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SUMMARY

As aseismicinterpretatioraid, | presendifferentmethodso con-
vert an entire 3D datacubeinto a cubeof horizonsliceswithout
picking. Thesemethodsessentiallysumlocal dip estimatesnto
total time-shifts. Thusfar, an ef cient Fourierbasedmethodthat
sumsthe dips alongtime slicesto atten unfaulteddatahasbeen
developedandtestedon a simple eld dataset. Another method
in thetime-spacdéT-X) domainthat attens vertically faulteddata,
againby summingalongslices,hasbeendevelopedandtestedon
a simple sytheticdata. This T-X domainmethodrequiresa fault
modelasinput. A computationallyef cient and practicalway of
globally attening 3-D datavolumesin the presensef noise,non-
verticalfaults,andunconformitiecanbe developed.

INTRODUCTION

In spite of numerousadwancesin computationapower in recent
years, interpretationstill requiresa lot of manualpicking. One
of the main goalsof interpretationis to extract from the seismic
datageologicalandreserwir features.Onecommonlyusedinter-

pretationtechniquethat helpswith this effort is to atten dataon

horizons[e.g. Lee (2001)]. This procedureemovesstructureand
allows the interpreterto seegeologicalfeaturesasthey wereem-
placed. For instance,after attening seismicdata,an interpreter
canseein oneimageanentire ood plain completewith meander
ing channels.However, in orderto atten seismicdata,a horizon
needso beidenti ed andtracked throughoutthe datavolume. If

thestructurechange®ftenwith depth,thenmary horizonsneedto

beidenti ed andtracked. This picking processcanbe time con-
sumingandexpensve.

| presenta methodfor automatically attening entire 3-D seismic
cubeswith minimal picking, if ary. My methodinvolves rst cal-
culatingdips everywherein the data. For unfaulteddata,thelocal

dipsareresohedinto time shiftsvia aleast-squaregroblemthatis

solvedquickly in the Fourierdomain.For faulteddata,weightsare
appliedandtheleast-squaregroblemis solvedin time-distancéT-

X) space.Thedatais subsequentlghiftedaccordingto the travel

timesto outputa attened volume. Bienati et al. (1999a,b);Bi-

enatiand Spagnolini(2001,1998) usea similar approachto nu-

merically resohe the dipsinto time shifts for the purposeof auto-
picking horizonsand attening gathersyet without attening the
full volume at once. As with amplitudebasedauto-piclers, am-
plitude variationalsoaffectsthe quality of the dip estimation,and
will, in turn,impactthe quality of this attening method.However
the effect will be lesssigni cant becausehis method attens the
entire datacubeat once, globally, in a least-squaresensemin-

imizing the effect of questionablalip information. Additionally,

this should make the methodmore robust in noisy dataor com-
plicatedstructures.Oncea seismicvolumeis attened, automatic
horizontrackingbecomesa trivial matter If necessaryhorizons
canthenbeun attenedandtied to wells.

METHODOLOGY

The basicideais similar to phaseunwrapping(Claerbout,1999)
but insteadof summingphasedifferencesto get total phase dips
aresummedo gettotal time shiftsthatarethenusedto atten the
data. To apply the shifts, the centraltraceis held constantas a
referenceandall othertracesareshiftedvertically to matchit.

The rst stepis to calculatedips everywherein the 3-D seismic

cube.Thusfaronly asimpledip estimatiormethodhasbeenused.
Dip canbe easily calculatedusing a plane-vave destructoras de-
scribedin Claerbout(1992) althoughmore advanceddip estima-
tions techniqueqFomel, 2001) will later be employed. For each
pointin the datacubetwo component®f dip, px and py, arees-
timatedin the x directionandy direction,respectiely. Thesecan
berepresentedverywhereonthea meshasvectorsasp, andpy.

The most basic attening approachis to integrate dips on each
time-slicein the datacubeto get total time shifts (t D t(x,y, 2)).
Thegradientr D (@@, @@)) of thetime shiftscanberelatedto the
estimatedlip (p D (px,py)) in anoverdeterminedystenmwith the
following regression:
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Thedipsaresummedo nd atotaltime shift vectorusing:
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wherer 2 is the Laplacianandr Ois the divergence. Solving this
equationfor time-slicesn boththe Fourierdomainandtime-space
domainis the basic attening methoddescribedn the following
sections.

UNFAULTED DATA

Continuousre ections thatareinvariantwith depth,representhe

mostbasicchallengeto attening. All the information required

to atten suchseismiccubesis containedwithin eachtime-slice

becausehe dip is not changingwith depth. If the dip doesvary

with depththeneachtime-slicedoesnot containall the necessary
informationrequiredto atten thedatathedataand,asaresult,the

attening processnay needto beappliedagain.

Integrating dips in the Fourier domain
Usingtheintegrationmethoddescribedelov (LomaskandClaer
bout,2002),I rst applythedivergence(r 9 to thedip (p). Thenl
convertto Fourierspacewherel integratetwice by dividing by the
Laplacian.Thenl convertbackto thetime domain. Theresulting
t canbethoughtof asthetime shiftsto applyto eachpointin the
datato atten it.

The attening correctiongor a3-D volumecanbegenerateéh two
differentways. In 2-D integration,the dips acrosseachtime-slice
areintegratedseparatelyln 3-D integration,the dipsfor all slices
areintegratedatonce.

Integrating time slicesindependently: Beginningwith input dip
informationacrosseachhorizonl have:

P D px.py - (©)
Theanalyticalsolutionto equation(2) is foundwith:
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The chief stumblingblock for this approachis that the zerofre-
queng components neglectedfrom the denominatoiof equation
(4). This meanghateachtime slice hasa constanshift appliedto
it. It works outthatthis shift is equalto the averageabsolutetime
value. The dangerhereis if thereis ary noisy dip valuesin one
slicenot presenin adjacenslices,thenthetime correctionto at-
tena volumeof datamay actuallyjuxtapositiondatavalues. One
way to preventthisis to integratein 3-D (seebelav). Anotherway
would beto adequatelymooththe dip values.

Integrating all time slicesat once: Beginningwith my inputdip
data:

P D px.py.pt (5)
wherept is all onesfor smoothnes time (explainedbelow).

Theanalyticalsolutionis foundwith:
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Thedenominators theZ-transformof the 3-D Laplacian.Thezero
frequeng termof the Z-transformof thedenominators neglected.
Thismeanghattheresultingsurfacein spacewill haveanunknovn
constanshiftappliedtoit. However, by addingthet dimensiorand
assuminghegradientin thet directionto beall ones| aminsuring
thattheintegratedtime variessmoothlyin thet direction.

Integratingin threedimensionenforcesserticalsmoothness-av-

ing a smoothoutputis bene cialif | planto iterateon theresultto
remove ary residualstructurecauseddy dip changingwith depth.
Thedip in thet directionis all ones.This canbe thoughtof intu-
itively asimaginingthatthedip in the x directionis the derivative
of x with respectot. Sodipin thet directionis thedervative of t

with respecto t, thereforeit is alwaysone. By integratingin 3-D,

| preventmy methodfrom swappingsamplepositionsin time. Un-
fortunately by preventingswappingof samplevaluesthis method
cannotatten datawith overturnedre ections.

3-D eld data- testcase

Figurelis a eld 3-D datacubeplot from the Gulf of Mexico
providedby CherronTexaco.It consistof almost at horizonsthat
have beernwarpedup arounda saltpiercementNumeroushannels
canbeseenin timeslices.In thetime slice atthetop of Figurel a
channeis obseredsnakingacrossalongthe southside.

Figure2 shavs the attened outputof the ChesronTexacodataus-
ing the methoddescribedn equation(6). Noticethatthe horizons
are atter thanthoseof Figurel. Also, noticethatthehorizonslice
in Figure2 doesnot have thelow frequeng bandingprominentin
thetime slicein Figurel. Lastly, noticethatthe saltdomeappears
to bemorelocalizedin thehorizonsliceof Figure2. Thisindicates
thatthelayerswarpedup by the salthave beenmade atter.

FAULTS

To handlefaults, | will have to leave the Fourier domainbehind.
TheFourierbasednethodwill estimateerroneouslipsacrosgaults.
It will thentry to honortheseerroneoudlips creatinga resultthat
behaeserratically However, in the time-spacedlomain,| should
beableto handleall faultsthathave atleastonehalf of thefaulttip-
line within thedatacube.My approachs to createa maskingoper
ator(W) thatwill throw outdip estimateslongfaults. Themethod
will try to remove all deformationexceptatthe faultswhereit will
allow completeslippage.

| wantto nd thetime shiftst(x,y) suchthattheir gradientis the
dip p(x,Y). This sumsacrosgime-slicesandis similarto equation

(4). A time-spaceequivalentof equation(6) hasalsobeenimple-
mented.| assumehedip p(x,y) is notafunctionof the unknavn
t(x,y) andwrite the tting goal:

rt p. )

Thisis multiplied by themaskingoperator(W) to throw out tting
equationstthefaultsas:

Wr t Wp. (8)
Thetime shifts(t) canbefoundin aleast-squaresensawith:

it b W) r W3p. (9)

Synthetic - testcase

As seenin Figure3, the sytheticfaultedmodelhasa fault starting
from the center Thedip is constantwith depth. Surfaceswithin
this modelgraduallyclimb in the clockwisedirection. This model
is attened usinga Fourier spacemethodin Figure3. Becauseof
erroneouslipsatthefault, it doesapoorjob of attening. Figure4
shavs theresultsof applyingthe T-X spaceapproactusingconju-
gategradientsanda weightthatthrows out tting equationsat the
faultasin equation(9). Noticeit is now well attened.

The weightsappliedto the residual,asin equation(8), to throw
out tting equationsat faultsandto wealen tting equationswith
low dip semblanceor high noisecanbe createdfrom roughfault
modelsor cohereng cubeg(Marfurt etal., 1999).

DISCUSSION

The methodspresentechereadequatelyattened their respectre
testcasesTheFourierdomainmethodsef ciently atten unfaulted
data. The T-X basedmethodeffectively attened the vertically
faultedmodel.

Angularunconformitiegpresentimajorchallengéor this method-
ology. Perhapgshe simplestway to handleunconformitiesis to
breakup the cubeinto differentcubes, atten separatelyandthen
recombine.

Althoughcompletelyseparateéaultblockspresenanobviouschal-
lengeto the T-X methodbecausehe dip is unknowvn at fault dis-
continuities,| have someplausiblesolutions. The fault slip dis-
placementvould be the perfectdip informationat a fault. If you
have afault block thatis boundedon all sidesby faultswithin the
3-D cube,thenthereis really no way to remove the deformation
acrosghefaultswithout at leastknowing two pointsthatcorrelate
on eachsideof thefault. Fromaninterpretatiorstandpoint will
be necessaryo restoreboth sidesof the fault to seethe bestge-
ological picture. Undersuchcircumstance# maybenecessaryo
rst calculatethe fault contoursusinga methodsimilar to thatde-
scribedin Lomask(2002)and put the valuesof the fault slip into
thedip cubeasaninputto the attening process.

The presenprocedurdor applyingthe shiftsto cubesis very sim-
plistic andneedssnhancemeniThecurrentapproachs to hold the
centraltraceconstantandshift all othertracesvertically to match
it. However, aprocedurdor actuallyapplyingtheshiftsin thepres-
enceof numerouson-\erticalfaults,over-turnedbeds pinch-outs,
andunconformitieeedgo be developed.

This methodstill canbe integratedwith automaticfault tracking
schemes.The output from theseprogramscan be passedo my
attening schemeand usedas fault weights. The fault contours,
which arean easyoutputfrom the attening method,canbe used
to quality checkandimprove theautomaticfault trackingoutput.
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Figurel: Un attened ChesronTexacoGulf of Mexico data.
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Figure2: Resultof attening datain Figurel.
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Figure 3: Faultedmodel. Left is un attened. Rightis attened
with the Fourierdomainmethod.TheFourierdomainmethoddoes
apoorjob becausét useserroneouslipsatthefault.
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Figure4: Left is un attened. Rightis attened by the T-X space
methodratherthan the Fourier method. This allows us to apply
aweightto remove tting equationscorruptedby baddips at the
fault. Noticethis methoddoesa muchbetterjob at attening.
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