; e3eHql | nt oFRol p6pTHqoz<R~. WO ( 12/ 0f , 372 PCT/ US02/0-t19( METHOD FOR @
SPECTRAL BALANCI NG OF NEAR- AND FAR- OFFSET SEI SM C DATA This applicatio
clainms t L of U S. Provisional Application No. 60 | ed

Febr uar yﬂ?gbﬁ)%g%;?i 1. Field of the Invention This invent ?gﬁ%rsgzl?%gjeds
generally to the field of geophysical progpecting and, nore particularly,

to seismc data processing. Specifically, the invention is a nethod for
spectral bal ancing of near- and far-offset seismc data. 2. Description of

the Related Art Anplitude v f t IS i Sa. data anal ysis
met hod based on studyi ng th@%pgté@ﬁ ?é\ét{ﬁg%ﬂmw reflected waves
. With changes in the di st aDFeNEAR:-#ND FAR-GFFSETSEISMICIDATAUr ce and

receiver. The AVO response of the reflection events associated with the
boundari es between the reservoir rock and the surrounding sealing materials

~often depends on t e [VOl K, pore
space. Because of t ir?(g"’E)tedrntélai?ﬁ g‘%nab% %fs (gefgrog%cﬁr%z(f{pﬁﬁatqrb&oofor
reservoir fl 80428, GGQCtGmFebrAaQOMOO:Il fficulty for AVO anal yS| s i s t hat
the frequency spectra of near- and far-offset data are diffe

general , near-offset sections contain more high-frequency eneJ “u “mmﬂm |
far-offset sections. This variationin fre uency content can

alter the AVO response, sinc®BAGKGRQUND OF-THE INYENTION et ween adparent
reflection events (for instance the top and bottomof a layer) will be
different on the near- and far-offset data. Difference in interference
(tuni ng) can tkr eatfiefdbbfthedviVeationel i es or nake valid AVO anonali es

di sappear. Because of their different frequency spectra, WO 02/ 0G 372 -2
PCT/ US02/ (1~ 191 > THig iflentibn Felatéd gehérany &y & ﬁei@leéf’\@&garg%ﬁ:rai prd¥pecting

far-offset sections is often inpossible or anbi guous hows an

exanpl e of a aiWamreppticdatsHeseiyBicdata M@Qﬁ?@!ﬂme§PeC'ﬁﬁﬂlyﬁ &he tvesten
e T ne o | 55 BSAETBLIGPSnaAh bty ofifbdEnd Rliorig} Laidinid fawa) (917 &

contains a |arger nunber i on 102, on the
right half of the t AVO response of a given cycl eis
i npossi bl e en t_r!:S %ﬂﬁe‘@'@?hﬁhﬁéﬂﬁﬁl n both near- and far-offset

(Cor) “gat her . TheAmBRUIERteds “oRatclaV) 5@ Reisisy fal: SnBYES BIPERS | of
hal f of the ft:ia%éﬂeentéiéél gtthb%énat% FOME RIS it MEc@acmes'w.tHDv' ng

al ong the section towar far offsets 202, on the right half of
figure. Two a}haagesmertbedyeﬂaesea(wﬁset)dletween|thd|SHIsdlcb§omreéearBi1¢ecematbers

203 and 204. xamnpl i ustr t he need for_a neth f | anci ng

the spectra of g‘g %rﬁgrgohesé‘?f%ﬁﬁ?% qy&"%‘r asiﬂfd?tsﬂa‘f’@%?@‘? %R %8? of

publ i cati ons peaveenethket réddrioir hocki dh@rtpet sefrb@sdiAgt §8dling materials often
depends on the properties of the fluid stored in the reservoir pore space.

Because of this property, AVO analysis is often used as a tool for reservoir

fluid prediction.

A common difficulty for AVO analysis is that the frequency spectra of
near- and far-offset data are different. In general, near-offset sections contain
more high-frequency energy than far-offset sections. This variation in
frequency content can significantly alter the AVO response, since the
interference patterns between adjacent reflection events (for instance the top
and bottom of a layer) will be different on the near- and far-offset data.
Difference in interference (tuning) can create false AVO anomalies or make
valid AVO anomalies disappear. Because of their different frequency spectra,
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di stort AVO neasurenents. Perhaps the nost conplete listing of such effects
was given by Duren, R E., 1991, "Seism c range equation", Geophysics, 56,
1015- 102f*'\, Whgs;9gvel oped the seisnmic range equation to agg@yRhy@sk correct
for the effects of source and receiver array directivity, waveform

spreadi ng, and | osses due to transm ssiomn _interbed nultiples and
attenuation (Q. Yet Duren ignored the effect of Nornmal Myveout (NMO
stretch) al so known as of fset-dependent tuning. The distortion in NMO
stretch is caused by t f.act that jarrival time differences between
reflection e\fé’rﬂeiat@éaﬁ%gecggnae‘feu"ﬁ%tqeé\ﬂe%@ rlﬂaf'sép.g {gir'ﬁggett FECYANS Iy Often

_ rel ati onshi psripebépfNodambrjuens. events change, the correspondi ng
interference patterns between reflection events al so change, and this has a

|l arge effect on thgqg ef kgsws An bleUSIES -chaR¥E!i 'fe'%:ﬁfe ' t he
_significance of NMO strem on %%/%ht() rreasucrh?rrgﬁt'@ gm ?S%g%é’?tegﬁ%ﬁgﬁs to
conpensat e f oreart andHareffsitidestions. diwer neariafiset secthar 18tt ondhe heft A of

i ntercept an radient faor the effect, of NMOD stretch are described 1
Cor cor an) ¢ B8 BLLG Hariahs 5 Buter Aitog el SR fBhdhe YaGeSSSactin s
processi ng seirstHeCrightifalf th@-ﬁgB?é.e%alys\%ﬂ%%@@%@%poﬁs@@éléi\f@f?(:{lélé_ 196
4,995,007; (2) Swan, H W, 1997, "Renoval of offset-dependent” tuning in
AVO anal ysi s"is imposstingl wien theteycks isnat piesent in boiEmearg.andi fa-affset and

3) Dong. W, . i : . ;
gr%i fa(r:]tg s", éee(jz)cia)ﬁ@%’i c@b@ (?ﬁ@gr%?%g? é‘kf{'l"‘?%?‘?g@&”ow{wgg%g‘g‘g%@%g’?h@b%fy on
a nodel Ijo[) t(F}ﬁ)mn@émengmge '{akl@{gs)eeéieia:}[yblesﬁg?l?emé;aumﬁsez '(g120}1_l,eﬁﬁftge'zlfﬁ 6)
expresse e equation: : = + B(, in . re ,

i spt he anpl %/tnﬁifeOfotﬂe IGUER | '@é‘g petlost, or iqg’é)ecsceé?'f’%apt clegr inamP¥ingeleNgn

angle A A(t nk b ' I - B( i's
anot her tine tggﬁeggaggﬁyggﬁtﬁ% fgé?ﬂsgﬁ .Qé%v%ﬁiéﬂé;?@?l‘%ﬁs%o '?elﬁﬂ‘g%boir-r%’?i shed
by perfor m ncpraas edwre syclesepeflost are indicted\MDrefereremet mumbatsa2@3 @ands204rat i ng
A(t) and B(t),, which are further studi to indicate the presence or
Absence of - hyHieSeuPRRes NsET g needitat 8gnAbod: o hadrcibe 1B SPerta do
stretch causeasegfi §Rd FrioHset dhtd BEbIOAYPAnAIP§isi Nt ercept and gradient tine
series A(t) and B(t). The three authors nentioned above presented different

met hods f or COVre%iﬁlﬂnﬁﬂﬂﬁ%@m&é’tﬁrﬁdhb%e&éﬁphi ”ﬁ]eg"d I At eﬁ@&éseﬁhétor.

the effect of NMO stretc mal n shortcomng o e above approaches is
that they cardistortyAWO measlrameets.t Rerhaps dhe epist aonhpipta distimg ohsweh effects

| cul ated. Ce | | he i \el.gr adi ent | cul atj .
cxt ool y <ot Bty DHERn. T ol S Anis et FAGe SaiAtionorGoPaRLrY
data, caused h)‘l§’|d)26]§vbhp€\: itié@éléb!écﬁir% Ml apgk dgeation ?&58?6&'&8&&09&5%&5

produce distortions o (t) and B(t) that are often nuch larger than thoée
caused by NMIostheeffactsBeicaeiyee @ind racejvertaray disestivitys waaefasns spreading. i cal

AVO applications, to b le 10 rec d r_t ffect N

stretch wt hoamds H’&g??@u?g{of ﬁré%st"rﬁgélpﬁh&ltgggﬂer%ﬁ?k%c@b@%gﬁﬂugﬁl%?éht I\{%trre
series. Cast @@renfighoftPthe éffegtndMBofmMaIEMEBUNME)tdtRich, h4lse dhoreaback
seismic attribute anal ysis", Chapter 5. Ofset dependent tuning, 130-157,

. 5 O f 1

Ph. D. t hesi s,oftsekdgpendentiiyningor g disttieniin MO @ieN is eaywsedchy the fact
Bi r kbeck Col | ' ii 1 ; i ng
For wo o2/ BE 473l YRRslficiefibey B RERFLATETefs TRARGS 4 1ifRtbAr
estimati ng t haffsent éBineptthaniniog adlatiohshipsbetweer differeifeeveizstiarges the
approach can onley be a p.I'{erfl to target zones and oE. to th?

cofrr spondmg interference patterns between reflection events also change,

and this has a large effect on the reflection amplitudes.

Several authors recognized the significance of NMO strétch on AVO
measurements and suggested methods to compensate for it. Three different
approaches for correcting the AVO intercept and gradient for the effect of
NMO stretch are described by (1) Corcoran, C. T., Leveille, J. P., and
Velasco, E. S., 1991, "Method for processing seismic data", U.S. Patent



whol e trace. This is a significant shortcom ng, since AVO analysis is often
- applied to large 3-D seism c cubes as a reconnai ssance tooI Wapenaar ,

K., Van 437, T-» Van Geloven, W, Van Wjngaarden, L Us02H9Ss
Corrpensg&bnléﬁkgzzthe effects of fine- | ayering on AVA (Arrp ?tuciz;‘ Vs.
Angl e)", Extended abstracts of 58th EAGE gonference, vol.1, paper no. C035,

proposes a seismic nmigration (imaging) al gorithmthat can correct for the
effect of NMO stretch. Yet, typically AVO analysis is perfornmed on data

et have ol o BT SRR P TS L T @?@Eﬁﬁémﬁada
. method that igvOnRfRRAYELp aﬁdémb&h&tg%fefrtmaﬁamt%el 8.1 § e 7880

application of NMO strefch co ensation to the data can be detrinenta
AVO anal ysi s (B} Dongi ¥.nt99%¢ rﬁ)date@tabﬂyy agampmm@g aod sfretchingeartifacts”,

" consi dor a1 o CoHDSIE B alraR. o e dt hete BnbRigtner dbl Qﬁ@ﬁﬁp@gfj*“ o

Therefore, i tthée sarpitud@bdfetiehadflectibndds st fudicaibn comprisitaleixpressadapp!thed.
anplitude | osses caused by frequency-dependent nechanisns are al so

conpensat ed féfiuatigich nechani sns tend to affect higher-frequency energy
nore than | ower-frequency energy. An inportant frequency-dependent | oss
mechani smis the absorption of the wave energy by transformation to heat
that causes attgpuatio fot Was nplitudes. Standard

absorpti on-corrpgﬁsgl i‘o%‘(ﬁref h%@)ss'gt ﬁgﬁpt to conpensate for all absorption

| osses since the waves entered the subsurface. Such nethods often have
detrinental effects on data quality, because they anplify high-frequency
noise. It is HlerasSd@sB) apltbetamplitude aof aprefleation fabrtinae sto(gfter INME)nfoensat i on

for AVO appllc |ons t icable to the whole trace and corrects for
the relative'8 iOPLRRQ @sé\még gégﬂetsﬁfée%é'é\‘alﬁ’a rRiledthgrinteseertqa gsﬂ)lﬁ

t here exi Stséﬁo‘f\‘?‘e@qlrﬁ eﬁeggéﬂggjﬁhggsrg&,gﬂﬁnsate for the effects of both NMO
nt

stretch and frequency- epe e ani sms such as WO 02/ OFi 5372

PCT/ US02/ 0-t1 9f i -, an be
applied to whol e tra@%@gwgil Q)If'%ﬂl%c%gﬁgﬂrlllgh%@%@peﬁggﬁﬁﬁ‘@%?bﬁﬁl&?aﬁto

al gorithm theée NMD-conectedqdatae agglt emhaﬁng)fA(ltﬁ@nunBﬁr)C&nﬁcmrmenge@nt
time series, and that corrects for the relative anplitude | oss between the

near- and farstedied o ingigate @mecaﬁrﬂhﬁenmf\m@ncwnsmmﬂ laygrs thag

t hod f I f
i tially, vornerd B8 RAPLAHE! NGOl susleh, cllsed oiafiicaR IBdOM Bf the, o,
two conpensatinterceptlandrgradieat imexeribs Aty atd Bét). Mlb@tbteeeauﬁmcmn‘(wﬂnsaeuon

filt ted b | t A f f
o of f et | Ahovmptesantsd ersl! MEmtrETRucaeda BRSY siteied it ept AR
cal cul ated f ftyraa.aﬁt EE6E4 eAICtHe SOt 'df NIMEB sﬂatchhernéln%htgh@men{ug§ dbftheet s.

A stretched frequency spectrum of near-offset seisnmc data i s calcul ated,
based on t he ahovet approaches isithat ey icapqorlicle sysesh after dhe rintercents sad

Seiom ¢ dat o dguRbY SRR, Beeh Ralt it criashBRITT it PREEERY e, SRRl cncy
gainis lim tca@bumudriseaﬁel é&iterhél BerRitiver tossTAAls enibaligneientg Tan&tneag- andi r st
gain-limted filter. The first gain-limted filter 1s convolved with a | ow

pass filter, faentsatt datg, CcALsegdYs slightninesap@te MIMEh velocities.  These tmis-nvo
tretch

St etch Com St biodite ditoROA AN B Eiof B e nuchaSRM e

di fference i nhaselcausde by NMDestretn. t IBecarse- ofatts f dr |sof/é|syedesmtsle1 fordat a

| cul at ed | oci t d the offset fr
cal cul ated, - BiFbAVG apefeens o Beiapiefp poraddne oata ok g et ot BEncy
response fil tsgfetdSwihER RRind f5MEt BStihaR the Gte aﬁ& g?adnbhgﬂ’mérs_%ﬁe@ncy
gain is limted in the second frequency response generating a

d I PP d
second gai n-1imt gdydillf €k 15@85%§ﬁ&n§ tdehidit b &é&uéé%rhréxggr]$ﬁ?§§g}é§ The

with a | ow pass filter, 'geherati'ng atl ve conpensatl
relative Q ccsqmsabitnbutél analysis'’s Ghapleeds:t Offske dependent dating, 130057,

02/ 1115372 P / S02/ Q~19G BRI EF DES W NGS The present
i nvention angbt? ECEN, %ﬁ%@% bgl"i??:ﬁﬂiga‘?%ﬁfsﬁr%‘? 1B/ e to
the foll ow nSBuFI%@k leshe ésghiv@é@noﬂ’%dd?\e debEdsdres vl rfgﬁcér'f'e&’mgcfbr FI G
1 is a conparison of change in frequency spectra between near and

far-offset sections; FIG 2 is a conparison of change in frequency spectra
bet ween near



and far-offset sections in a CDP gather; FIG 3ais an illustration of
reflectivity spikes for a COP gather; FIG 3b is an illustration of the

reflecti v ikes of FIG- 3a after convolution with a waeehRbaofidG 3C is
an iIIust#‘ngg)ﬁ‘sz? the convolved reflectivity spikes of FIG 3b after NMO

correction; FIG 4 is an illustration of_jhe effect of NMO stretch on the
frequency spectrumof a seismc wavelet; FIG 5 is a flow chart
illustrating the method for deriving an NMO stretch conpensation filter;

FIG 6 i ' f th -._and far-of f set | et. tra_ bef
and after aphtVELSIBIFL MR b estirelog D5 Plsicer g Gragient mecsenes.s
_schematic il Iyt CHsite19'st Qﬁpr@ﬁﬁhi(ﬁ%}:&lﬂgﬁ Bgabbli%d\ma?béﬁ&ﬁbé?%@%%'tﬂéh

filter to an input seismc trace; is a schematic illustrating the
conbi nati on o¥hole| trageed Thisyiteatsignificanirshastconingusinee AR canalyaisis BN 9 i s

a flowhart i rat i . ad . far tch ~_conpensation; FIG

" 10a is a sche':';n[iﬁIIi ?@ tgtrlléor‘ang%Bﬁ%@h?ﬁq‘gﬁgﬁs%@%bgl{sﬁgn?eofoo 'ear- and

far-of fset data; VO (I 2/ 72 , PCT/ US0210-119G FI Ob,i.s a schematic

of a CDP gather i IW@Q?'&%‘?F' - Y#HEdEf g%_'é!LEi %@ngéé]%?%n@e %@?M’é‘ﬁaﬁ L Aand

far-of fset ref| esd6 0CohpEBatiig for the effeststofdinedagsnifdomiava (Apphibeors of

attenuation on the spectrumof the seismc [Eul se; FIG 11 is a schematic of

di agr ans shoviiglel'hExtendgd absiragissgidile ENGE igenterencs oeb 4t paperfng.tGo35,
proposes a seismic migration (imaging) algorithm that can correct for the
effect of NMO stretch. Yet, typically AVO analysis is performed on data that
have already been migrated (imaged) with a variety of migration algorithms.
Hence, it is desirable to have an NMO stretch compensation method that is

independent of the choice of migration algorithm.

The application of NMO stretch compensation to the data can be
detrimental for AVO analysis if it is not accompanied by a compensation for
the frequency-dependent losses that also affect the data. This is an additional
consideration that is not addressed by any of the previous authors.
Therefore, it is desirable that, if NMO stretch compensation is applied,
amplitude losses caused by frequency-dependent mechanisms are also
compensated for. Such mechanisms tend to affect higher-frequency energy
more than lower-frequency energy.

An important frequency-dependent loss mechanism is the absorption of
the wave energy by transformation to heat that causes attenuation of the
wave amplitudes. Standard absorption-compensation methods attempt to
compensate for all absorption losses since the waves entered the subsurface.
Such methods often have detrimental effects on data quality, because they
amplify high-frequency noise. It is thus desirable to have an approach for
absorption compensation for AVO applications that is applicable to the whole
trace and corrects for the relative amplitude loss between the near- and far-
offset data.

Thus, there exists a need for a method to compensate for the effects of
both NMO stretch and frequency-dependent loss mechanisms such as



FIG 12 is a flowhart illustrating the nethod for Q conpensation; FIG 13a
Is a synthetic CDP gat her corresponding to a case of constant reflectivity

ver sus of\i,ﬁq,tm(,ﬁyp 13b is the CDP gather of FIG 13a showpagyukhssedsf ect of

NMO stretch conpensation; FIG 13c is the CDP gather of FIG 13a show ng the
effect of NMO stretch and Q conpensationss_ FI G 14a shows the CDP gather of
FIG 2 before application of the spectral bal ancing nethod; FIG 14b shows

the CDP gather of FIG 14a after application of the spectral bal ancing

nmet hod; FI G l15a i,s the near- r fset, se bef ore

appl i cation SPSPHY! nggﬁtﬁeéﬁm'ﬁa ﬁcPﬁg‘\\zfé mys'?cth‘?tofg'ﬂ) esapﬁéeq%é%ﬁ”’h%ﬁd

_far-of fset segide8Nthabfis MdepeA§entadfite chBRIE 6RidratieH aymrﬁﬁeﬁia&@bebfrlo%nm ng
nmet hod; FIG 16a I's gﬂnﬁ@tOfst he far-offset sections o GS. 15a and 15b

FIG 16b is tReuifaes thet intatseplf and gradient time seriggpand dhatogoregcts he

_ spectral baI SE’R ”é corrpensatlon
and Fl G 170 PeErEEE ApugR Igphebedh 18 ped: SR ERMA i

(12/0(S372 _g_ PCT/ U S02/0-419G Changes, nodifications, alter nat [ ves and

equi valents in the specifically described enbodi nents can be carried out

wi t hout departing fromthe scQURMMARY'OF THEMVENTION ch is intended to be
limted only by the scope of The appended ctraims. DETAI LED DESCRI PTI ON OF

THE | NVENTI ON The invention is a nmethod for determnistic spectral
bal anci ng of nearand far-offset seismic data. It is based on recognition of
the two facts thatTheNventian isha method fosrspestrahbalaneihf ef theasuand artdftset

difference in_the frequepc pec of pe and far-offs dat a, but t hat
frequency- deﬁgﬁ(ﬁ‘%ﬁtdﬁgssn}@&aﬁpwy ogf‘éetgbgl@r HFFG(SW'?ﬁ?g& Sgigm
conpensat ed fdata. Unheﬂsetwarwhpéﬁéanowmmse&er@ﬁé%) ribg, Rt NMbOétréWP
stretch conpensation presented here can be applied directly to the data,

wi t hout the fespensation fiiteris sreated bythafelinwing stens. i Afrequenty amﬁbthm@ifent

t I ddi lLle.to th t t
speci 1 ¢ 2ondt rRAPolSE sepbini BaBhR diMbaiEo b 2 Sl Rl S8R enfhisted (o
i mage the datfgr tHé’fréHG@i%Wspéd?ﬁJd?Eﬁélﬁg tﬁé&@lé@ aﬁtfwe QF8SsSt A QFetE:H‘Qd
steps: (1 ) conpensationfor NMO stre conpensati on

f r equencydepéiegiéency epsetumnef nﬁ9f-afiﬁ%ﬁir9gﬁl$mw darilaeezecalwaade;b@swm ¢n thee
di scussed | nsttre tdh factor B. The frequency spectrum of near-offset seismic data is
divided by the stretched frequency spectrum of near-offset seismic data,
generating a first frequency response filter. High frequency gain is limited in
the first frequency response filter, generating a first gain-limited filter. The first
gain-limited filter is convolved with a low pass filter, generating the NMO
stretch compensation filter. Then the NMO stretch compensation filter is
applied to the seismic data. Second, a relative Q compensation filter is
created by the following steps. A difference in amplitude loss between the
near- and far-offset seismic data is calculated, using the velocity and the
offsets. A frequency gain is calculated, based on the difference in amplitude
loss. A second frequency response filter is created, based on the frequency
gain. High frequency gain is limited in the second frequency response filter,
generating a second gain-limited filter. The second gain-limited filter is
convolved with a low pass filter, generating the relative Q compensation filter.

The relative Q compensation filter is applied to the seismic data.



1. Conpensation for Normal Mveout (NMO) Stretch Arrival tine differences
bet ween refl ection events generally decrease with increasing offset.
Conseque reflection events are |lined-up at thei héset
tinmes, ugfv%mﬁoy\&rkﬁrgl -Moveout (NMO) correction, the events gtCiLﬁ_Brsgﬂﬁl

far- offset traces are stretched and appegg_to be of |ower frequency than
those at the near-offset traces. FIGS. 3a through 3c are an illustration of
the effect of NMO stretch on a CDP gather. FIG 3a shows a set of
reflectivity spi kes derived ] Qn of traces
corresponds to a CDP gat heFP— ‘

PCT/ US02/ O 119G refl ectivity spl ke i's represent ative of the val ue of the
“reflection coefficient for a given |ayer boundary and it varies with

of fset. The spi kesThg epiesspldnegntione angr rites gdrantagear mayalbet imeee aasiliti ch

the reflecti
 di stance bet wibie Sol BB SRR K e 68 ha R e BPor Eng B ABBtect 1
i ncreasi ng ofdraatingd ih wisickel | established that a good approximation of the
seism c response generated froma set of reflectors can be achieved by the

convol ution of theFigers psa etmfpefnheﬁtdfv:hbt;igém keguBhé shb&r# BB HBYE! et .
The result of this convolution is shown in FIG 3b, which represents the

sei snmi ¢ dat a anshiarwbisetisertionscorded for this set of reflectors. The result
of NMO correction applied to this gather is showm in FIG 3c. Notice that
the events at the HIEr.-Z)foa@DntpraaiseB Otﬁlchaegemﬁleqdeaquaegde&abetvtedxeneér—l ower

frequency than Qs near The anpbunt of NMO stretch is
expressed by agli%rgﬁ'féﬁ P t°5'? "[‘iaé[é‘g I?Jeé'r an event at a zero-offset tine
t0. A conmon appr oxi i.on, .on which .t i s based, is to
assune that the ea'éﬁn%ér'?la@dﬁusttfaﬁ'@”tc’f f?%ﬁ'l\@ FB‘ ?S rl%aﬁﬂ galge5cri bed by a
hyper bol i ¢ equat i on as_follows: vV ~tp)~2~ Wnere v i s the NMO

+

vel ocity functi on.FlGac3Rrignn ﬂ'@-’&t’ﬁé'oﬁe@fomﬁ F@@Ct'b/lt)‘reswsaoé 3. Ia@fter dto,
produces an i arrival time t, such that (t +dt)2:(to
+ dto)2 + [X %Sﬁlghﬁmo%aﬁé@he NMO stretch factor [3 1s sinply defined
by the follow ng raid o, ~ = dt.0 dt . tice that the val ue 3,lS

G ttorent for ot e isarbigshatin of e PN lectaf, S oh EiGb

gat her of FI Gfte?. NMO &@tectidanges in the horizont al WO 11210GS372 - 1~
PCT/ US02/ 0~19G direction, time changes in the vertical direction and, in

general, the NMO F|G. 4 is an illustration of the effect of NMO stretch on the frequency

spectrum of a seismic wavelet;

FIG. § is a flow chart illustrating the method for deriving an NMO
stretch compensation filter,;

FIG. 6 is a comparison of the near- and far-offset wavelet spectra

before and after application of the NMO stretch compensation filter;

FIG. 7 is a schematic illustrating the application of the NMO stretch

compensation filter to an input seismic trace;

FIG. 8 is a schematic illustrating the combination of filtered segments
to form an output seismic trace;

FIG. 9 is a flowchart illustratihng the method for NMO stretch

compensation;

FIG. 10a is a schematic showing the different wave paths for near- and
far-offset data;



stretch factor (3 has a different value for every point in the gather.
Dunkin and Levin (1973) Dunkin, J. W, and Levin, F. K, 1973, Effect of
normal noy@QYhe3H @ seismc pul se, Geophysics, 28) 635-643craishiisgsh t he
effect of NMO stretch on the frequency spectrum of the seismc wavel et and
showed that the stretch in the tinme domaifi_corresponds to a conpression in
the frequency domain. FIG 4 illustrates the effect of NMO stretch on the
frequency spectrumof a seismc wavelet. If SO (f) is the value of the
frequency spectru e.unstretched wayv f fr epc , then the
spectrum Sx (f] o;pl?i;ek& ?setac%%rbe'ﬁﬂ%loﬁawﬁagéb?reflﬁ“%ﬂﬁﬁegél‘e(téa‘@iﬁ‘mﬁe
_given by: Sx difference BetWeerrnk4d- ahadanstis@irbacdtidrstihbgt . conpared to the
spectrum of the near-offset data 401, the spectrumof the far-offset data
402 becones richerp)agn {Quvit ' £0M8§EM eé?ﬁimﬂbfgat'ﬁ@ BRGES' of htiindAnidA CSH'SREY
~energy. Note that, since the stretch factolf ~ changes continuously as a
function of tspestrardoitheseismichiulse;el ati onship is only valid locally, over
a very small portion of a trace within a CDP gather. The method for
conpensation for MNG.dtlristacschesnaticsafl disgraniseseowing ihs éqaent eesponksewfng
t wo fundarren\tAﬁI éideas. Fi[ﬁst t he rel ati onship between the stretched and
unstret ched RS &-EPTOEESENAN filleTy nown. 1t is Equation (4}. Therefore a
l'inear filter canré)!& 3es,i gned that will transformthe stretched wavel et
into its unstretcHd® déunadiouehart ilstting the mathed ferQ-cosmpansation;| i d
| ocal |y, since the stretch factor (i_changes with tine and offset. Thus, a
nmechani sm needs t d!fe 18avs asyntatin GDRather comespardingde aneasecef deastant on
Equati on (4) rﬁﬂgﬁtmﬁf%%dﬁ?&fé& an entire trace of seismc data. FIG 5 is a

flow chart ilTustrating e nmethod for deriving an NMO stretch conpensation
filter. It shows to, derjve f requ response, of .a |jnear, filter
that, if applied pﬁgt h@bs{sr ecﬁpf\ﬂginﬁqeef?'g&’ I1I%at shoNing; the; ?#?‘3 ‘%fnﬁIMCB

appr oxi mat i ostietcH E6mpBAR&4tRIrched equi val ent. The process starts with an

WO (12/(1GS372 PCT/USD2/t1~ 19G -11 estimate of the near-offset unstretched
wavel et spectrum ( I tHeC ) 1 t : h t o nkdm the
ef fect of NMO st rg:?%h 1léjir%olt%htll'Jse gggc ?ﬂﬁrcognﬁgq?gl cu @bgghgc%o%i(ﬁghwoo
Equati on (4) stretglr and €ecompensatonshed wavel et © spectrum 502 shown in the

| ower left corner. Dividing the unstretched spectrum by the stretched

spect rum produces RiGe tdaeshews thé CDRogathey of F3GO12sbefddd dpplicatidri bf @Re t hat
will transformthe stretched wavel et to the unstretched one. Since the
stretched spSPEFtAI PAaRgipg&ethad) ow frequenci es and poorer in high
frequencies) this filter will apply a negatifv’e:'cgai n for the | ow frequencies

and a positive gaiflGt didbt aows dihe [GLR aatherce déaaftar anpiicstiox af the

t heoretical fJ ls[:ﬁél 6?%“‘% rn;?&ﬂ%r.ended for real seismc data applications,
because it often nplres g very 1 arge anmount of gain for the high-frequency

data. Since the sigpal 3£0-noi,se ratio eigimc daja te o0 pe or for
hi gh frequenci es, pl ?%éjlt @oﬁﬁ%fn%{é ?'ﬁiof%é'f)ﬁé% WF'?%? (Pngﬁ:dé tg Q%Wy

t he hi gh-fr ecapplicatiorooftheapectral BHItkIeE mEIred; abl e results. For this
reason, it is recomended that the gain of the theoretical response be
linmted to ensure pigat 14heisafmd iddapatdrn aRekdad sbitidie ofl Figr 158 ier

hi gh-frequency data does not exceed an acceptable [evel. This generates a
gai n-1i m t ed applicatior eftherspectalbalancingmethodn | i mit | evel depends on the
signal -to-noise ratio of the data and can be determ ned through iterative
application to a $1@l 6ads parof tife faheffdet sectibhaalf FYGSt h&a gadrSbt m t ed
filter response 504 is convolved with a | ow pass filter 505, to ensure that
the filter's gai n RIGCri6bsiethbdakoffsetssattibny af RS, i1Bat dfterhagichfiGfl o tiey
_range. This ggnerat@?% the final filter response 506. FIG shows the near-
and f ar - of f s SPERHINARNGREMEtAOLhown in FIG 4 after application of the
final NMO stretch conpensation filter 506 described in FIG 5. After

. stretch conpensat iFd@. 178 isp&R gathes beforedd coppensatieni and to t he frequency
for which the theoretical filter response was used. For |arger frequencies
bot h spectra decay)GhivbihtheeCBPegathen of G flénafiee  comppnsatidnce t hese
differences are often not very significant, since the signal |evel at the
hi gher frequenci es where these differences occur is considerably | ower than



the level at the central part of the frequency range where the near- and
far WO 02/ 066372 -12 PCT/ US02/ 0-419G offset spectra are well matched.
Wien t hesgodhhfgrences at |arger frequencies are consider pargisgiidscant) a
| ow pass filter can be applied to both near- and far-offset spectra to
reduce themto an acceptable level. FIGSg7, 8, and 9 show how t he NMO
stretch conpensation process is inplenented to address the fact that the
stretch factor varies with tine and offset. FIG 7 is a schematic

illustrating th L catl h LaR-Vvariaple N r.et.ch co nsation
filter to an i néﬂ?ﬂggsﬁh{og%&agégé %‘ﬁée%%ﬁY%s'i eaeﬁg'vggnzét'ﬁatﬁ? ?preg%e%ﬁ&
i nput trace decrbed mpsodinentsccarnppi dagrichioat &ﬁtﬁﬁﬁﬂﬂ@pa?rﬂag ffowh teasBogat a
" segnment 702 the value of the stretch factor (3 is supposed to be constant
and equal t o aftthevigveation. whishcisnintandsd tonbesligitechroniyabyi theesconrss phitbe i s
t hen derived J ue of (i, as described in the discussion of FIG
"5, and appli gf(?%tégatgﬂglés@lahent to produce a corresponding filtered segnent
703. The process is repeated for all segnents 702 with a different filter
being applied to all segnents 702. Finally, the filtered segnents 703 are
conbi ned using linear intEPAILED DESCRIPTIONCOFITHE INVENTION SN Cc trace
704. FIG 8 is a schematic iTTustrating this T'itnear 1Tniterpolati on process.
For a given output time, two neighboring filtered segnents 801 are found
such that their cefe i ‘ : i - Th
out put sanpl e val ue airng%h{t?ﬁg'Sggt%?)%{bata?gi%étggrﬂ%&ﬁpnée%ﬁyg?aﬁ{:@ p‘gflnré%%g from
t he sanpl e vandefaraffsehdesmiofdatae It isobasEghentrec8gviticm rof dhedwdi fagtst that he

same tine 80 he i.nterpol ati.on . wei s, are deriv fromthe tine

o erval's dr NGt eh L PR SieaphirSu Nt BAfeing e Alerenis e fiegueney
centers 802 £ | e 8 t c i 5 i r ation
equation is: %fgegﬁglﬁ)f( dﬁrd%n%iggig@%{tlle%{? ) E’ﬁi(tS?fa\%hgggu%ﬁcyi Eé-&ﬁ]dgé E\?n@%

i nterval bet weeshanisms egpain@scabsarptior8onustFalsot he goropessated fmor kUnlike

tely, the.tij i st bet ' t t houl d not
e oo 1 at ge PEGPLL  PloboRR mafiotEe o hefeat, b NEL SHet S Roinpriaione "
| arger than gpesenteddierkycaiBenapgliededirsully- toQhel Hata0 tvWitHoutane . ndeld fditea

di stances between segnents are very VWO 02/06, 372 -13 PCT/U S02/0 196
smal | (e.g. d&reviags galgatation afiiae infaiaephgnd gradient time perigs4 Injadditionc #rigls)

t he process |15 ' ap,i; R-C m ng.
addi {1 onal 1y SPOCEEIE ST Wb {50k ok jiitto bReREGERES s Bsb BRI
Thus, for tyfthe nigiation aldoritmarsedes,imabe thegatnt s shoul d never be shorter
than 200 mlliseconds. As discussed earlier, the frequency response of the
NMO stretch conpengadurfimaly,! e nicthé@fdisrssdiphere Udnkhes Mo kicprt wavel et
spectrum The near-offset spectrumis preferably estimated froma
near - of f set $oRPEs§atient fayn NMPhestrateln andof2br corvpersationarfonf frequentyta, to
t ake advanta [ -t Q- A ratig. | v t. achl .

st acki ng. Togfepgég%:ﬁﬁogkggfﬂgﬁ@ﬁ%gké@géﬁ.r uﬁnqéasn%p@g? ?‘@% Vc\)'ﬁ:1 t\?\(/liJ gﬂq’s(;%%s%d ast 1
second | ong itgrnpreferably used for typical seismc data frequencies.
Additionally, the spectrum should not be estimated from a single nearoffset

trace but fran eenfisssdtioh forNeimalndogebat (NVIOYStestcAf adj acent traces.
The nunber of traces is preferably at | east 100 traces for robust

estimation. The fidripal GRBi dif€rehteS Heive? tefstlion SRS g;etna%lnyb&ecﬁeaf,é ed to
all the traces in the ensenble. Spectrumestinmtes derived fromsingle
traces tend twthoincigasing afiset. abongequentlyamhenl reflection events are linedewp atisi ng

such esti mat . d . S ion filters also
significantl 3'%?)@?%058#?&&@%‘ ngﬁ%gt %Bﬁ@g@g?ﬁggﬁ&g%cqrﬁq@& %Veiﬁﬁlaited to
_the data theyhé éqdoffsetarddesi areasdtrétEine® ahg-dppaae to del ot loWer flequefcp Yham!t
section that can cause erroneous geologic interpretation. FIG 9 1is a

fl owchart il Ithese attheeaiofiertiraésst ch conpensation nethod. This summari zes
.the nethod as covered in the discussion of FIGS. 5 and 7. Notice that the

filter responses d&eScaacthreughddeas:andiustraionaditbe effect obNMQ@ stretebcon um

t he NMO vel ogj ti o nd _t f t..on | i N race data.
The net hod c;gn&pg Qg elr‘eg: I?oggi{'ﬁ@% %%‘g gf g%l?%ﬁ}’"\gfs%@‘g?ﬁ@@'%@if’t&ﬁ g Wgﬁla.
Stacking is tbe ausy agilewionl ofseacasatotregarist o 4ODPV§athBE Sihgnsike tef- 4101 se
ratio and to reduce the data volune to a manageabl e size for further
interpretation. In the post-stack case, the offset used for the WO

(12/01 >S372 - 14 PCT/ US02/ (1~196 cal cul ation of stretch is taken to be the
average offset of the traces contributing to the stack. 2. Conpensation for
Absorption and O her Frequency-Dependent Losses As seism c waves propagate
in the sub-surface, a portion of the wave energy is transforned to heat and
thus | ost, causing attenuation of the wave anplitudes. Since the anmount of

. . - N - b1 o = e—= . T o Y Y




Occasionally other effects (such as source and receiver array directivity)
are inportant and can be corrected by sinply extending the nethod descri bed
here. Wavgbarasspseading is typically corrected in the st pggaseeghcm C
dat a processi ng sequence. Conpensation for interbed nultiples and

transm ssion effects are nentioned in Durgn, R E, 1992, "Range-equation
wei ghts for AVO', Geophysics, 57, 1203-1208. This is not recomrended,
however, because in an exploration setting there is very little information

with which to_gstimate.the magnitpyde of .these effects, A typical to
characteri ze rﬁﬁ??l’(ﬂgﬁp&? BJ ep%sgnl"?gwg 0L ths Yalge of e E]‘?%qt'f’?yq%§%atcéﬁnvt\%¥f &he
_quality fact gjivers layepboRABAY &hd ithRirkRHWIh dFséfr PHERpIMYSCAre! PiSst¥@ W She
propagate and is defined in'terns of the nmean stored energy Wand the
energy | oss -OAr@sPPRIng arrivgl tmeg Atawhich dhe veliectisinsawouidnbe irecordeti sAss
shown in O ekl di , " Meas of ..

" di ssi pati oncfyéﬁvbécso%nag? ?anwr'rgdi%é“ tﬁ%?é%ﬁ&}ge bﬁi@gg'?_épf . 3 g(,gr?és_@ndérlg toywp
02/111>, 372 -sliscEsSIVeIsuRntE debi®dses vitirinérabising-¥isdto)It isfwll estabnstenpidgnt of

frequency, it can be shown that .the attenuation |oss for a gr opagati ng wave
can be expr e%&9055aBH’OéJ!BBV@htqfaqhed§%’§W'%§G$B‘I”P5&/v§.enﬁfﬂtéﬁu PMoA BekHf= exp
[ -- ~ T ~dt ba&dibls) chn B )ackiVed b 'tﬁetc}f&\;o.rhﬂ%'ﬁeBWhé”%]rgs.t 2){ 'réﬂéc{?ﬁit
quality factor that the wave encounters at tine t; and e integra R

| i ne i nt egr alspilesnyith tbe seismiof waveletvaThe résultrodlthisecbnualstionnis stovintjwat i on

ot hods att orfiE: 2. WbindeDiesen FecsaSTHRCAtS thas woid e asoras Tor driadte
entered the gihstedtane. TR eESUIESMIND 8bRettibi aPbIRd B RREgAARY id §ﬁkﬂ~ﬁ %h

amplify high-frequency noise. The Qconpensati on approach™adopted here only
corrects for Rife 3cel Matige thapithe @yentsost thefakeffsatdracesndre atretohiedeand Thi s

R L R I,
where the line in rals areafcm | ated, along the far and near-offset ray
r

paths. For a const'ag: AP%Rs ietchy 5o f¥Rressedt R @ shiefplntastorof. gai n
IS proportio t ty oJ r be e - A

far-of fset rretﬁnesl(i:cﬁroénwteltv%gg%ltlﬂ gsrqd?@&itgﬂgnghé\rlr\g I E{ogf agS%Bgngt([@'he?n

i |'I'ustrati ng wticts the B taomection isbasedk: .is kpassurae daatdthBudvent anmpe) Sinde on,

t he exponent ul 4. be proportional to the total tipes the waves spend in

t he subsurfa@ggng%g&és Wﬁgdﬁéﬁrr%qdot-’)fﬁ YPPERRAICEAHBYRRN AP 4PN Bs are
typically nmuch smaller than the total subsurface traveltinmes, the relative
Q conpensation represents a nmuch smaller correction than the full
conpensation and,- q&msr,gp@{}my it causes nuch snmaller anplificati g@ of

hi gh- frequency noi se; TtTor S reason, it typically V1 O 02/ U >> '} - 16
PCT/ US02/ 0. 119G produces nmuch nore reliable results than the ones produced

ith full t.i ) I 1 h ti - di howi th
frequency rolERed sihe MG vddphieBeRion TirefeRling 47 xai-ofeatcime by s
exponent i al @aidN dOinel, BrbdIEEY AMirkFerhERTMRSITe afRePHMTsheh fiHiat i on

(8). This appears as a straight line in the first filter 1101 o |G 11,
because the vertical scale of the plot is logarithmc. After the

exponenti al gai _rea 28 [,pUm owed gain, it is limted.o
avoi d excessi ve@ﬁildgl;t%-lf'r gt&ﬁgﬁ@y "hg?zg@r?pﬁtlf) i'cation. Finally, the livivted
exponential gain 1101 is convolved with a | ow pass filter 1102 to ensure
that the filter gain decreases back to small|l values in the highfrequency
range. This J@ﬁé&M@%tf@tﬁBthﬁhﬁ i sighhpeatingd by the follewingiatio Not e t hat t he
exponent of the Q conpensation filter 1103 is different for different
_offsets. It also changes as a function of tinme, since the tine difference
between near- agmc-fqg/ef fset reflection times is also time dependen(tgi) For
this reason, the Q conpensation process is inplenented in a way simflar to
. the one introduced earlier for the NMO stretch conpensati on. A nunber of

over | appi ng S e fra rom t.he ipput trace.,.The

di fference | %iﬁ?etﬁggﬁ'ﬁ%ﬁ’aﬂ&s@? [?e@&%g?ﬁtn@ér‘}@‘?{&npo’r?r%f’ﬁ%tt stiMgnlg and
therefore theffeaoxendnothet COFGREHERESTSRIG 08, bifsdteénaridesC e AbfAgod@l the
center of each segnent and the corresponding filter response derived and
applied to the segnent to produce a corresponding filtered segnent. After
the process is repeated for all segnents, the filtered segnents are
conbined with linear interpolation, as in FIG 8, to produce the out put
trace. The recommendati ons for the di stance between segnent centers and the
| ength of the segnents are the sane as the ones given above for the NMO
stretch conpensation nmethod. FIG 12 is a flowhart illustrating the

Q conmpensation nmethod. It is simlar to the flowhart in FIG 9. The

Y Y e e



WO 02/ 015372 -17 PCT/ US02/ 0~19G either pre-stack or post-stack seismc
data. As before, in the post-stack case, the offset used for the

cal cul ati Qg @leishe attenuation losses is taken to be the g¥erags)sd set of
the traces contributing to the stack. It is desirable that both NMO stretch
and Q conpensation be applied to the dat_il _The NMO stretch conpensation
nmethod will nostly bal ance the near- and ?ar-offset spectra. It wll,
however, reduce the far-offset anplitudes and suppress the AVO effect, in

t he presence of absor_ﬁti on. In other word e conpensati on l[rl%er educe the

. th
amount of amAEElRR TIer ehanges thhthe VeBic: f&"e%%@r’ldvdﬂ geRara NMQ ease
into an anpl i ?ﬂ%a‘% 3 [=r YO r | S~iBiddat stretch
" conpensati ons%%ﬁ%sﬂte er ome?:gﬁeerguencee ic%?regthbhégﬂnfg‘rtﬁgfqés}%' wavel et into a
hi gher - f requency Duekin Sinddeevim ¢18:13) Dekirg dic Vs and flieein, IFa kg 19728 Effgdt iopn

_effects, the unst[jetched wavel et wi Il have | ower, a%i tude than the
original str8CHREHMRYFOLELCN 2 SeISfRICPWERNTE0BNYSES o£R)aE3BR42Fpludied the

t hrough 13c kh 6FFh | td t f
appl ying bot & R G ER? aelch, SRTE HERER) ShEaiE e Bt Vesleldh and
CDP gat her cshowegddhat the stretahdadke dime domaim comrespardsi toi a4 gompressonfid set .

Th litudes. i.n thi th I d . t t i
fromnear ot feolbgy Rmain, TEe 4 JRRStEs 15 etrel of MR, oG TS" "
attenuation fleaueney gpeealird dies sseidthiconavelerel ¥ SovEY ié rtRgURAIGE eSF e al SO

seen in noving fromthe near to the far offsets, because of NMO stretch.
FI G 13b shoffequpacy &pectruay ofpheyungjraiehed waveletr forcliequenynfathiem the t he

CDP gat her i i C t | t.h t.he far-offset wavel et has
been conpr esgeg%t%'ﬂ]eé g%%%gqsgreﬁie%ws}(%ﬁfﬁggrstfegcq %pt%rfﬁ{ £dh bejaven By o e
pronounced than in the original gather. FIG 13c shows the result of

appl ying both NMO stretch conpensation and Q conpensation to the CDP gat her
in FIG 13a. Iltgig an er application of both conpensations th t he
ori gi nal consta&;’l’f@) ef P)escogpf)/i ty as a function of offset is recover e3{4)l n
addition to absorption | osses, source and receiver array |osses can al so be
substanti al .é_ﬁuch effggects are also nore significant for far-offset and

hi gher - f r equéRéyNeI Aftech iyythat\eprapared totheshschHBUAt e pearcpffsgtdata A8 ch

conpensati on i ty| ] T40%Y Kol Ug: ] can
w0 1127 ( 1( S35 BER PR, D hecleffget SR 402) bBLAREL fictter FMINEAROLERLY T,
to the one usedrdyeandfmoorehdn Nigh-freqeendy endrg. c Ngierthat, i since dipplsgretch
different filters to overl appi i nput data, segnents and conbi ne the,
f11tered seqfRsiog | coAndns. SoPRUGHHND, S 13 auBPtony B ey Sndr PSeter i1 s
are only signki i T | aid I S i ; uency
energy att enlﬁ%tgggﬁ%%%t'ﬁ)?rﬁ%“s%gé% %tfa Oﬁrgaésrg?ﬂs E}og@\nﬁ”@ﬁ? ﬁﬁgﬁgﬁ@é?w th
time. For eafDRgatheres, the wavel et contains higher frequency energy than

it does at later tines. _.Singce the onnensat,i 0 e i nvention, onl
corrects for the :I:I"Pf@reg?ﬂqq -r ?%B%ﬁq@@eﬁrrﬁ@h S&ﬁ&p’f a5 - ?CH%P&?BQE%?(SH
does not COFb@@édbﬂrthéH@Ild(rﬂﬁ%%b@ﬂhdh?ﬁéﬁtbbi@éabefFﬁ?rst,Tﬁé$elﬁﬁ6n§?ﬁp pEfltessed by
usi ng several estinmates of the wavel et spectrum For instance, one can

estimate an Hestgiehgdvandunsiselshed wavelet:speclatis knoway. dddistequation Mand 1
The vavel ot J8Stsbfa Ufed ey B8 4t deOBhNAhat IR Ll TGEE S Ml )"

i nt er pol at i ngvavetetdsto s uastrstehet reountédrpantpsSecana rEquEtiona@aiebaly Yaid t he

Q conpensation process is the value of the quality, fact or@% The nost
reliabl e est ioflgs stcegheaptreehatastar B changes with itee and offset. pridius isng

(VSP) data r ( I . i , i r | ) -
. estimation mﬁ%%@%ﬁ%e@@% tgée\gﬁ%\%'%édggﬁatg% Iaarwg&ﬂ%é@%ﬂurgeﬁ@# B%Qegﬁ]l ved
by conpari ngoadiquitionay eaebespplied o antenting dcabf seismjc dawor ding tines to
those estimated at |late recording tines and using the well-known

. spectral -ratio meri@d5 A bhio@hcKart iilfustiafifg the MRERRS fEHEHERY ! ah IO
| aterally, such variation is difficult to reliably estinate from seismc

and wel (~ obs&tretehi egampensalion fitee ltshows hawie detvertheelrequenayagspense of
ded. i ' -det ai L ed | t t
T TTerar aa e IR Aok L oAl e O FRRAER O |1,

detai | ed feaapprximétidheofnitslainstretchedt equivalent.e. Theeprcdss arts heittNn
stretch and Q conpensati on processes can be interchanged w thout producing
any difference in the final results. Both processes can be applied to
pre-stack data, which are then stacked for interpretation, or directly to
the stacks. For typical offset ranges used for near- and far-offset stacks,
our tests indicated that pre-stack and post-stack WO 02/ 065372




-19 PCT/ US02/ 0. 119G applications produce identical results. Since, after
stacking, the data volune is significantly reduced, post-stack application
i's much | g8S2fkdses consumi ng and, therefore, recomended. B(f*i’m%&ﬁ&‘i%
application Is necessary though when interpretation is perfornmed in CDP
gathers, or when the range of offsets usqq_in the stack is very wide; in
the latter case, the filter derived for the average offset can not
effectively approximte the variety of filter responses corresponding to

the different offsets, heing stacked. 3. les FIGS. 14a_and 14b sh
CDP gat hor DA 14 BearBSPLLDsFeeed aRpISELSPBAIGT BAb WpBer AN -
cop_ga t and o . | .

“ shown | n G o, ST IR BRAE Ractal (e Aiskol (MO STEIATH s S30IR°, o

14a, there arcansse ealglilated hesordingt tocBquditiorof@) ¢o peodice theestretelied Waveldt
_ 1401, which then aetg st, or ,cog[éeejce W th other c ClﬁS, i N novi ng towards
the far of f sSPECYHRY 502, 8hawWpy ) pwer deft parperar ¢« Bividing theatingiretshesivo
stretch and (TTaTe i et
Sampl o5 of Thec arn o U SIAICHAR spRCRART priuiees 4K Wepldtical freqkeiey
1403 and 1404espamse H63 fonda 1fiter sthaty veill deansdonins dhe ostretebed ofdwadet dmdheons
1501 and far-offs st ackeds.sect,i on 02 before and after, respectively,
the appi | cat (BB ectingr e BRLTRG THRcuE B efier loeh fizBHenee 15
is the sane \drevp&dres RChighTreqi@nciesitHis fiker WHIRRMIEE reRyativé QairtRIMAG IGAN- | N
FIG 15b) after application of the nethod, the character of the near-offset
sections 150freguencigs-asd & ppsifve gashier isobighdrequenciesr e sinil ar and
reflection events can be unanbi guously identified on both. FIGS. 16a and
16b conpare the orhgyensral dhisoexaet thepzeticat diltehds ood necoohmozrdieaf fan real
application of . both N retch d C ensation. Resolution of this
section cl eaﬁe?m'ﬁrﬂ%%\//g&sﬁc?z'@ﬁﬁi ﬁ%caéﬁgﬁi'féﬁ)eq ERligs;a mryﬁﬁrger@gpggtqutsgﬁm
section. Mstopthd Ayhchieqestcy datahasmebeathedigRalMethdise tatfd Bf S¥isprs datanpl es
are caused by the agq!pl ication of NMO stretch conpensation. As nentioned
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higher frequencies where these differences occur is considerably lower than

the level at the central part of the frequency range where the near- and far-



We claim PCT/USU2/(1.4191 1. A nethod for spectral bal ancing of near- and
far-of fset seismc data, conprising: determning velocity for the seismc
dat a; detgiyi.Rkig,of fsets for the seisnmic data; creating gpgrhidpehdet ch
conpensation fl] ter by the follow ng steps: estinmating a frequency spectrum
of the near-offset seismc data; calculatjhng a stretch factor ~i for the
frequency spectrum of near-offset seism c data, using the velocity and the
of fsets; calculating a stretched frequency spectrum of near- offset seismc

dat a, based on,the stretch factar, p; divid uenc ect rum of
near - of f set sngs?ﬁ'ﬁee‘aéﬂ greoveﬁlﬁéatglgé)%t #‘Pg‘ﬁﬁﬂl}% %%E QYERFEST f set
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frequency gain in the first frequency response f generating a

gai n-1i m t ed fai-pffeet; spectradomeduce them tosar acseptghlede!/elm ted filter with a

~low pass filter, generating the NMO stretch conpensation filter; appl y| ng
the NMO stretch ccﬁfﬁ@as?at& ande ‘shmv hiow theeNBI©) shrétchdnﬁmerrsaeahipngcas is
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the difference in anplitude |loss; creating a second frequency response
filter, basedNM@ shetchrmqnmnﬁﬁtlgalfﬂier ito ﬁhtlhp@ﬁ $ﬂl§mld tracpiedye maimidea ishe

second frequ onse filter e tin con ain-limted filter;
and convol \C)i ﬁ %/)ﬂ ig ?%énmﬁ ‘F‘?ﬁ’% ZQE% e{;VIO[ rP"&qﬁ‘gW”Sa%%tafﬁqQ"é?"ts
generating thfozr et Gt dath &tﬁ@é@ﬁmmwrthwawofmac&tm oSt § [R%s ;@ t;
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2. The met hododfe cbastannandkmlmouthevai@e atitee denteri of ﬂweosagamemtackeﬁiter
section. 3. The netho e of fse edavera e ?f t he

of clai ein t
offsets of ¢ NESROTSdngp st s Selert Ssctessiibed n
claiml, wherggn Shspars RIECYo SRECEEGHIRAL t&ﬁirbﬂﬁé@% 'd&n@giﬂbﬁkﬂﬁ&’ miered
duration approximately equal to or greater than one secon
segment 703. The process is repeated for all segments 702 with a different
filter being applied to all segments 702. Finally, the filtered segments 703 are

combined using linear interpolation to produce the output seismic trace 704.

FIG. 8 is a schematic illustrating this linear interpolation process. For a
given output time, two neighboring filtered segments 801 are found such that
their center times 802 bracket the output time 803. Then the output sample
value a on the output trace 804 is linearly interpolated from the sample values
a1 and a2 of the two segments 801 corresponding to the same time 803. The
interpolation weights are derived from the time intervals dt1 and dt2 between
the output data sample time 803 and the centers 802 of the filtered segments
801 that bracket it. The interpolation equation is:

a = a1*(dt2/dt) + a2*(dt1/dt), (5)

where dt is the time interval between the segment centers 802.

For the process to work accurately, the time distance between
successive segment centers should not be too large. For typical surface
seismic frequencies, it should not be larger than approximately 100
milliseconds. On the other hand, if the distances between segments are very



5. The method of claim1l1l, wherein the frequency spectrumis estimated from
a selection of adj acent seismc traces of nunber approximately equal to or
greater tRNAP%., 6. The nmethod of claim1, wherein the SF@’E’/U@Bz/@H% yi ng

t he corrpensatlon %llter to the seismc data conprises: selecting a seisnmc
trace fromthe seisnmic data, generating_gR_input trace; extracting a
plurality of overlapping data segnents fromthe input trace; deriving the
conpensation filter correspondl ng to the velocity and offset at the center

of each data se eratin | ur al of corre ondi.ng segnent
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Additionally, the spectrum should not be estimated from a single near-
offset trace but from an ensemble containing a large number of adjacent
traces. The number of traces is preferably at least 100 traces for robust
estimation. The filter derived from this ensemble should then be applied to all
the traces in the ensemble. Spectrum estimates derived from single traces
tend to be unreliable and quite variable from trace to trace. Using such
estimates would lead to NMO stretch compensation filters also significantly
varying from trace to trace. When such filters are applied to the data they
lead to artificial trace-to-trace variation in the output section that can cause
erroneous geologic interpretation.

FIG. 9 is a flowchart illustrating the NMO stretch compensation
method. This summarizes the method as covered in the discussion of FIGS.
5 and 7. Notice that the filter responses are calculated based on the near-
offset wavelet spectrum, the NMO velocity function and the offset and not on
the input trace data. The method can be applied to either pre-stack or post-
stack seismic data. Stacking is the averaging of several traces to improve the
signal-to-noise ratio and to reduce the data volume to a manageable size for
further interpretation. [n the post-stack case, the offset used for the
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effect of attenuation.

Occasionally other effects (such as source and receiver array
directivity) are important and can be corrected by simply extending the
method described here. Waveform spreading is typically corrected in the
standard seismic data processing sequence. Compensation for interbed
multiples and transmission effects are mentioned in Duren, R. E., 1992,
"Range-equation weights for AVO", Geophysics, 57, 1203-1208. This is not
recommended, however, because in an exploration setting there is very little
information with which to estimate the magnitude of these effects.

A typical way to characterize attenuation is through the use of the
quality factor Q. The quality factor is a property of the material through which
the waves propagate and is defined in terms of the mean stored energy W
and the energy loss AW during a single cycle of sinusoidal deformation. This
is shown in O'Connell, R. J., and Budiansky, B., 1978, "Measures of
dissipation in viscoelastic media", Geophys. Res, Lett., 5, 5-8. as
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Q = 4nW / AW. (6)

If Q is independent of frequency, it can be shown that the attenuation loss for

a propagating wave can be expressed as an exponential decay as follows:

Attenuation Loss = exp [ -- = f Idt/ Q)] 7)

where f is the frequency and Q(t) is the quality factor that the wave
encounters at time t; and the integral is a line integral along the path of the
wave. Generalized versions of Equation (7) can be derived if Q is frequency
dependent.

Standard Q-compensation methods attempt to compensate for all
absorption losses since the waves entered the subsurface. Such methods
are unstable, since they tend to amplify high-frequency noise. The Q-
compensation approach adopted here only corrects for the relative amplitude
loss between near and far offsets. This amounts to applying to the data a Q-

compensation gain equal to

Q-Compensation Gain=exp [ = f ( jdt/ Q - Idt/Q )], 8)

far near

where the line integrals are calculated along the far and near-offset ray paths.
For a constant-Q subsurface the exponent of the Q-compensation gain is
proportional to the traveltime difference between the near- and far-offset
reflection times. FIG. 10b is a schematic of a CDP gather illustrating this
traveltime difference. For standard full compensation, the exponent would be
proportional to the total times the waves spend in the subsurface. Because
the near-to-far traveitime differences are typically much smaller than the totai
subsurface traveltimes, the relative Q compensation represents a much
smaller correction than the full compensation and, consequently, it causes

“much smaller amplification of high-frequency noise; for this reason, it typically
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compensation.

FIG. 11 is a schematic of diagrams showing the frequency response of
the Q-compensation filter 1103. The filter is an exponential gain 1101 as a
function of frequency, according to Equation (8). This appears as a straight
line in the first filter 1101 of FIG. 11, because the vertical scale of the plot is
logarithmic. After the exponential gain 1101 reaches a maximum allowed
gain, it is limited to avoid excessive high-frequency noise ampilification.
Finally, the limited exponential gain 1101 is convolved with a low pass filter
1102 to ensure that the filter gain decreases back to small values in the high-
frequency range. This generates the final Q-compensation filter 1103.

Note that the exponent of the Q-compensation filter 1103 is different for
different offsets. It also changes as a function of time, since the time
difference between near- and far-offset reflection times is also time-
dependent. For this reason, the Q-compensation process is implemented in a
way similar to the one introduced earlier for the NMO stretch compensation.
A number of overlapping data segments are extracted from the input trace.
The difference in attenuation losses between near and far offsets (and
therefore the exponent of the Q-compensation filter) is calculated for the
center of each segment and the corresponding filter response derived and
applied to the segment to produce a corresponding filtered segment. After the
process is repeated for all segments, the filtered segments are combined with
linear interpolation, as in FIG. 8, to produce the output trace. The
recommendations for the distance between segment centers and the length of
the segments are the same as the ones given above for the NMO stretch
compensation method.

FIG. 12 is a flowchart illustrating the Q-compensation method. It is
similar to the flowchart in FIG. 9. The velocity model (NMO or interval
velocity) and the offset are necessary to determine the difference in
attenuation losses between near- and far-offset data. Similar to the NMO
stretch compensation method, the Q-compensation method can be applied to
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LE10A& () - sH0&e8) " 1A NMO stretch compensation method will mostly balance the
near- and far-offset spectra. It will, however, reduce the far-offset amplitudes
and suppress the AVO effect, in the presence of absorption. In other words,
the compensation may reduce the amount of amplitude increase with offset,
or convert an amplitude increase into an amplitude decrease. The reason for
this is that NMO stretch compensation turns the lower-frequency stretched
far-offset wavelet into a higher-frequency one. Since higher frequencies
suffer larger absorption effects, the unstretched wavelet will have lower
amplitude than the original stretched wavelet, in the presence of attenuation.

FIGS. 13a through 13c show a synthetic CDP example illustrating the
effect of applying both NMO stretch and Q compensation. FIG. 13a shows a
synthetic CDP gather corresponding to a case of constant reflectivity versus
offset. The amplitudes in this gather should be constant, yet they are
decreasing from near to far offsets (left to right), because of the effect of
attenuation that was modeled here. Progressively lower frequencies are also
seen in moving from the near to the far offsets, because of NMO stretch. FIG.
13b shows the result of applying only NMO stretch compensation to the CDP
gather in FIG. 13a. Notice that, although the far-offset wavelet has been
compressed, the amplitude decay from near to far offsets is even more
pronounced than in the original gather. FIG. 13c shows the result of applying
both NMO stretch compensation and Q compensation to the CDP gather in
FIG. 13a. It is only after application of both compensations that the original
constant reflectivity as a function of offset is recovered.

In addition to absorption losses, source and receiver array losses can
also be substantial. Such effects are also more significant for far-offset and
higher-frequency data and, therefore, more pronounced after NMO stretch
compensation. Given an estimate of the array signatures, these effects can
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sltretch and Q compensation (apply different filters to overlapping input data
segments and combine the filtered segments to produce the output trace).

Typically, array effects are only significant for relatively shallow targets.

Since higher-frequency energy attenuates faster, the spectrum of the
seismic wavelet changes with time. For earlier times, the wavelet contains
higher frequency energy than it does at later times. Since the Q-
compensation of the invention only corrects for the differential loss between
near- and far-offset data, it does not correct for the variation described here.
This can be addressed by using several estimates of the wavelet spectrum.
For instance, one can estimate an average wavelet spectrum for the data
recorded between 0 and 1 seconds, another for the data recorded between 1
and 2 seconds and so on. The wavelet spectrum for any given time can then
be derived by linearly interpolating the estimated spectra.

The most important parameter for the Q-compensation process is the
value of the quality factor Q. The most reliable estimates of Q can be
achieved from Vertical Seismic Profiling (VSP) data recorded at nearby well
locations, using standard well-known estimation methods. If VSP data are not
available, a Q value can be derived by comparing seismic wavelet spectra
estimated at early recording times to those estimated at late recording times
and using the well-known spectral-ratio method. Although Q, in general,
varies vertically and laterally, such variation is difficult to reliably estimate from
seismic and well observations. Thus, the use of simple Q models is generally
recommended. Assuming a highly-detailed Q model for the earth can lead to
artificial amplitude variation in the resuiting Q-compensated data, if the
detailed features of the model are not accurate.

The order of the NMO stretch and Q compensation processes can be
interchanged without producing any difference in the final results. Both
processes can be applied to pre-stack data, which are then stacked for
interpretation, or directly to the stacks. For typical offset ranges used for
near- and far-offset stacks, our tests indicated that pre-stack and post-stack
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is significantly reduced, post-stack application is much less time-consuming
and, therefore, recommended. Pre-stack application is necessary though
when interpretation is performed in CDP gathers, or when the range of offsets
used in the stack is very wide; in the latter case, the filter derived for the
average offset can not effectively approximate the variety of filter responses
corresponding to the different offsets being stacked.

3. Examples

FIGS. 14a and 14b show a CDP gather before and after, respectively,
application of the spectral balancing method of the invention. FIG. 14a is the
same gather that was shown in FIG. 2, repeated here for comparison. On the
original gather, FIG. 14a, there are several cycles that can be observed in the
near offsets 1401, which then get lost, or coalesce with other cycles, in
moving towards the far offsets 1402. These cycles are restored after
application of NMO stretch and Q compensation, as can be seen in the gather
in FIG. 14b. Examples of this are shown in the two areas marked by
reference numbers 1403 and 1404

FIGS. 15a and 15b show a comparison of near-offset sections 1501
and far-offset stacked sections 1502 before and after, respectively, the
application of the spectral balancing method of the invention. FIG. 15a is the
same view of sections as in FIG. 1, repeated here for comparison. In FIG.
15b, after application of the method, the character of the near-offset sections
1501 and far-offset sections 1502 is much more similar and reflection events
can be unambiguously identified on both. FIGS. 16a and 16b compare the
original far-offset stack to the one produced after application of both NMO
stretch and Q compensation. Resolution of this section clearly improved,

becoming similar to that of the near-offset section.

Most of the changes in character observed in the previous examples
are caused by the application of NMO stretch compensation. As mentioned
before, the effect of relative Q compensation on the wavelet spectra is subtle.
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Yet, Q compensation has a large effect on the relative amplitudes of the near
and far offsets, and, therefore, its application is very significant for correct
AVO analysis. An example of Q compensation is shown in FIGS. 17a and
17b.  In FIG.17a, before Q compensation, the events around 2600
milliseconds 1703 show a decrease in amplitude with increasing offset from
near offset 1701 to far offset 1702. In FIG. 17b, after Q compensation, the
amplitudes of the same events 1704 are increasing with offset. The gather
shown here is adjacent to a drilled well. Seismic modeling based on the
recorded well logs indicated that an increase in amplitude versus offset should
be observed on the seismic data. It is only after the application of Q
compensation that the correct AVO trend is recovered.

4, Conclusion

Implementation of the invention can greatly benefit AVO analysis, for at
least the following reasons. The vertical resolution of far-offset sections will
improve and become more similar to that of the near-offset sections. Joint
interpretation and comparison of near- and far-offset sections will be simpler
and more accurate. Additionally, the overprint of offset-dependent tuning and
frequency-dependent losses on the estimated AVO responses will be
removed. Therefore, the extracted AVO attributes can be expected to more
accurately represent the underlying variation of reflectivity as a function of

offset.

It should be understood that the preceding is merely a detailed
description of specific embodiments of this invention and that numerous
changes to the disclosed embodiments can be made in accordance with this
disclosure without departing from the scope of the invention. The preceding
description, therefore, is not meant to limit the scope of the invention. Rather
the scope of the invention is to be determined only by the appended claims

and their equivalents.
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We claim:

1. A method for spectral balancing of near- and far-offset seismic data,
comprising:

determining velocity for the seismic data;

determining offsets for the seismic data;

creating an NMO stretch compensation filter by the following steps:
estimating a frequency spectrum of the near-offset seismic data;
calculating a stretch factor 8 for the frequency spectrum of near-offset
seismic data, using the velocity and the offsets;
calculating a stretched frequency spectrum of near-offset seismic data,
based on the stretch factor f3;
dividing the frequency spectrum of near-offset seismic data by the
stretched frequency spectrum of near-offset seismic data, generating a
first frequency response filter;
limiting high frequency gain in the first frequency response filter,
generating a first gain-limited filter; and
convolving the first gain-limited filter with a low pass filter, generating
the NMO stretch compensation filter;

applying the NMO stretch compensation filter to the seismic data;

creating a relative Q compensation filter by the following steps:
calculating a difference in amplitude loss between the near- and far-
offset seismic data, using the velocity and the offsets;
calculating a frequency gain, based on the difference in amplitude loss;
creating a second frequency response filter, based on the frequency
gain;
limiting high frequency gain in the second frequency response filter,
generating a second gain-limited filter; and
convolving the second gain-limited filter with a low pass filter,
generating the relative Q compensation filter; and

applying the relative Q compensation filter to the seismic data.
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3. The method of claim 2, wherein the offset is the average of the offsets
of the seismic traces in the stacked section.

4, The method of claim 1, wherein the frequency spectrum is estimated in
a window of duration approximately equal to or greater than one second.

5. The method of claim 1, wherein the frequency spectrum is estimated
from a selection of adjacent seismic traces of number approximately equal to
or greater than 100.

6. The method of claim 1, wherein the step of applying the compensation
filter to the seismic data comprises:

selecting a seismic trace from the seismic data, generating an input trace;

extracting a plurality of overlapping data segments from the input trace;

deriving the compensation filter corresponding to the velocity and offset at
the center of each data segment, generating a plurality of corresponding
segment filters;

applying the segment filter to the corresponding segments, generating a
plurality of corresponding filtered segments;

combining the filtered segments by linear interpolation, generating an
output trace; and

repeating the preceding steps for each seismic trace from the seismic
data.

7. The method of claim 6, wherein the step of combining the filtered
segments by linear interpolation comprises:
selecting a time t on the output trace;
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determining the seismic data value a1 at the center time t1;
determining the seismic data value a2 at the center time t2;
measuring the time interval dt1 =t1 - t;
measuring the time interval dt2 =t - t2;
measuring the time interval dt = t1 - t2;

calculating the output sample value a at time t by the following equation:
a=al*(dt2/dt) + a2 * (dt1/ dt); and
repeating the preceding steps for each time t on the output trace.

8. The method of claim 7, wherein the first and second filtered segments
are derived from neighboring traces in the plurality of overlapping data
segments.

9. The method of claim 6, wherein the length of the data segments is
approximately equal to or greater than 200 milliseconds.

10. The method of claim 6, wherein the interval between the centers of
neighboring data segments is approximately equal to or greater than 4
milliseconds and approximately equal to or less than 100 milliseconds.



