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Summary

Up to this point theresultsof the4-D experimenthave beenem-
ployedto produceadifferencedatasetfrom thesurvey at thestart
andthe oneafter a certaintime span. Thenfrom this difference
conclusionsaredrawn with respectto themediumchange.In this
papera reciprocitytheoremis employedto derive thevolumein-
tegral representation,which shows how this differenceis related
to the restrictedareawherethe changesoccur. This formulation
is suitedfor inversion.Usingtheboundaryintegral representation
wearriveatanoperationalprocedurefor 4-D prestackimaging.

Introduction

Seismicimagingandcharacterizationis concernedwith the use
of soundwavesto delineatecontrastsin themediumparameters.
Then following the standardanalysisthis contrastis associated
with changesin the geologicalstructureof the subsurface. The
oil industryhassuccesfullyusedthis techniqueto delineateoil
and gasfields. In the samespirit inducedchangesin the sub-
surfacegeologycan also be detectedif they can be relatedto
a temporalchangein the mediumparameters.However, this is
only true if the time rateof changeis happeningon a time scale
which is muchlargerthantheexperimenttimeof astandardseis-
mic survey. The seismicactivity associatedwith this typeof di-
agnosisis known as4-D seismicsor time-lapseseismics.Nur et
al. [3] observed significantchangesin the compressionalwave
speedin coressaturatedwith heavy oil asa functionof theambi-
ent temperature.From this observation he conjecturedthat seis-
mic techniquescouldbeusedto monitorthethermaleffect of in-
jectedsteamto enhancetheoil recovery of a reservoir. Not only
thermaleffectson wave propagationcanbe monitored.Crutset
al. [1] showed that inducedstressin reservoir rock changesthe
anisotropy of rock parameters.This study is importantfor the
gas-producingfieldsin theNorthernpartof theNetherlands.The
hydrostaticpressuredrop in the reservoir dueto gasproduction
inducessubsidenceandtriggerssmall earthquakes. In this case
4-D seismicscould be usedto forecastthe stressbuild-up in the
mediumandits geomechanicalconsequences.

The acoustic reciprocity formulation

In theacousticreciprocitytheoremtwo wave field statesaredis-
tinguished.Thestatescanbecompletelydifferent,althoughthey
sharethesamespatialdomainof application,

� �
, andthey arere-

latedvia an interactionquantity. The boundarysurfaceof
� �

is
denotedby � with thenormalvector � . Theacousticwave fields
in the two statessatisfythe following acousticwave equationin

thefrequency domain:�����
	� ������������������������� "!
(1)

where
�#�$�"%'&(!)��*

is thepressure,� � � %'&+* is themassdensity,�,���+%'&+*
is thecompressibilityand

 -�� .%'&(!)��*
is thevolume

densityof injectionrate.Einstein'ssummationconventionapplies
to repeatedsubscripts. In the further analysiswe will omit the
explicit functionaldependenceon thecircularfrequency

�
.

Thetwo differentstatesarelabeledby superscripts'0' and'1' for
states0 and1, respectively. Whenwe consideronly contrastin
thecompressibilityanddifferentsourcesin

� �
, theglobalform of

thereciprocitytheoremreads/10 	� %2��3�� � �54(���546� � ��37*98 �:�;� /1< = �>��%2� 4 ��� 3 *?� 3 � 4 :�@
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(seeFokkemaandvandenBerg [2]). We notethat in theformu-
lation of equation(2) themassdensityis not differentin thetwo
statesbut hasaninhomogeneousspatialcharacter. In orderto re-
late thereciprocitytheoremwith the4-D seismicexperimentwe
connectstate0 with theseismicsituationat time instant C � C 3 ,
which we call thereferencestate.State1 is relatedwith thesitu-
ationat C � C 4 , suchthat C 4AD C 3 , which is known asthemonitor
state.In thatcasethereciprocityformulationdescribesthechange
in compressibilitybetweenC 3 and C 4 dueto somegeomechanical
processor consequencesof productionactivities. As far as the
sourcesare concernedat the two time instantswe considerthe
actionof point sourcesthat have the samewavelet spectrumE
but, optionally, differentspatiallocations. In particularwe have
in state0 ���F 3 %'&�*G� E�H %'&,��&+I�*J! (3)

wherethesourcepositionis takenastheactualsourcepositionin
theseismicexperiments.In state1 thesourcetermis writtenas���� "47%'&+*G� E�H %'&,�K&�LG*J! (4)

wherethe `source'position is taken at the actualreceiver posi-
tion in the seismicexperiments.The correspondingwave fields
in the two situationsarewritten as

� 3 �M� 3 %'&FN & I *
and

� 4 �
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to relatethemto their differencein spatialsourcepo-

sitions. WherenecessarytheassociatedscalarGreen's functions
areintroducedas� 3 %'&FN &+I�*(�#O 3 %'&FN &+I�* EQPR : � 4 %'&�N & L *(�SO 4 %'&FN & L * EGT

(5)

Next we apply thereciprocitytheoremof equation(2) to thedo-
main

� UWV
andrelatethedomain

� �
with thedomainof thefactual

changein compressibilitybetweenthetwo time instants.Operat-
ing in thiswaywearriveatE�X �547%'& I N &+LG*��B��3Y%'&+L�N & I *)Z� / < = ��� X � 4 %'&+*G��� 3 %'&+*)Z[� 3 %'&�N &+I�*?� 4 %'&�N & L * :\@ !

with ] & L !^&�I`_�a � U V ! (6)

whereweusedthefactthattheboundaryintegralat infinity onthe
left-handsideof equation(2) vanishesdueto thecausalitycondi-
tion. After usingphysicalreciprocity

� 4 %'& I N & L *(�$� 4 %'& L N & I *
andintroducingthedifferencewavefield b � andthecontrastpa-
rameterb � as

b �"%'& L N &+I�*
�S� 4 %'& L N &+I�*G��� 3 %'& L N &�I1*J! (7)b �+%'&+*(�S� 4 %'&�*+��� 3 %'&�*J! (8)

equation(6) is compactlywrittenas

b �"%'& L N &+I1*c� / < = �>� b �+%'&+*^O 3 %'&FN &+I�*?� 4 %'&�N & L * :�@ ! (9)

wherewe usedthe Green's function definition for
O 3

of equa-
tion (5). Equation(9) learnsushow thedifferencein wavefields
betweenC 4 and C 3 is relatedto thefactualdifferencein compress-
ibility for every receiver position

& L
andsourceposition

& I
in� UWV

, providedthatwe take thesameset ] & L !^& I _ at thedifferent
time instants.Besidesthevolumeintegral representationover the
contrastdomain

� �
, it is alsopossibleto deriveaboundaryintegral

representationover thecontrastsurface � . To thatendwe apply
thereciprocitytheoremto

� �ed
, thecomplementof thedomain

� �
,

andwearriveat

b �"%'& L N &+I1*
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To have the differencewave field also in the integrand of the
boundaryintegral at the right-handsideof equation(10) we use
thereciprocitytheoremfor two situationsof thewavefield in state

0. As domainof applicationwe take
� �id

andthe sourceandre-
ceiver locationsaretakenin

� �id
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wherewe have usedthe physicalreciprocityrelationfor the ref-
erencestate. Thensubtractingthe result of equation(11) from
equation(10)wearriveatb �"%'& L N &+I1*(� / 0 	� %'&+* f b �"%'&FN & L *9�\��O 3 %'&�N &+I�*�BO 3 %'&�N &�I�*9��� b �"%'&FN & L *)gi8k� :�; T (12)

Whenthe interface � is planarandwe canseparatethe up and
downgoingpropagationcharacterof theGreen'sfunctionsandthe
scatteredwavefield at theboundary, thenwecanreduceequation
(12) tob �"%'& L N &+I1*� /10nm� %'&+* ��� V b �"%'&�N & L *?�(O 3 %'&FN &+I�* :\;

with ] & L !^&+I1_oa � � d ! (13)

in which
� V b �"%'&�N & L * is thereflectionfunctionof thedifference

wavefield and
O 3 %'&FN & I *

representsthe Green's function of the
referencemedium.

Difference data
In Figure1 we show a plane-layermodelwith two disconnected
reservoir layerswith thicknessesof 25mand50m,andtop inter-
facesat adepthof 475mand825mrespectively.
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Fig. 1: referenceandmonitormodel.

This model is usedto createtwo time-lapsesyntheticshotgath-
ersby meansof a finite-differenceprogram. The velocitiesfor
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the referenceandthe monitorstatearealsoshown in this figure
aswell asthe shotandreceiver positions.Syntheticdataallows
usto simulatecompleterepeatibilityof thetwo time-lapseexperi-
ments,anassumptionwhich is of coursenotstrictly valid in prac-
tice. Thereforechangesbetweenthetwo datasetsareconfinedto
thetwo reservoir layers(events3 and5). Figure2 showstherefer-
enceshotgatherat C � C 3 createdby thefinite-differenceprogram.
After subtractingthereferencedatasetfrom themonitordatasetatC � C 4 weobtainin Figure3 thedifferenceshotgather.
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Fig. 2: referenceshotgather.
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Fig. 3: differenceshotgather.

In this figurewe observe thataftersubtractionthefirst difference
reflectioncan be identified with the boundaryof the temporal
contrastdomain( � in equation(13)), beingthe top interfaceof
the upperreservoir at 475m. The reflectionfrom the first inter-
faceat 300mhasdisappearedbecausethespatialcontrasthasnot
changedin time. In a practicalsituationsucha reflectorcanbe
usedto assestherepeatibilityof theseismicexperiment.Zeroam-
plitudewould imply completerepeatibilitywhereasresidualam-
plitudecanbe usedasa measurefor non-repeatibility. Likewise

an amplitudematchingprocedurecould be devised that should
minimizetheresidualamplitude.

In Figure3 wecanseethatall interfacesbelow thetopinterfaceof
theupperreservoir arepresentin thedifferenceshotgatherasdif-
ferencereflections.Interfaceswhich sharethesamespatialcon-
trastin the referenceandmonitorstatedo not cancelcompletely
after subtraction,meaningthat not all differencereflectionscan
be identifiedwith temporalcontrasts.They occur in the differ-
enceshotgatherbecausethereflectionsin themonitorshotgather
areshiftedin time with respectto thereflectionsin thereference
shotgather1. The time-shiftdependson thethicknessof thetem-
poral contrastand the contrastitself, and it is cumulative. The
bottom interfaceof the upperreservoir (bottom event 3), event
4, and the top interfaceof the lower reservoir (top event 5) are
shiftedby an amountrelatedto thevelocity changein the upper
reservoir layer. Thetime-shiftof thebottominterfaceof thelower
reservoir (bottomevent 5) andevents6 and7 is the sumof two
time-shiftsrelatedwith thevelocity changesin theupperandthe
lower reservoir layersrespectively. To beableto handlethetime-
shiftsseperatelyweproposea top-to-bottomapproachwhichwill
beexplainedin thenext section.

4-D redatuming and imaging
Our 4-D imagingschemeis basedon the inversionof Equation
(13) for thedifferencereflection(for theimagingsee[5]). There-
fore sourceandreceivers shouldbe positionedinsidea domain
in which no temporalcontrastshave occured. In this way the
top boundaryof a layeredtemporalcontrastcanbe imagedus-
ing the velocitiesof the referencemodelin theGreen's functionO 3 %'&�N & I *

. Sowith the sourceandreceiversat the surfacelevel
(seeFigure1) the top interfaceof the upperreservoir is imaged
correctlyascanbe seenin Figure4 (top event 3). This last fig-
ure is createdby imagingthe entiredifferencedatasetusingthe
Green's functionof thereferencemodel.Thisprocedureis equiv-
alentto processingtwo time-lapsedatasetsseperatelywith exactly
thesameprocessingparametersandsubtractingtheresult,acom-
monpracticein time-lapseseismicprocessing.

Theinduceddepth-shiftsin Figure4 at thebottominterfaceof the
upperreservoir and at the layersbelow is usedto calculatethe
associatedvelocity change.Thesameinformationis alsopresent
in the differencereflectionof the top interfaceof the reservoir.
Knowing thevelocitychangeweareableto imagethebottomin-
terfaceof theupperreservoir layercorrectlyby redatumingsource
andreceiversto this level (see[4]). The redatumingthroughthe
temporalcontrastdomainis performedfor thereferenceandmon-
itor stateseparatelyusing the Green's function of the reference
state(assumedto beknown) andthecalculatedGreen's function
of themonitorstaterespectively. After redatumingbelow thetop

1Notethatthereis alsoa differencein amplitudedueto thedifference
in transmissioncoefficients in the upperreservoir layer. However this
effect is lesspronouncedandnot importantin theimagingprocedure.
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Fig. 4: erroneousdifferenceimage.

reservoir sourceandreceiversareagaininsideadomainin which
no temporalcontrasthaveoccuredandEquation(13)canbeused
again to image the region from the bottom boundaryof upper
reservoir layer to the top boundaryof the lower reservoir layer.
As a resultof the redatumingof the sourceandreceiversbelow
theupperreservoir layerthedepthshiftsassociatedwith this layer
areremovedfrom thedifferencedata.This canbeseenin Figure
5 in which the differenceof a redatumedreferenceandmonitor
shotgatherareshown with shotandreceiversnow at 600m,just
below theupperreservoir layer. Comparingthis figurewith Fig-
ure 3 (sourceand receiver at 0m) we seethat e.g the interface
at 700m(event 4) hasdissappearedin Figure5 becausein both
statesthepropagationeffect of theupperreservoir layerhasbeen
eliminated.
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Fig. 5: differenceredatumingat 600m.

Following the procedureasdescribedabove we canproceedby
imagingtheregion from thebottomboundaryof thelower reser-
voir layer to the endof the section. The endresult is shown in
Figure6. Comparingthis last figure with Figure4 we observe
thatin Figure6 thedepth-shiftsareeliminatedandasa resultthe

eventsnotassociatedwith temporalcontrast,events4,6and7, are
minimized.
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Fig. 6: correctdifferenceimage.

Conclusions
In this paperwe have shown that theglobal form of theacoustic
reciprocitytheoremservesasasuitabletool to relatethetwo seis-
mic measurementsof a 4-D experiment.We restrictour analysis
to compressibilitycontrastsonly, while theinhomogeneousmass
densityremainsthesamein thetwostates.Thisrestrictionis com-
monly associatedwith velocity contrastsonly. Thevolumeinte-
gral of compressibilitycontrastsleadsto an inversionapproach,
but after formulation this road is not further explored. On the
otherhand,theboundaryintegral formulationleadsto animaging
procedureof thedifferencewave field. As a resultthedifference
of the reflectionoperatorbetweenthe two seismicexperiments
is mappedat every contrastboundarywhenperforminga correct
redatumingof thewavefieldsthroughthecontrastdomains.
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