnotfit the obsenedangle-dependenapiite well.
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