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Summary

Up to this point theresultsof the 4-D experimenthave beenem-
ployedto producea differencedatasefrom the suney atthestart
andthe oneafter a certaintime span. Thenfrom this difference
conclusionsredravn with respecto themediumchangeln this
paperareciprocitytheoremis emplo/edto derive the volumein-
tegral representationwhich shavs how this differenceis related
to the restrictedareawherethe changeccur This formulation
is suitedfor inversion.Usingtheboundaryintegral representation
we arrive atanoperationaprocedurdor 4-D prestackmaging.

Introduction

Seismicimaging and characterizatioms concernedvith the use
of soundwavesto delineatecontrastsn the mediumparameters.
Thenfollowing the standardanalysisthis contrastis associated
with changesn the geologicalstructureof the subsuraice. The
oil industry hassuccesfullyusedthis techniqueto delineateoil
and gasfields. In the samespirit inducedchangesn the sub-
surface geology can also be detectedif they can be relatedto
a temporalchangein the mediumparameters.However, this is
only trueif thetime rateof changes happeningn a time scale
whichis muchlargerthanthe experimenttime of a standardseis-
mic suney. The seismicactiity associateavith this type of di-
agnosiss known as4-D seismicsor time-lapseseismics.Nur et
al. [3] obsered significantchangedn the compressionalvave
speedn coressaturatedvith heavy oil asafunctionof theambi-
enttemperature From this obseration he conjecturedhat seis-
mic technique<ould be usedto monitorthe thermaleffect of in-
jectedsteamto enhancehe oil recovery of areserwir. Not only
thermaleffects on wave propagatiorcanbe monitored. Crutset
al. [1] shaved thatinducedstressin reserwir rock changeshe
anisotroy of rock parameters.This studyis importantfor the
gas-producindieldsin the Northernpartof the NetherlandsThe
hydrostaticpressuredrop in the reserwir dueto gasproduction
inducessubsidencandtriggerssmall earthquales. In this case
4-D seismicscould be usedto forecastthe stressbuild-up in the
mediumandits geomechanicalonsequences.

The acoustic reciprocity formulation

In the acousticreciprocitytheoremtwo wave field statesaredis-
tinguished.The statescanbe completelydifferent,althoughthey
sharethe samespatialdomainof application,ID, andthey arere-
latedvia an interactionquantity The boundarysurfaceof D is
denotedby X with thenormalvectorn. Theacoustiovave fields
in the two statessatisfythe following acousticwave equationin

thefrequeny domain:

Ok (éakp) +w?kP = —jwQ, Q)
whereP = P(x,w) isthepressurep = p(x) isthemassensity
Kk = k(x) is thecompressibilityand@ = Q(x,w) is thevolume
densityof injectionrate. Einsteins summatiorconventionapplies
to repeatedsubscripts. In the further analysiswe will omit the
explicit functionaldependencen thecircularfrequeng w.
Thetwo differentstatesarelabeledby superscript®' and'l' for
states) and 1, respectiely. Whenwe consideronly contrastin
thecompressibilityanddifferentsourcesn D, the globalform of
thereciprocitytheorenreads
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(seeFokkemaandvandenBem [2]). We notethatin the formu-
lation of equation(2) the massdensityis not differentin the two
statesut hasaninhomogeneouspatialcharacterin orderto re-
late the reciprocitytheoremwith the 4-D seismicexperimentwe
connectstate0 with the seismicsituationat time instantt = ¢o,
which we call thereferencestate.Statel is relatedwith the situ-
ationatt = t1, suchthatt; > tg, whichis known asthe monitor
state.In thatcasethereciprocityformulationdescribeshechange
in compressibilitybetweent, andt, dueto somegeomechanical
processor consequencesf productionactvities. As far asthe
sourcesare concernedat the two time instantswe considerthe
actionof point sourcesthat have the samewavelet spectrumS
but, optionally differentspatiallocations. In particularwe have
in state0

jwQ° (x) = S8(x —x°), 3
wherethe sourcepositionis takenasthe actualsourcepositionin
theseismicexperimentsin statel the sourcetermis writtenas
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wherethe “source'positionis taken at the actualrecever posi-
tion in the seismicexperiments. The correspondingvave fields
in the two situationsarewritten as P® = P°(x|x®) and P!

jwQ'(x) = S8(x — x™),
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P (x|x®) to relatethemto their differencein spatialsourcepo- 0. As domainof applicationwe take D’ andthe sourceand re-
sitions. Wherenecessaryhe associategcalarGreens functions ceiver locationsaretakenin I’ aswell. We have
areintroducedas 1
/ @[PO(X|XR)akG°(x|x5)
P'(x[x%) = G°(x[x*)S and P'(x[x%) =G (x[x")S. >

(5) — G°(x|x%)3p P’ (x|x7) | npd A
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Next we apply the reciprocitytheoremof equation(2) to the do- =S[P(x7[x") = P x7) =0, (11)
mainR? andrelatethe domainD with the domainof thefactual wherewe have usedthe physicalreciprocityrelationfor the ref-
changen compressibilityoetweerthe two time instants.Operat-  erencestate. Then subtractingthe resultof equation(11) from

ing in thisway we arrive at equation(10) we arrive at
S[P (x5]x®) — PO (xR |x5)] AP(xFxS) = / ﬁ [AP(x|xR)3kG0(x|xS)
P
_ 2r 1 0 0 Sy pl R

: R _S
with {x™,x"} € R’, (6) Whenthe interface X is planarandwe canseparatehe up and
dowvngoingpropagatiorcharacteof the Greens functionsandthe

wherewe usedthefactthattheboundaryintegralatinfinity onthe - scatteredvave field atthe boundarythenwe canreduceequation
left-handsideof equation(2) vanisheslueto the causalitycondi- (12)to

tion. After usingphysicalreciprocity P! (x5 |x%®) = P (x®|x%)

andintroducingthedifferencewave field A P andthecontrasipa- AP(XR|XS)
rameterAx as _ / 2 (asAP(xlxR)) GO (xx®)dA
5 ()
AP(xR|xS) = Pl(xR|xS) — PO(xR|xS), ) with {xR, xS} em, (13)
1 0
Ar(x) = & (x) — £ (x), (®) in whichds A P(x|x") is thereflectionfunctionof thedifference

wavefield and G°(x|x®) representshe Greens function of the
equation(6) is compactlywritten as referencanedium.

Differencedata
AP(x®x%) = /szn(x)GO(x|xS)P1(xlxR)dV, (9) In Figure1 we shav a plane-layemodelwith two disconnected
P reserwir layerswith thicknessesf 25mand50m, andtop inter-

f tadepthof 475 ds2 trely.
wherewe usedthe Greens function definition for G° of equa- acesatadeptno mandgzsmrespectrely.

tion (5). Equation(9) learnsus how the differencein wavefields offset (m)
betweert; andt, is relatedto thefactualdifferencein compess- 0 (2004008001000
ibility for every recever positionx® andsourcepositionx® in
3, provided thatwe take the sameset{x", x5} atthe different
time instants Besideghevolumeintegral representatioover the 1900 m/s
contrastiomainm, it is alsopossibleto derive aboundaryintegral
representatiover the contrastsurfaceX. To thatendwe apply
the reciprocitytheoremto ', the complemenbf the domainD,
andwe arrive at

1800 m/s

RSy = [ L [plixix® 0 (xclxcS
APG) = [ s [P0 )

—Go(x|x5)8kP1(x|xR)]nde. (10)

2600 m/s

Fig. 1. refeenceandmonitormodel.
To have the differencewave field alsoin the integrand of the
boundaryintegral at the right-handside of equation(10) we use This modelis usedto createtwo time-lapsesyntheticshotgath-
thereciprocitytheorenfor two situationsof thewavefield in state ersby meansof a finite-differenceprogram. The velocitiesfor
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the referenceandthe monitor stateare alsoshavn in this figure
aswell asthe shotandrecever positions. Syntheticdataallows
usto simulatecompleterepeatibilityof thetwo time-lapse=xperi-
ments anassumptionwhichis of coursenotstrictly valid in prac-
tice. Thereforechangedetweerthe two datasetsre confinedto
thetwo reseroir layers(events3 and5). Figure2 shavstherefer
enceshotgatheatt = ¢, createdy thefinite-differenceprogram.
After subtractinghereferencelatasefrom themonitordataseat
t = t1 we obtainin Figure3 thedifferenceshotgather
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Fig. 2: refeenceshotgather
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Fig. 3: differenceshotgather

In this figurewe obsere thataftersubtractiorthefirst difference
reflection can be identified with the boundaryof the temporal
contrastdomain(X in equation(13)), beingthe top interface of

the upperreserwir at 475m. The reflectionfrom the first inter-

faceat 300mhasdisappearetecausehe spatialcontrasthasnot
changedn time. In a practicalsituationsucha reflectorcanbe
usedo assesherepeatibilityof theseismicexperiment.Zeroam-
plitude would imply completerepeatibilitywhereasesidualam-
plitude canbe usedasa measurdor non-repeatibility Likewise

an amplitudematchingprocedurecould be devised that should
minimizetheresidualamplitude.

In Figure3 we canseethatall interfaceselav thetopinterfaceof
theupperreserwir arepresentn thedifferenceshotgatheasdif-
ferencereflections. Interfaceswhich sharethe samespatialcon-
trastin the referenceandmonitor statedo not cancelcompletely
after subtractionmeaningthat not all differencereflectionscan
be identified with temporalcontrasts. They occurin the differ-
enceshotgathebecauséhereflectionsin the monitor shotgather
areshiftedin time with respecto the reflectionsin the reference
shotgathét Thetime-shiftdependsn the thicknessof the tem-
poral contrastand the contrastitself, andit is cumulatve. The
bottominterface of the upperreserwir (bottom event 3), event
4, andthe top interfaceof the lower reserwir (top event5) are
shiftedby anamountrelatedto the velocity changein the upper
reseroir layer Thetime-shiftof thebottominterfaceof thelower
reserwir (bottomevent5) andevents6 and7 is the sumof two
time-shiftsrelatedwith the velocity changesn the upperandthe
lowerreserwir layersrespectiely. To beableto handlethetime-
shiftsseperatelyve proposeatop-to-bottomapproactwhich will
be explainedin the next section.

4-D redatuming and imaging

Our 4-D imaging schemes basedon the inversionof Equation
(13) for thedifferencereflection(for theimagingse€[5]). There-
fore sourceandrecevers shouldbe positionedinside a domain
in which no temporalcontrastshave occured. In this way the
top boundaryof a layeredtemporalcontrastcan be imagedus-
ing the velocitiesof the referencanodelin the Greens function
G°(x|x%). Sowith the sourceandreceversat the surfacelevel
(seeFigure 1) the top interfaceof the upperreserwir is imaged
correctlyascanbe seenin Figure4 (top event3). This lastfig-
ureis createdby imagingthe entire differencedatasetusingthe
Greensfunctionof thereferencanodel. This procedurds equiv-
alentto processingwo time-lapselatasetseperatelyvith exactly
thesameprocessingrarameterandsubtractingheresult,acom-
monpracticein time-lapseseismicprocessing.
Theinduceddepth-shiftsn Figure4 atthebottominterfaceof the
upperreseroir and at the layersbelow is usedto calculatethe
associatedelocity change . The sameinformationis alsopresent
in the differencereflectionof the top interface of the reserwir.
Knowing thevelocity changewe areableto imagethe bottomin-
terfaceof theuppermeserwir layercorrectlyby redatumingsource
andreceversto this level (see[4]). Theredatuminghroughthe
temporakontrasdomainis performedor thereferencendmon-
itor stateseparatelyusingthe Greens function of the reference
state(assumedo be known) andthe calculatedGreens function
of the monitor staterespectiely. After redatumingoelon thetop

INotethatthereis alsoa differencein amplitudedueto the difference
in transmissiorcoeficients in the upperreserwir layer However this
effectis lesspronounce@ndnotimportantin theimagingprocedure.
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Fig. 4. erroneoudifferenceimage.

reseroir sourceandreceversareagaininsidea domainin which
no temporalcontrasthave occuredandEquation(13) canbe used
againto imagethe region from the bottom boundaryof upper
reserwir layer to the top boundaryof the lower reseroir layer
As aresultof the redatumingof the sourceandrecevers belov
theuppermeseroir layerthedepthshiftsassociatevith thislayer
areremoved from the differencedata. This canbe seenin Figure
5 in which the differenceof a redatumedeferenceand monitor
shotgatheare shavn with shotandreceversnow at 600m, just
belov the upperreserwir layer Comparingthis figure with Fig-
ure 3 (sourceand recever at 0Om) we seethat e.g the interface
at 700m (event 4) hasdissappeareth Figure5 becausen both
stateshe propagatioreffect of theupperreserwir layerhasbeen
eliminated.
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Fig. 5. differenceredatumingat 600m.

Following the procedureas describedabose we canproceedby
imagingthe region from the bottomboundaryof the lower reser
voir layerto the endof the section. The endresultis shavn in
Figure6. Comparingthis last figure with Figure 4 we obsere
thatin Figure6 the depth-shiftsareeliminatedandasa resultthe

eventsnotassociatevith temporalcontrastevents4,6 and7, are
minimized.
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Fig. 6: correctdifferenceimage.

Conclusions
In this paperwe have shavn thatthe globalform of the acoustic
reciprocitytheorensenesasa suitabletool to relatethetwo seis-
mic measurementsf a 4-D experiment.We restrictour analysis
to compressibilitycontrastonly, while theinhomogeneoumass
densityremainghesamen thetwo statesThisrestrictionis com-
monly associateavith velocity contrastonly. Thevolumeinte-
gral of compressibilitycontrastdeadsto aninversionapproach,
but after formulation this road is not further explored. On the
otherhand theboundaryintegral formulationleadsto animaging
procedureof the differencewave field. As aresultthe difference
of the reflectionoperatorbetweenthe two seismicexperiments
is mappedat every contrastboundarywhenperforminga correct
redatumingf thewave fieldsthroughthe contrasdomains.
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