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Offset-dependentresolutionof seismicmigration
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ABSTRACT

In thiswork,westudytheresolvingpowerof seismicmigrationasa functionof source-
receiveroffset. We quantifyhorizontalresolutionby meansof the region aroundthe
migratedreflectionpoint that is influencedby themigratedelementarywave. To ob-
tain an estimatefor the mentionedzoneof horizontalinfluenceafter migration, we
investigatethemigrationoutputat a chosendepthpoint in thevicinity of thespecular
reflectionpoint, i.e., whentheoutputpoint is movedalong thereflector. We find that
theregionof influenceis well approximatedbythedifferencebetweenthetime-domain
Fresnelzoneand its paraxial approximation. Thewidth of the spatial resolutionre-
sultingfrommigrationof thereflectioneventis comparedwith theresolutionpredicted
from theoretical ray-theoryformulasfor variousdata setswith different offsets. It
is to be remarked that the above resolutionis reachedonly with perfect,noise-free,
correctlysampled,unbiaseddata.

INTRODUCTION

Seismicresolutionafter depthmigrationhasbeentheoreticallydiscussedby various
authors(Berkhout,1984;Beylkin, 1985;Cohenet al., 1986;Bleistein,1987). A re-
centcomprehensive studyon the subjectwascarriedout in Vermeer(1999),where
additionalreferenceson thesubjectcanbefound.

It iswidelyacceptedamonggeophysiciststhat'depthmigrationreducestheFresnel
zone'. Althoughthis is a very sloppy expression,becausetheFresnelzoneis a fixed-
sizefrequency-dependentquantityassociatedwith thereflectedray, wewill seein this
sectionthatthereis a lot of truth in it.

We discusshorizontal resolutionin a completelyanalogousmannerto the dis-
cussionof the pulsestretchin Tygel et al. (1994) that is closely relatedto vertical
resolution. Note that we implicitly definenow resolutionin a slightly differentway
from what is usuallydonein the literature. Conventionally, resolutionis quantified
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by theminimal distanceof two objectssuchthat their imagescanstill berecognized
astwo distinct ones. In this way, resolutionis clearly a frequency-domainconcept.
For a morepractical,time-domainconcept,we needa differentdefinition. Guidedby
the above sectionon pulsedistortion,we quantifyhorizontalresolutionby meansof
theregion aroundthemigratedreflectionpoint öA[ that is influencedby themigrated
elementarywaveat öA[ .

To obtainanestimatefor thementionedzoneof 'horizontalinfluence'aftermigra-
tion, we investigatethe migrationoutputat the chosendepthpoint ö ¿ öO[ in the
vicinity of thespecularreflectionpoint öA[ (seeFigure1), i.e.,whentheoutputpoint
is movedalongthereflector \T[ .
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Figure1: Horizontalresolution:influenceof themigratedeventat thespecularreflec-
tion point öA[ on themigrationresultat theneighboringpoint ö][ on thereflector.

In particular, westudythehorizontalresolutionof seismicmigrationasa function
of offset. As shown by Tygel et al. (1994), the vertical resolutionis the worsethe
greatertheoffsetbecomes.For a horizontalreflectorbelow a constant-velocity over-
burden,it decreasesproportionallyto the cosineof the reflectionangle. A similiar
behaviour is expectedfor horizontalresolution.

MATHEMA TICAL DERIVATION

As thestartingpoint, we considerthetime-dependentdiffraction-stackintegral in the
form of Tygeletal. (1994),^X¸ ö ¼�Ó�¾ ¿ À µ� Ã Ä _jÄ Å ð ¹Ëa` ¸ ¹Ë ¼ ö ¾cbÏN
OÓ � â

dif
¸ ¹Ë ¼ ö ¾"� ¼ (1)
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where d denotesthe migrationaperture,̀ includesall amplitudefactorsbeingthe
weight function andthe seismicdataamplitude,and

â
dif
¸ ¹Ë ¼ ö ¾ is the differencebe-

tweenthestackingsurface,i.e., thediffractiontraveltime
âfe ¸ ¹Ë ¼ ö ¾ , andthereflection

traveltime
â [ ¸ ¹Ë ¾ . Thesearched-fordiffraction-stackmigrationresultat ö is givenby

theimagingcondition ÓS¿O� , ^�¸ ö ¾�¿ ^ ¸ ö ¼���¾ .
Applying theFouriertransformwith respectto Ó to equation(1), weobtainaccord-

ing to familiar rules,g^ ¸ ö ¼ih'¾�¿ gÏN
 hj� � h� Ã§Ä _jÄ Å ð ¹Ëa` ¸ ¹Ë ¼ ö ¾lknmpoEq dif

Ø ÚÛ�r s[Ü Þ (2)

WeconsideraTaylor-seriesexpansionof

g^ ¸ ö][ ¼ih'¾ in
¹» [ in theplanet [ tangent

to thereflectorat öA[ (seeFigure1).Dueto Fermat'sprinciple,wewill needasecond-
orderseriesg^ ¸ ö][ ¼ih'¾
¿ g^X¸ öA[ ¼ih'¾ � ¹ý [ g^ ¸ öA[ ¼ih'¾ ¹» [ � µ� ¹» [ ��u

�
[ ¸ öA[ ¼ih'¾ ¹» [ ¼ (3)

where
¹ý [ g^ is thegradientand u

�
[ is thesecond-orderderivative(Hessian)matrixof

g^�¸ öO[ ¼ih'¾ with respectto » [wv and » [ ð takenat öA[ .

The stackresult,

g^ ¸ öA[ ¼ih'¾ is given, after asymptoticevaluationof this integral
upontheuseof theMethodof StationaryPhase(Bleistein,1984),byg^X¸ öA[ ¼ih'¾;x gÏN
 hj�zy ¸ ¹Ë Kn{ ö|[ ¾'¼ (4)

wherethe new amplitude y ¸ ¹Ë K { ö|[ ¾ includesthe amplitudefactor
`

of integral (1)
togetherwith someadditionalfactorsthatappearasa consequenceof thestationary-
phaseanalysis.Moreover,

¹Ë K denotesthestationaryor critical point, i.e., thepoint that
satisfiesthefollowing stationaritycondition¹ý Û â

dif
¸ ¹Ë ¼ ö ¾ ¹Ë ¿ ¹Ë K ¿ ¹� Þ (5)

Here,we assumethat oneandonly onecritical point
¹Ë K exists in the apertureranged which satisfiesequation(5). If no critical point

¹Ë K exists in d , thediffraction-stack
outputwill beasymptoticallysmall.On theotherhand,if morethanonecritical point
exists in d , the stackresultwill bea sumof the contributionsfrom eachsingleone.
Thesecontributionswill show, in general,differentamplitudesanddifferentdistor-
tions. Therefore,themigratedpulseis no longerundercontrol. However, for mostof
theusualseismicmeasurementconfigurations(e.g.,commonshotor constantoffset),
the latter situationis extremelyunlikely, asthis meansthat a secondray connecting
thesamesource-receiverpairwould reflectat thesamedepthpoint.
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Thederivationsof

g^ ¸ ö][ ¼ih'¾ with respectto thecomponentsof
¹» [ aregivenbyÍ g^Í�» [f} ¸ ö][ ¼ih'¾S¿

gÏS
 hj� � h� ÃÉÄ _ Ä 0 � h Í â difÍ�» [f} ` � Í `Í�» [f} 2 knmpoEq dif

Ø ÚÛir s[Ü Þ (6)

Since
â [ is nota functionof

¹» [ , weobserve thatÍ â
difÍ�» [�} ¿ Í âfeÍ�» [f} ¿ Í âf~Í�» [f} ¼ (7)

wherewe have usedthenotation
â�~

for thediffraction-traveltimefunctionalongrays
connectinganarbitrarysource-receiver pair definedby

¹Ë
to anarbitrarypoint on the

reflector\ . Fermat's principlestatesthenthatÍ âf~Í�»�� Úþ Ö Úþ%� ¿ � Þ (8)

Differentiatingequation(6) asecondtimeyieldsÍ ð g^Í�» [�} Í�» [ � ¸ ö][ ¼ih'¾�¿ gÏN
 hj��� h� ÃªÄ _ Ä : � h Í ð âf~Í�» [f} Í�» [ � ` � � h Í âf~Í�» [f} Í `Í�» [ � �� ¸ � h'¾ ð Í âf~Í�» [�} Í âf~Í�» [ � ` � Í ð `Í�» [f} Í�» [ � � � h Í âf~Í�» [ � Í `Í�» [f} < k mpoEq dif

Ø ÚÛ�r s[Ü ¼ (9)

wherewehaveagainusedequation(7).

In high-frequency approximation,equations(6) and (9) are dominatedby the
highest-ordernon-vanishingtermsin h . At ö|[ , the first derivative of

âf~
vanishes

dueto Fermat's principle,equation(8). Thus,wefind in thisapproximation,Í g^Í�» [f} ¸ ö|[ ¼ih'¾S¿c� (10)

and Í ð g^Í�» [f} Í�» [ � ¸ öA[ ¼ih'¾S¿
gÏS
 hj� ¸ � h'¾ ð� Ã Ä _ Ä Í ð â�~Í�» [f} Í�» [ � ` ¸ ¹Ë ¼ ö|[ ¾iknm�o�q dif

Ø�ÚÛ�r s � Ü Þ (11)

Theasymptoticevaluationof equation(11) is completelyparallelto thatof integral(2)
andyields Í ð g^Í�» [f} Í�» [ � ¿ Í ð âf~Í�» [�} Í�» [ � � h

gÏ�
 hj��y ¸ ¹Ë ¼ öA[ ¾ (12)

Here,we recognizethe Hessianmatrix �
� � asdefinedby Hubral et al. (1992). We

thuswrite in matrix form, u
�
[ ¿ �

� � � h
gÏ�
 hj��y ¸ ¹Ë ¼ öA[ ¾ Þ (13)
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Wenow substituteequations(4), (10)and(12) in theTaylorseries(3) to obtaing^X¸ ö][ ¼�h'¾
¿�� µ � � h µ� ¹» [ � � � � ¹» [��
gÏS
 hj��y ¸ ¹Ë ¼ ö|[ ¾ Þ (14)

Backin thetimedomain,this reads^ ¸ öO[ ¼�Ó�¾�¿��7ÏN
OÓ"� � µ� ¹» [ � �
� � ¹» [ bÏN
 Ó"� � y ¸ ¹Ë ¼ öA[ ¾ ¼ (15)

or, at Ó�¿c� ,^X¸ ö][ ¾S¿ ^ ¸ ö][ ¼���¾S¿��7ÏS
C�E� � µ� ¹» [ � �
� � ¹» [ bÏ�
C�E� � y ¸ ¹Ë ¼ ö|[ ¾ Þ (16)

This resultcanagainbeinterpretedasafirst-orderTaylorexpansionof^�¸ ö][ ¾�¿]ÏN
 µ� ¹» [ � �
� � ¹» [ ��y ¸ ¹Ë ¼ öA[ ¾ Þ (17)

Thephysicalinterpretationof this resultis straightforward. Since ÏN
 Ó"� is zerooutside
the interval �B� ÓN� â'�

, the influenceof the migratedwavefield at öA[ endsat that
particularpoint ö][ , where µ� ¹» [ � �

� � ¹» [ ¿ â'� Þ (18)

This is exactly the definition of the time-domainFresnelzone(Hubral et al., 1992).
Thus, the areaaffecting the reflectedfield in the vicinity of öA[ is the areaof the
paraxialFresnelzoneat öA[ .

Let us appreciatethe meaningof this result. We know that forward wave prop-
agationdistributesthe informationscatteredfrom each“dif fraction point” ö in the
seismicdataover oneprojectedFresnelzone,which is thereforethe minimumaper-
ture for seismicKirchhoff prestackdepthmigration (Schleicheret al., 1997). The
presentresulttells us thatmigrationsmearsthe informationpertainingto eachdepth
point is smearedin the migratedsectionover a paraxialFresnelzone. To undothe
effectsof wave propagation,that is, to recover themigratedimagewith a perfectres-
olution, however, it shouldsmearthis informationover the true time-domainFresnel
zone.Thus,we canexpectthatthemigrateddatawill show a lateralresolutionthatis
roughlyequivalentto thequalityof theparaxialapproximationof theFresnelzone.In
thenext section,weconfirmthisconclusionwith asimplenumericalexperiment.

SYNTHETIC EXAMPLE

To demonstratethe lateralresolutionof seismicKirchhoff depthmigration,we have
devisedthe following simplenumericalexperiment. Considera horizontalinterface
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Figure2: Earthmodelfor asimplenumericalexperiment.Also shown is therayfamily
for acommon-offsetexperimentwith asource-receiveroffsetof 3000m.

below a homogeneoushalfspacewith an acousticwave velocity of 6 km/s (seeFig-
ure2). Below the interface,we considera vertical fault at » ¿ 0 km, separatingtwo
homogeneousblockswith velocitiesof 5 km/sand5.5km/son theleft andright side
of thefault, respectively. In this model,we have simulatedanensembleof common-
offsetseismicsurveys with source-receiver offsetsrangingfrom 0 m to 4000m. The
reflectionanglefor the largestoffset is about68� . A typical common-offsetdataset
(for asource-receiveroffsetof 3000m) is depictedin Figure3. Thenumericalmodel-
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Figure3: A numericallysimulatedcommon-offsetdatasetfor themodelin Figure2.
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ing wasrealizedby animplementationof the2.5-dimensionalKirchhoff integral. The
sourcewaveletis asymmetricalRicker waveletwith adurationof 64ms.

Themodelwaschosento demonstratethecapacityof Kirchhoff migrationto col-
lapsethe Fresnelzone. The simplefault model is ideal for this demonstrationas it
allows for a quantitative estimateof the residualFresnelzoneafter migration. The
Kirchhoff datashow how theinformationof thefault is distributedin theseismicam-
plitudesover a projectedFresnelzone. To make this even more evident, we have
picked the peakamplitudealong the seismicevent in Figure 3. This amplitudeis
shown in Figure4 asa functionof midpointcoordinate.Also indicatedin Figure4 are
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Figure4: Seismicpeakamplitudealongthereflectioneventin Figure3. Also indicated
arethe boundariesof the time-domainprojectedFresnelzonein the directionof the
seismicline.

the boundariesof the time-domainprojectedFresnelzone. For a common-offsetex-
perimentoveramodelwith ahorizontalreflectorbelow anoverburdenwith aconstant
velocity ê , theprojectedFresnelzoneis anellipsewith semi-axes+ ¿ 7 ê â'� ½X¼ * ¿ +í�î³ï ì�� ð ò ¼ (19)

where
â'�

is thelengthof thesourcewavelet, ½ is thereflectordepthand ò is thereflec-
tion angle. Indicatedin Figure4 is the sizeof thegreatersemi-axis* thatquantifies
theextensionof theFresnelzonein thedirectionof theseismicline. We observe that
theabrupthorizontalvelocitycontrastleadsto a smoothamplitudeincreasealongthe
seismicreflectionevent,almostcoveringacompleteprojectedFresnelzone.
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Figure5: Depthsectionaftera true-amplitudeKirchhoff migrationof thedatain Fig-
ure3.

Figure5 shows thedataof Figure3 afterapplicationof a seismicprestackKirch-
hoff depthmigration. Thesameprestackdepthmigrationhasbeenperformedon all
othercorrespondingsyntheticcommon-offsetsectionswith source-receiveroffsetsbe-
tween0 m and4000m. Theresultsof thesemigrationsaresimilar to thatof Figure5
andare,thus,not depictedhere.We alreadyrecognizein Figure5 that theamplitude
changefrom onesideof the fault to the otherhasbecomemuchsteeperthanin the
original data(cf. Figure3). This comesasno surprisesinceit is well-known thatmi-
grationincreasesthe lateralresolution.To betterquantify this effect, Figure6 shows
the picked peakamplitudesalongthe seismicevent in Figure5. In this figure, it is
mucheasierto observethanin Figure5 thatthechangein amplitudesbetweenthetwo
valuesof thereflectioncoefficientatbothsidesof thefault is muchmoreabruptthanin
Figure4. TheFresnelzonehasindeedbeenstronglyreducedby Kirchhoff migration.
Our theoreticalestimatefor thesizeof theresidualFresnelzoneaftermigration,based
ontheresultsof theprevioussection,is indicatedby two verticalbars.Theseshow the
extensionof thedifferencebetweenthetruetime-domainFresnelzoneandits paraxial
approximation.We seethatthis estimateprovidesa prettygoodestimateof theactual
sizeof theresidualFresnelzone.

To put this investigationon a broaderbasisandmake its resultsmoreconclusive,
we have repeatedthis numericalcomparisonfor theothersource-receiver offsetsbe-
tween0 m and4000m. Figure7 shows thesizeof theresidualFresnelzoneaftermi-
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Figure6: Pickedpeakamplitudesof themigratedreflectioneventin Figure5.

grationasafunctionof offset(opencircles).Thesizeof theresidualFresnelzoneafter
migrationwasestimatedby determiningwheretheamplitudevaluesin the transition
zonereachthevalueof thereflectioncoefficientasrecoveredby thetrue-amplitudemi-
gration.Becauseof thenumericalerror, this cannotbeusedasanexactcriterion. We
thereforechosethe valueof the recoveredreflectioncoefficient to be reachedwhere
theerrorwaslessthansix percent.Figure7 comparesthesizeof theresidualFresnel
zoneasestimatedin this way to its predictedsize(solid line) ascalculatedby thedif-
ferenceof theparaxialandtruetime-domainFresnelzones.We observe quitea good
agreementof estimatedandpredictedvaluesover thewholerangeof offsets.

Notethattheaboveresultsexplainawell-known practicalobservation.It hasbeen
frequentlyobserved in practicethat zero- and near-offset datacan provide a better
lateralresolutionthanfar-offsetdata.With theaboveconsiderationsin mind,we now
understandthis fact.Thereasonis thattheparaxialapproximationto theFresnelzone
is theworsethefarthertheoffsetsare.

By meansof thepresentanalysis,we have now gaineda muchmorequantitative
understandingof what thecommonexpression“depthmigrationreducesthe Fresnel
zone”meansin quantitative terms.Speakingimplicitly in time-domainconcepts,the
zoneof influencereducesfrom the projectedFresnelzonedescribedby the Hessian
matrix �

� � to the differencebetweenthe paraxialFresnelzonedescribedby matrix�
� � andthetrueFresnelzone.It is to beremarked,however, thattheaboveresolution
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Figure7: Fresnelzoneasa function of offset. Shown arethe exact (solid line) and
paraxial(dashedline) sizesof theFresnelzone,their difference(dottedline) andthe
estimatedresolutionregion (crosses)afterKirchhoff depthmigration.

is reachedonly with perfect, that is, noise-free,correctly sampled,unbiased,data.
Any additionaldistortiondueto thewave propagationin aninhomogeneousreflector
overburden,suchas transmissionlosses,focusinganddefocusing,caustics,etc., as
well asacquisitioneffectssuchasirregular sourceandreceiver spacing,sourceand
receivercoupling,uncalibratedtraces,etc.,will notonly affect therecoveryof thebest
possibleamplitudesbut will alsodegradetheseismicresolution.

SUMMARY

In this paper, we have discussedhorizontal resolutionof true-amplitudeKirchhoff
depthmigrationin dependenceon the source-receiver offset. We have seenthat the
regionaroundthereflectionpointaffectedby thereflectedwavefieldaftermigrationis
closelyrelatedto thedifferencebetweenthetime-domainFresnelzoneandits paraxial
approximation.Sincethis differenceincreaseswith offsetastheparaxialapproxima-
tion is gettingworse,so doesthe resolutionpower of seismicmigration. A possible
explanationof this behaviour is thatKirchhoff migrationis analgorithmthatis based
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on a second-orderapproximation.Therefore,it canbeexpectedto becorrectonly up
to secondorder.

Qualitatively, weobservetheexpectedbehaviour of adecreasinghorizontalresolv-
ing power with increasingoffset. However, the quantitative behaviour of horizontal
resolutionasa functionof offsetis differentfrom thatof verticalresolution.As shown
by Tygel et al. (1994), for constantvelocity anda horizontalreflector, the vertical
resolutiondecreasesproportionallyto the cosineof the reflectionangle. Horizontal
resolvingpower, however, seemsnot to bea simplefunctionof that angle. Thebest
fitting curve of thetype �n������� hasanexponentof �R�L���p� . Theresultingcurve,how-
ever, doesnotfit theobservedangle-dependencequitewell.
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