METHOD FOR CALCULATI ON OF SEI SM C ATTRI BUTES FROM SEI SM C SI GNALS

CROSS- REFERENCES TO RELATED APPLI CATI ONSNot  Appl i cabl e FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT Not Applicabl e SEQUENCE LI STI NG TABLE, OR COWUTER
LI STI NGNot Appl i cabl e BACKGROUND OF THE INVENTION I, Field of the Invention

[0001] This invention relates generally to the field of geophysical
prospecting. Mre partiNMEIEPPYOR fe LCRUeMEIOONOF Ea3MBC to the fiel d of

cal cul ation of attributes: t , i.qn di rection.
Description of the Relat%gfgkﬁj d%%?&ﬁ%?ﬁgﬁgﬁﬁgg%ﬁ%bas i ndustry,
geophysi cal prospecting is commonly used to aid in the search for and

eval uat i _ﬁgﬁg N r i i cal prospecting techni ques
yield kng&rg%be o} ﬁ?%éﬁgﬁ é%ﬁ{g@%ﬂggﬁhgﬁgﬂgxg# t he eap@hﬁmﬁﬁgﬁﬁ is usefu
for finding and extracting valuable m neral resources, particularly

hydr ocar I S il : as. A well-known techni que of
ggophysi?gﬁE%?@%%é%@?%gggg8§&§Eﬁ§zﬂgC@ﬁﬁgggtoﬁwﬁgyﬁanﬂﬁﬁé§é@m§@isnic
survey, a seismc signal is generated on or near the earth's surface and

t hen travel Lnto e.s rface of the earth. In a marine seismc
survey, xﬁgﬁgﬁﬁ§%¥@ﬁg$GQLTBé€§M%E£§%?Q§§%ﬂi%ﬁﬁ%hard t Arddghlicablsody of water
overlying the subsurface of the earth. Seism c energy sources are used to
generate the seism c signal which, after propagating into the earth, is at
least partially reflect ed>dy EROLLYP S¥eTHEISHIESTHERT ect ors. Such sei sni ¢
reflectors typically are interfaces between subterranean formations having
different elastic properties, specifically sound wave velocity and rock
density,Imﬁﬁﬁﬁof@ﬁ&“F@“@ifferences in acoustic inpedance at the interfaces.
The refl ected seismc energy is detected by seism c sensors (also called
seismc receivers) at or near the surface of the earth, in an overlying
body of Wi 6 dJdhisapvaskenwcldeprdsriln hoheliekes andhyendpaestcting. More

particularly, the invention refates to the field of cajculation of attributes related to wave

propagation direction.
2. Description of the Related Art

[0002]  In the oil and gas industry, geophysical prospecting is commonly used to aid in
the search for and evaluation of subterrancan formations. Geophysical prospecting
techniques yield knowledge of the subsurface structure of the earth, which is useful for
finding and extracting valuable mineral resources, particularly hydrocarbon deposits such as
oil and natural gas. A well-known fechnique of geophysical prospecting is a seismic SUrvey.
In a land-based seismic survey, a seismic signal is generated on or near the carth’s surface
and then travels downward into the subsurface of the earth. In a marine seismic survey, the
seismic signal may also travel downward through a body of water overlying the subsurface of
the carth. Seismic energy sources are used to generate the seismic signal which, after
propagating into the earth, is at least partially reflected by subsurface seismic reflectors,
Such seismic reflectors typically are interfaces between subterranean formations having
different elastic properties, specifically sound wave velocity and rock density, which lead to
differences in acoustic impedance at the interfaces. The reflected seismic energy is detected

by seismic sensors {also called seismic receivers) at or near the surface of the earth. in an



[ 0003] The resulting seismc data obtained in performng a seismc survey is
processed to yield information relating to the geologic structure and
properties of the subterranean formations in the area being surveyed. The
processed seismc data is processed for display and anal ysis of potenti al
hydr ocar BSHLEsHCEn e water predi kngubtentisandemhdler amitreanded. The goal of seisnic
data progemshng ths LAufXlLast .seismc data as much information as
possi bl e(E_re ar di ngrt he “”sutljs'?fgl]t-‘: E%%gg?ﬁ& %fnn%etrt?)%?gian%g?“&esﬂmf“é SYEGIHe? y i mage
t he geol gHic et acleting o drederolegc isderiticl ynd eedkitRNSFI e thBeFahh' S
subsur f agg,wh 1.$,.2. Pr bidity for findi petroleum

accumul ati onslcfﬁ{sﬁ%trmggdrregaugr{%}%ﬁu ng(gyjr%er %I%%??E)eélnsﬁégﬁf”? Hgtéést Wersstg, opfiselessi ng,
and i nt erpt @i oS pdisimiat hetib@rboihenpriogakSe elibieenshl Behhmas! I8 b lLect or
surfaces defining the subterranean earth layers of interest fromthe

recor ded S%%lfug %a%%éoacte 2 r%%fi) néac%lﬁm?’ GBI HRE APt PiRraEisnIes opssililee.

[ 0004] Thesgemingebofubtehenshriueiaines Bforddieo Eastikes B4BS MefR68 ik Sumnagduced in
order to,en; eq,ltg.a%gt.#gnt e@?ret g{?rﬁ o sel ect_locations w th thé greatest
probabi | iy “of° KA1 M BRI AFrhaEE Shbiuaseotiacre thsraje pipfapabikiey for Bedmce of
pet r ol eungtradewvehdoummuigtiotdelagtiel bR kel laln@pagddasint Qidel er i R whet her
petrol eum derposi ts are Rpre ent or not, is an extrenely e%i ensi ve’ and

ti me- conSUHPHYUNEEHE dRPng  herpioctshal cpesiveiing tierBediy srfeantdefininaghneed t o
i nprove titerphOGessl RYerabdith:shaw of rdhe-56l;80 .0 .as to produce an
image of the structure of the Earth' srsubgurflacgcdta%}ttrgv\/}mgﬁslaniﬂ%@o%& he
abil'ity B4R dphtk @Rt er, whether the interpretation is made by a conputer
or a hunpmo4f 0 a8SE%Se bMge REQBADE ki curmlation of petrol eum
exists at a {oarti cul %? | ocat ion in tﬁéﬁggg%b%&sf&(séd gt e Or?ﬁd%%?*%e

appr opr i 8t eNSErsi & soaricesafor yehethat imgedthprodetibni of siagial pdtiduand

Sei smM C L SUEVENSsMRY (LE I,Hg:l§ i.ves or vibratars, Mrjne seismc
surveys %ypilc;al Iy enr\)f‘nggta S%éngérég%gaétrglgﬁi%’rﬁ‘ge BUire CPB@@dDBUmé“SeHFB) and
per i odi cédi¢rpingcrlictat pdrolangépesiatie mescacoust, icanaveficBl dlpenthe as@lisa C
source g 1, . field may be of several types, including a small
expl osi vg&gﬁgl&@g?deg%g%@{?rt%ag "< dry REGTS 3?%”,““8‘“#%@‘5\ pppswatherprocs pring

typi cal | $nd dsigunof tiheciseicshic 56 auie erogudt aMimAe & MaL@LLGUDr 1R VAR gun,

and, nos ically..an air.gun. Typically, a marine seismc source
RRBT  L TP g7 Bl A iterniilie. sholeahasepiepian Sunkbut ed
array of bsoumgeiebeabaham, T hssssalid @OGOMRNthal 8n RRUBLGULAL YerblU LRL al r
guns, current! mmon form of nmarine seismc source. In an air

at'a parti ﬁlat Qeat'rmSt LA : : :
gun arr a2 PEAERARPFAUGH T 0§ FREAF FYPSei%Fes and qui ckly rel eases a different
vol une ofo0bsghl YheappRbass Qeisdid soufsy ik BoheRur SRk ge‘i’s%@%#ig% il ’1’%%8' SSmic
[ 0006] The appropr.iate types of seism c sensors typically inclade particle
vel oci tysuévgggﬁ}a e PRISHET ¢ VIvTaRd Nefingespismianurvwet @picpliessplog aSensor s,
par ti cul abhyrebd sdlib BirceSUEMEYS o sSRMRY b&%ﬁii&ﬁ%&ﬂa 24l %Prle?‘a?ee”e”cto sensors,
particle acgf;el eration sensors,” or pressure gradient SeAsors 4 EOUgEd in
pl ace of V&FlflR ABUiETHHsTEcpreietsethy slhudiddmsehs of eveRarpiscinelutekaci t y
sensors ang Mahar S . ) Ly _known .in the art as
geophones. an\é&@ﬁydi g%%hﬁ?%ﬁ@%%@??@%ﬁ%@é?gﬁ% LoL Qs el A gl dﬁ’ﬁl oyed by
t hemsel VEEMIQERUGEr Binike beomvetl yeudeplhoyadgim sseénsok: gpicays anAddishi onal |y,
pressur r _ i it ensars may be depl oyed together in
B i ne Tar gy e DOk sl e o PR e S e Do gt oi0007] A
parti cl eisfiitehasensbsursudbmass. a Tasophopenerthas pditkeeti onal oS 8RSIhi Vi LY,
wher eas . or,. such as a _hydrophone, does not. Accordingly, the
upgoi ng c\%ﬂn@@ﬁﬁ 2‘?@%%?3%03 o 8@?%@“%&?13 ““g%’g‘ffﬁog‘é A Ad SRY HF D BSA SIN Beat ed
cl ose t ogetdigrsionsland lyeickly phasea ditird:e vbheedawigm pgnmeuef Leld sihgnal s will
be recors%lg” &r%t(i)oﬂ%%rfes out of phase. Various techniques have Iioee‘ﬁ pr oposed
for using tANS BhE®EHi fference to reduce the spectral notches caused by

the surfiaees]r eflirecigpespriaediyped of heisheC tdbRIS pRAE, MRIGION Ll seatloor, to
[tiples. It should bé noted that an alternative to

attenuat e mater.bﬁrpe.ny

havi ng t'HE° ge8pHohE alt 'Wdrspondidcyaicoprsade spesorso phaiveladyfif ingirant
spatial density of sensors so that the respective wavefields recorded by

t he hydrophone and geophone can be interpolated or extrapolated to produce
the two wavefields at the sane |ocati'on. [0008] Conventional 3D
(three-dinensional) marine seismc acquisition by towed streanmer can result
in spatial aliasing ininline (parallel to the towd streaners), cross-line
(perpendicular to the towed streaners), or even both directions. The
sanpling density in towed streamers is typically denser in the inline
direction than in the cross-line direction. The asymmetry is due to a w der
spaci ng between receivers in separate streaners than between receivers in



seismc attributes fromthe seismc data For exanple, a seismc attribute,
the inverse obliquity factor, is conmmonly used to correct the vertical
particle velocity from geophones for non-vertical energence angles. This
correction, in turn, rrakes possi ble a nore accurate conbination of the
pressur eSHFRYS pépm%ﬂ}@’ﬂ Pprostiq] @ﬁﬂslia@ﬂwhssenl@or@leqai‘tiﬁéc &daelempergeﬂm(gs andrdown- goi ng
wavefi el ace . .r ctionisr m)ved i f
the Up- 0o/ g wear! ST 12 ongr dbrod M ELISPRSRE uRa ' Rewap: RO

down- goi M@O@Aﬁ\ﬁeﬁﬁi&éla@ié Wity peahseguent by cbmnmﬁmti{m@d it dicatitzepeidhenwaher borne

mul tiple S l need exists for a nethod
f or !tlroang dcggr.lpn}“ltoﬂf'eS %%ej%g‘}v%ydlqt% aglC %‘?’(I)]SJ;SISélmsa i % %ﬁ’foryfcﬁmé%e“’t&ﬁg% it FRdRtes t he

effects ofmspdy |da;b opddi msicngr iamta@ny A ddirieetly0preanet kd&sc@rmﬁn@lﬁ'E IHEIOE%F%?F by

typi cal Qe%rgérgle ac, g ISI teado %ﬁorretrl es. BRI EF UMVARY OF T
[0011] ThETPAVERY iP5 AePSY Y 0BT RS d" APt aHE o i REF <einsiTe o5 piafsspatial
repr esentadyisve of subsurface formations into a seismc attribute useful for

i denti fytdgy% ﬁnd char cterl zing the subsurface formations. Filters are
appl i ed Si shikeny %W&F %EBSC@eWé%“ at & 2ponhpies g diragianas switinitattsraat ed

spati al | y padskias eehseNengy as Ihﬁ/dlfobhér%r %gessh(gna}%&oﬁ"‘tﬁ MhE'LB € walle dﬁé?@

frequencg\wa enunber domai.n by a conpl ex function o frequ
wav enunbe e ETEsd fyiaigopives g%d W@haflﬁt foryed @Oi;eriogw@ff\m}éém eﬁﬂyswmunber

domai n, @ cﬂﬁ&ﬁ‘ﬁé]ﬁt‘f avSeabI8 i sagnatIs be Trga)r&%allﬁﬂ a2 rg&a%; §r off {)lfhﬁéf Ovﬁ%%sto the
ti me- space domain, are divided by the filtered s S In"the timnme-space

domai n, F&h@@héh%a\ﬁéw@hér%@ieérﬁ)rcusamthism}m dn‘[f@@a@]w redapotihepecenboditeent , t he
i nventi gk & MBLHOM. kQlechi&ARRl 97l Q.36 gu e gcpq gqea%el dgon?ﬂ% atlye of

subsurface formations into a seismc attribute use for FYihg and
char act ePR2i hgnt Iveiligtitss ukt fshedd homamtli tbrisan Atepracige anhmbiteethe appioat ahé used

t f d.t s t
genorat o Ty oot e Ak S BREAPER 4Rl &R aedd PPy mhe

filteredwsyegnlk secar{bd iy lthd Iptdretionaartdhezoplicee uen oy mi@yERLIBEExHOPRI:D by a
and wavenunber representing the seismc

conpl ex f fr en
attri but Y%Pﬁcetthe%gr“éavﬁgeggs A \/%Wuﬂﬁ?g? “Yomain, to generate scal ed signals.

The scal B®08] g n@bm::ntmn&h SEfBD raeek-dienehiiendlj MBarBRACL60 Mg DisitAh ebdi ¥ided by

the filtered si |rre spa to generate the seismc
attri but%ma’f‘ﬁb ag]‘F?%ﬁﬂl‘&Spﬁ‘r‘?gtah Bg?%g“ﬁfn?]e{ Wethp ARress TUEATES). areEmput er

r eadabl e(pamdidiaala ib hhﬁtcﬁzﬁﬂ’pslﬂﬁe@ﬁer@T 0geam starEecider eoR, aMblile hiRiPY gf am
havi ng Io%l gﬁtﬁ%erabl eto csuse .a _pr.ogrammabl e conputer to performt

fol | owi nGWCEFTEBIFE 'ar@albpreied it gledvinsigcanghan & theorrererie direction| Ty od

si gnal s wdyincat tie puatcedwiRatpRlnk be %dﬁ%@&]@@{ﬂ%p&r&pQtré%ngeg‘se?lgg bEh@RRl s are
multiplied . in the frequency- wavenumber domai n by a co unction of

fr equencyCard Welfe MiRbEFCPEhr bR ATIHECEhendeddsimspatiat tlh‘ta‘%hﬁl toé thersatriping

f r equencymay gRUNREnd QIBL L. t QoREREr AL d | 800 | ed signals,
transforned to the tllnrre s;;[a(i:le domai n, ttrﬁalr%e&9 |§S% begd)qgg1 %ﬁg ?l”ﬁt%%r eg Signal s

in the t{fAsiyacdonsnenpe. tding @ﬁé?iameaitaﬁ@a seisire ¢ ptob }meut erocessing high

resolution shallow seismic data with large emergence angles. In ocean bottom cables, the
receiver spacing aiong the cable may be coarser than the typical 12.5 meter spacing in towed
streamers. Further, aliasing can become a problem in domains where spacing is intrinsically
coarser than in a common shot domain. For example, the shot interval may be as much as 50
meters in a common receiver domain.

[0008]  This spatial aliasing interferes with conventional efforts to accurately evaluate
seismic attributes from the seismic data. For example, a seismic attribute, the inverse
obliguity factor, is commonly used to correct the vertical particle velocity from geophones for

non-vertical emergence angles. This correction, in turn, makes possible a more accurate

Tl



BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0014] The invention and its advantages
may be nore easily understood by reference to the follow ng detailed
description and the attached drawings, in which: [0015]FIG | is a
flowchart i|]ustrating an enbodi ment of the invention for calculating a
seism ¢ &PTPIRIRtee! hoorsjur @d parjigle aﬁ@floombttmdehufsth’eamp -pgnananetidadi ment

f th At | o S, is a flowhart
?I I ust(:a r :at@ ?ﬁﬁg waaﬁggérlrgg%r{lﬁr%%fg o?& ec?gr?v@nt% ?r%[r%g bﬂecs‘f%iéi&’ T%IBO%& gpﬁeélps:l “YRal s by .

a frequeR@yehiedd enusgiderrépresehtiat.i end ghe ars ebsitidowatdoiigh wie: fidi@0 L8} FI G 4

isaflo I he i.nvention f cal cul ati ng
a sei sni %ﬁ%@%ﬁ@ﬁl{b@%%?f&%uﬁ%&?%r gﬁmé%f t]%s ‘%giesgﬁﬁs@lcsséé‘tafon of pressure
data; [OOPWNGEFI GThes.i s necdseiignifer seodthah fof traksﬁ:&rlnﬁ'@ ﬁﬁ@dcldgﬁe&ﬁ@ s@bhiqui ty
; ' oin
I:)?gtsglrj;‘ e ?‘%ﬁ% tlg" atttﬁnua%sghes g#fsclq% gf spaﬁ II a Bm% i?.tl grely gﬁ"ctac!tggta%d i!lij %mg domc%n
induced by typical marine acquisition geometries.

BRIEF SUMMARY OF THE INVENTION

[0011]  The invention is a method for transforming seismic signals representative of
subsurface formations inte a seismic attribute useful for identifying and characterizing the
subsurface formations. Filters are applied to seismic signals to generate filtered signals with
attenuated spatially aliased energy. The filtered signals are multiplied in the frequency-
wavenumber domain by a complex function of frequency and wavenumber representing the
seismic attribute in the frequency-wavenumber domain, to generate scaled signals. The
scaled signals, transformed to the time-space domain, are divided by the filtered signals in the
time-space domain, to generate the seismic atiribute.

[0012]  Inanother embodiment, the invention is a method for transforming seismic signals
representative of subsurface formations into a seismic attribute useful for identifying and
characterizing the subsurface formations. A programmable compuier is used to perform the
following. Filters are applied to seismic signals to generate filtered signals with attenuated
spatially aliased energy. The filtered signals are multiplied in the frequency-wavenumber
domain by a complex function of frequency and wavenumber representing the seismic
attribute in the frequency-wavenumber domain, to generate scaled signals.,  The scaled
signals, transformed to the time-space domain, are divided by the filtered signals in the time-
space dormain, to generate the seismic attribute.

[0013]  In vet another embodiment, the invention is a computer readable medium with a
computer program stored thereon, with the program having logic operable to cause a
programmable computer to perform the following. Filters are applied to seismic signals to
generate filtered signals with attenuated spatially aliased energy. The filtered signals are
multiplied m the frequency-wavenumber domain by a complex function of frequency and
wavenumber representing the seismic atiribute in the frequency-wavenumber domain, to

generate scaled signals. The scaled signals, transformed to the time-space domain, are



[0022]FIG 8 is a seismc section of the estinmted up-going pressure field,
dip filtered from60 to 70 degrees; [0023]FIG 9 is the spectra of the
seismc section in FIG 7 and [0024]FIG 10is the spectra of the seisnmc
section in FIG 8. [0025]Wiile the invention will be described in

connect i @ivigadtiy the Sliqgedfigrisd tenbodipeatenaih ttoWehdraB ehungdarskeagd.t hat the
invention is not limted to these. On the contrary, the invention is
intended to cover all alternatives, nodifications, and equival ents that may

be included within the BeopDESCRIETIONVERtI@NpRasyGeid ned by the appended
cl ai ns. DETAI LED DESCRI PTI ON OF THE 1 NVENTI ON [ 0026] I n

general, seismc attributes are any information obtained fromseismc

Si gn_al s @0t all_?heSilﬁ:\leSmmgrﬁﬂ%_r @Erﬁzﬁﬁge%tdlﬁfsbeoﬁibre' &tsﬁ‘yr Ex%erstc;ro)épol Cr@ile!re%(xb gelsmc
attributes lg:ﬁ%}?.rl ge ,@Etudangllatl ve measures of seismc signal < "USETT “f or

i denti i ﬁ@ﬁ SHEV CRAFacTekiTiPHY aibisarifashed ¢rewirgsiiondiidt the earth in the
sear ch f ¢ooBjodugiht e hyeli @eAnBERSePOsit ik ti.cul ar. .seisnic
attributes are often based upon maki ng mashr@ﬁn@ﬁ%hse O Ca&ﬂg‘:‘tl“@&de, and
frequency* B 2 HPEEe) in the seisnic signals. Tine measurements usual |y

relate t MetryGC 2Bk QPELLdHES i 115k rface formation structure,
whi | e arrgl)mde and frequgndggﬁr%gg%gp%%%t%ggégﬂ%n gt P By entiop Bhjeseg)

properti é%‘,sm@lﬁ%ﬂﬁaléls_ subsurface formation stratigraphy and hydrocarbon
reservoi kg@®ivgr agher kzat,l 80 chart illustrating an embodiment of the invention for scaling

seismic signals by a frequency wavenumber representation of a seismic attribute;

[0018]  FIG. 4 is a flowchart illustrating an embodiment of the invention for calculating a
seismic attribute;

[0018]  FIG. 5 is an exampie seismic section of pressure data;

[0020] FIG. 6 is a seismic section of a calculated inverse obliquity factor;

[0021]  FIG. 7 is a seismic section of the estimated up-going pressure field, with no dip
filter;

[0022] ¥IG. 8 is a seismic section of the estimated up-going pressure field, dip filtered
from 60 to 70 degrees;

[0023]  FIG. 9 is the spectra of the seismic section in FIG. 7; and

[0024]  FIG. 10 is the spectra of the seismic section in FIG. 8.

[0025]  While the invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not limited to these. On the contrary,
the invention is intended to cover al} alternatives, modifications, and equivalents that may be

included within the scope of the invention, as defined by the appended claims.
DETAILED DESCRIPTION OF THE INVENTION

[0026]  In general, seismic attributes are any information obtained from seismic signals to
obtain seismic characteristics of interest. Typically, seismic attributes comprise guantitative
measures of seismic signals useful for identifving and characterizing subsurface formations
of the earth in the search for producible hydrocarbon deposits. In particular, seismic

attributes are ofien based upon making measurements of time, amplitude, and frequency (or

LN



[0027] Some exanpl es of seismc attributes include: picking two-way travel
times and dips fromseismc reflection records to generate formation
structure; calculating velocities to convert the travel tines to depths;
relating high reflection anplitude areas, called "bright spots”, on seismc
sect i onsPhess) gagher epifegic swﬁmor%mgnwmtmxtstusa@lﬁ amad ysp@nteaiccabsitial e

i nst ant equency; u coherence neasures, such
as cr os%ﬂggﬁsgggﬁg% n%nl an%m; iyt %m eﬁi\%g %%rgcﬁ‘gPVsm‘sasurf”BeW%k}séﬁ{ faults
and ot hetrlagt ap wgrcalphnoxperﬁxeatwn esas|Snbﬁﬁaseli&maﬁoﬁiatrﬁ@re@ﬁ?&]ﬂ hedicoyemnt i on is
a method f.or.t Crhglrégtepmmng seismc signals representative of subsurface
formati ons InNto moc attribute useful for identifying and

char act §00%7Ing $dm: mmsfmemmw matduan Snclfde: Sﬁnckxﬁg kbehsy i@l apRlLed to
seismc d(:Iattaot(g attenlgiatte S & ased energy. Possible seismc

R S8 S S R e R Ry g M i A

f requene:yaﬂvmﬂllaurmelr tifheded Berfds; trfigrifd hicerefedahanipians hreuaed, 4 amshe
time-space domain, followed by transformation of the scal ed data back to

the timePSPacy® HOTRFn f’“ﬂ%‘é fatéiaﬁ iZBlitse PEHAMtiRG Fopelesdtaey Pl foncaldudate
t i me- spaggaorBi plite CRADEARLAQN W tdy ctulﬂa%ng'doq’x%re% AatdrePr 4,08 a%
a

applicati on of the frequency-wavenunber scaling filter. The ¢ At ed
sei sm ¢ AERIPt ST OLARS f Uit HepnvBRe @elsBofo dﬁ?eﬁéf?éiﬁﬁ aafi)mtnecatrafmmphuw t hout
i m ti nGedth$s §CAPRisntiP@adnvention is illustrated by an exanple for
separating dual -sensor wavefields into up-going and down-goi ng conponents.
[ 0029] | A0 enbdinyeiiton ishe nigtventar orsraingetdiode tsendalrgubatetisebsni
attributgs ngt e ections. The se

et i ons o R T A AP W B eRE e SErBedrment.
the att lﬂiﬂbﬂuffé@ f@r’l@ﬂﬁ@@ﬁaf gdt. fibers e avgiied pr mnea:gatdmano dﬂternem Euallyl ﬁl@&@j

attri but a u 8. N9t Lesk onen s of t

sl ovvnessegéré tﬁdsgﬁgfﬁe%gge%lgle&gﬁam C3’?7153t6"hc ang iaﬁ Cg%} [2@813’5?3 ﬁheﬁs é]ﬁd

fl owc harftegmrdcyﬂ@tvmatnilbwg dembiodb renfieraf da:tmmnsmnﬂ i@ tfa@ﬁm@-@ﬂ)a&élharhmﬂg a

seismc trijoute from seis section is a flowhart illustrating

a generzic?1 i b[’g’l tﬁaélﬁ{om?“%nho \S/%aﬁfi ‘%‘ﬁ gaﬁ‘(%%‘?mﬁe © OB hARE &TFY her

| I I ust ra:tan ﬂrgn ﬁmcﬁaﬁmzﬂ ircik ameeslgthjom{ 5y @fmHiR@ich WANAd DRrRSdeser ibed in
sections ra that illustrate an exanple use

FI G
of the |aﬁ?/1écr§{ ?Ibﬂ“ %%‘é%%‘ﬁ BEF IR ?r €] ﬂf‘vaiL“ﬁe1 (B0 A Hes sejsmigatgibpiepwthar t

i1 ustradliing @nuedbodi diEatn0ipplibRidnBY eWiiheR fiRkir" &nsder .ngy ﬁ{i&mmc
S|gnals nt o 8 seismc attribute. At block 10, Filters are ap

sei sm ¢ WHSYRSE Pt & CHERST dtresepipiiey duel sﬁ%ﬁﬁ’él‘%a\’ﬂﬁ s weq émgmgedn@ dawial |y
al i ased g@n@rcgmpoﬁmsbl ock 11 the filtered signals fromblock 10 are
multiplied in the frequency-wavenunber domain by a conplex function of
frequend$0Zfd Vidvencmbet medphedeniivnyistactied @mat@uiatetemsrbutaerzbmestﬂnehe

fr equen%m@&&ﬁ&%ﬁmdf?@fﬁ' RisntiO sgﬁﬂ)‘ﬁg at ’?hesgt.arélﬁq SLANS! Sn ARl OCl&hIZ the

scal ed signals fromblock 11, transtforned ti me-space domain, are divided
in the timesHyaledn gonpiricty anthediidnt, éh@@tré:u@laafegelhwdm bt vete EBpaghdorgener at e

the sei $if.GiAt tﬁh'e&%t@rbu%?@%%lau@e te b2 R fds@nehar coi{ngox%isﬁtsr %hlfns?q an el ement

of the invention, regarding tering seismc sig st rates
i n nor e Vdepaemetchecepod erignitiodngidse i nvention di scussed in block 10 of FIG

i"ecf‘ing f-}{}#ﬁg?’gilﬁxtssmbic&c léhgvg ’ﬂosxaeféhar% e [tllg“lg Sem ro%lmen Fed fu%’v%zqgiosnelfgrm ¢
calculating a seismic attribute from seismic sections. FIG. 1 is a flowchart illustrating a
general embodiment of the invention. FIGS. 2—4 are flowcharts further illustrating more
particular embodiments of the invention as described in FIG. 1. FIGS. 5-10 are sections and
spectra that illustrate an example use of the invention as described in FIGS. 1-4.

[0031]  FIG. 1 is a flowchart illustrating an embodiment of the invention for transforming

seismic signals into a seismic atiribute. At block 10, filters are applied to seismic signals to



signals are indicative of subterranean formations of the earth. The seismc
signals may be from common shot gathers or comon receiver gathers, or from
any ot her appropriate seismc donmain. The seismc signals nay be pressure
signals from pressure sensors such as hydrophones, which will be designated
for mer eggnejad ﬁﬁtmatswmlqpuﬂpmsmas sprtlX hlias eM@EL1 ol ANt Gl ¢ughocity
signal s m cI e i on,s such as geophones or accel eroneters
whi ch wi %FI?%S Baa esﬁ&%étl gg”‘f Witl?gifs‘gl”ys“el FRERC T Ve pbep clemsinaly g(comrlex I n t he

fol | ow ngmdii®coisSBt@Rrncyt el SQicsihBerSEGBAhSnMHe! seRBiid Al r%ﬁf@ﬂﬁ%ﬁ frp%ue%vessur N
signals h(t this illustrative use of pressure si to be

consi der & Veggl)ngerl fr%?i‘%tt? SRPEHE 6% ekt 149l Oqlﬂérzefhﬂ§P<g¢ﬁa$1glmlﬁr¢m éldck me

domai n amtﬁeﬁaﬁﬁai RyihO¥WRE: a858in] 8L Uigad ' in.the
e aen\gt%e% by the corr esﬁgglﬁ%?%’éqgé%?tg@?ﬁ tgptge e]"ef’10034] At

frequencgl ?rrfa I31r

bl ock 21518449 ¥ap &logk dUdpgrneaee ths selmmicswit®mec signal's h(l,x.,) acquired in
bl ock 20(1[;32 ttg[g@ajgeq eneratin fl|t red S|gnals
hi (f,x). {Thepfl lters ciﬁlgweﬁ%%p%lu%}ea g%sp%g EJ’;}%EQX{ thd mvemlo&oﬁg? gt fltering

al t er nat J581§ signds ¢ HAGH ﬂéﬂuﬁéfﬁ@yﬂsmdd@nmenporﬂm mﬁtﬁe anbethinndiRiussed 11|1 OW- pass
filter isoeml oyv|e topttenuate the spatially aliased energy. [0035] At
block 22, a seismc attribute cui,x) is selected to transformthe filtered
si gnal s WP83K) AF biack| Welkeizmici sigrais él?heacsmr@infrmnastsism[cbutﬁodss BheS@idnigi cati ve

of subtegsg i earth one . enhodi ment, the seismc
attri butesrég%&te@ 5 H&% e%:tog a?lgjrarn%%]a{mamtl%w E)ar"%‘pa PRt grady par be

[ 0036] FIBm 3>o;rsmal fsihcmvgaﬁaers of kbasibn atédiger antiete e fondhing Reck RYERBHAD,

regar di s n.c SI by a frequenc vvavenurrber representation
of a se.r%lr%ﬁﬁ@g rﬁzrg}]bﬁlthg SelEPﬁ al IrTq.YykEerIgF%rlsﬂg AL LAETPBChizon of

the i nvelmdraphormhsswhshe;dﬂlm dekigeded fbr @fierfil Gi usﬂran@%\{ﬁ)sei &%173]) ftybliggk 30, a
transforrglﬂtlcewﬁg %‘E? he f|| ered signals hp,x) fromblock 21 of FIG 2
to transtoris {rec! edO%i R %mﬁ?”(”f SSOSOF SBER fshgeophames lewele(cnmk@ls donmai n

to the fwleduwﬂﬁybmvﬁghm&ﬁ'for( ﬁl@]&‘el‘) 10 QRN p%@fég aatsaé}g t r %U%ﬂé“féﬁ?o%f |ltered
y

signal s [\!xﬁco K The, transform can be acconplishe appl yi ng-— any
wel | - kST B B 7 ISTES etibe it andigaivd dtichressre fignaleampl eyt Eﬁmrl er

t r ansf oriffBsuralive par &1 Grdsare sifiasd is ROV 8L oJi. " be. enpl oyed
f or cong%jet ati onal ef}?rlgé;l eensclg 10038] At bl S%E god %rﬁlnlt:&g;g?on tgﬂzvenkton

frequen ranEaV R Mifies derdigstecterpind by torer crepeesemthdc uHme;amels@mle in
attri butige ﬁ\éduc?fay do'i@é;ﬁ%%l@nét&i B tﬂ@ Bor?%SQerAA:g' @8;4{%)&;‘@% the

frequencxggvenu dormai n. The functi a conpl ex variable
functi odV8#4 r eﬁh@ﬁ@y?% laAdehaveiptibbio, th@eetxmmxgam B b(fﬂxﬁfoqi’nhﬂ i6 @108R2E o

ttributee tased'the r }011 Lo l
attri butgg, ﬁda&cstph@en WihledRg Q%S(%Hérﬁt‘ﬁ% H‘e af'%@{ag] A{ﬁe gﬁ%‘é@@y %?agequrgr‘é °

cal cul ation of "the inverse 6bliquity
Hi qu, k) 1 nthe Héln?ﬁmaeéﬁmmlwamemlmdnemvedpnm mhel §r351ﬁ3|ne\0§}:%de idardahe tmanss or med

~|’||terecj:}_‘_r¢b|G ![11.8215\9 % 40%At bl t esarrple ||f(0) k)
from bl ack 3 'S scarpg @% Iiyeg tbemmé%lgﬁeﬁpattﬁgy FIHSUEREY - wavenunber
domai n HH%3He fanibiloe. cxfseisrreqalteﬂﬁﬂ;e cafmd) mweﬁwhﬁ&dn%% ) et eqpined in
bl ock th dg)ofwglgp%cg%il% | ed sa agsto . Thus, in one enbddi nent,
the scal é( rt cohe seigmlp %lfff&ﬂﬁ o8 I%IVF ef $u@§9§ranean formations
of the earth In one embodmem the seismic attribute aftx) selected is related to wave
propagation direction.
[0G36]  FIG. 3 is a flowchart iliustrating an element of the invention, regarding scaling
seismic signals by a frequency wavenumber representation of a seismic attribute. FIG. 3
iflustrates in more detail the portion of the invention discussed in block 11 of FIG. 1, above,
[0037] At block 30, a transform is applied to the filtered signals hg7,x) from block 21 of
FIG. 2 to transform the filtered signals higtx) from the time-space (zx) domain fo the

frequency-wavenumber (w,k) domain, ‘generating transformed filtered signals Hqw.k). The



H(co, ky=Hf A(( ) [0041]At block 34, it is determined if any nore
sanples lif(co,k) remain. If the determ nation is yes, nore sanples renain,
then the process returns to block 32 to select another sanple. If the
determ nation is no, no nore sanples remain, then the process proceeds on
t o bl ocktr@Gforlyelcamy. bc[ @Mﬂipﬁi‘sheﬂl og kapB5;ing@anni nweli-& 8ot a[ﬂﬁ;fz@i’cmviﬂﬁe@ﬂ%ﬂ ed to

t he scal frombl.ock 34 to nverse ormthe scal ed

si gnal s %ghﬁér&lf %fcfloar% W%ﬁ[}}eoﬁg? R RO bt P! ‘I‘%}F f’rﬁ‘l‘rl“?f B&ERIOFBS t he
time- spa(f@?(i)nxa)vbd@mmad @@Iﬂ&rﬁlﬁiﬁtﬂtﬁt@al daTiEEse- tr ansf ornmed scal ed signals
h('t,x). i nverse-tran rm acconpl i shed by applying, an

wel | - kno%m? @zrt?b%?l‘\h%\fieﬁlﬂﬂﬁj@r gfﬁ@ﬂ'ﬁﬁ“ ‘EW%GHWFY Bxiatpnsed tha

i nver se- E@wstrei tier ﬁfﬁﬁf}@ﬁiﬂﬁbuﬁ: ramp@rsr,eﬁemhah bl chll;V@i $€ frast, Gouk i%qug_ ransforns
(IFFT"s) ma e g r utational efficiency. [0043]FIG 4 is a

f 1 onchar t41Y 1I”E‘gffE dglg‘?al% br ‘gqn@ (w1t hEOTRgE N Iungdparddifrigueral e ating a
sei sni ¢ abbdiupbte DddrGinafon b ﬂﬁ@E&@E;@ﬁaﬂﬁtmm}&e&q@me d‘is@fs&@cp%tlﬁoquﬁ% the .

i nvention discussed in block 12 of FIG 1, above. | oc
det er m n&JOY v ididdickppiaral @)t@e?ﬁth@g“‘fﬁ’é%d@éﬂlﬂ’é’ofa@@f ore calculating t he

sei sm ¢ aipinj buke LREK 3% k- saﬂ'@%{’q@f #) it {Hesfreﬁg%g'v@d@ epﬁc?*ﬁz?ih ?sgselegteg fn

appropriate for the case o ned attributes ., no nega
val ues). 1hP1traf*‘lff@m%fétﬁétﬁWﬁﬁ@mi@ﬁohﬂsblwsw addi ti onal proce55| ng is deS| red

Ht ar i pIORgP eo%: BLOCSEAR. %&tp & }r?/g%( itk %;O%E%E ¥ g@afgeg\, Béﬁggﬁﬁ%’ﬁ% Wéhepr oc ess

det er m natl oh is no, nd ad processi n
ski ps tofl’mtt@n%”%@venmeb@vmor{l@@w Ate lﬁlno’c{kn 41 freagmezmyvaidopav@mmbgﬂg{cﬁb is

cal cul at gl £ 0 NBIN 31 56 LA ARLAUEL SERL Y% 9L iufXuddochi QM P 0ck 35

scaled sample Hy(w, k) is calculated as follows:
Hwk)y=H, (0.k) A(w.k) (hH

{00417 At block 34, it is determined if any more samples Hiw,k} remain. If the
determination is yes, more samples remain, then the process returns to bicck 32 o select
another sample. If the determination is no, no more samples remain, then the process
proceeds on to block 35, below

[0G42] At block 35, an inverse transform is applied to the scaled signals Hfw, &l from
block 34 to inverse-transform the scaled signals Hi(w,k) from the frequency-wavenumber
(w, k) domain back to the time-space (4,x/ domain, generating inverse-transformed scaled
signals f,(tx). The inverse-transform can be accomplished by applying any well-known
frequency-wavenumber transform, such as, for example, inverse-Fourier fransforms. In
particular, Inverse Fast Fourier Transforms (IFFT’s) may be employed for computational
efficiency.

[0043] FIG. 4 is a flowchart illustrating an element of the invention, regarding
calculating a seismic attribute. FIG. 4 illustrates in more detail the portion of the invention
discussed in block 12 of FIG. 1, above.

[CO44] At block 40, it is determined if additional processing is desired before calculating

the seismic aturibute afx.z). However, this additional processing is only appropriate for the



[ 0046] At bl ock 42, an envel ope env[hla,x)1 is calculated for the filtered
signals %Y xi) fromblock 21 of FIG 2. [0047] At bl ock 43, the envel ope
env[ hat,xl|l for the inverse-transforned scal ed signals calculated in block
41 is divided by the envel ope envlbta,x)1 for the filtered signals

cal cul at edhsd 6 uabigeds ARbird: (theist idReSRAGE AR s dyision generates a
ratio that yields the dlesi(%f edls'sei smc at Fr?gﬁi{tge g%;fm,n%g% 'isayef’tfﬁgﬁf)% of
time and EpEERe THEEedihedhereptso tiomsds o tpwk dleiogmiformatitmidutstali k) i s

cal cul at egt@sinh@bd QWS no %Yt[orﬂal(ﬁro%@s\{noh?s'degil;e’d Qen-%?egg the Er @gﬁéﬁ roceeds

to block 45. [0048] At' block 44, the ihverse-transtolmed® o ‘ghal s

hix,t) fr5flock 36 of FIG 3 are divided by the filtered signals hf(t,x)
from bl oglgp2d; of A [ ' ace. domain.. This division generates a
RS RTL NCR SR D e TR BN T e

ratio that yields the desired attri
space. ThHaged signaginothidrone Mood3feiiiG. 8he seismic attribute a(t,x) is

cal cul at foll NSt . h 049 bl ock 45, the seismc
attribut gg?ﬁm bf%do}gi\iﬁfg’ %g CP‘F%%%@beln‘g%%’(‘xﬁzsn‘%&%é‘ﬁioédhq Hltsedt tipests p@cessi ng
of the fukdm blagdii «ftfiGszi snic signal . [ 0050] Conventional |y, separating
seismc Si S orded.froma dual-sensor streamer into up-going and
down- goi ﬁg%vefﬁ{tgﬁ%kc‘%h{b FERY SPGB e ztf%ri the dpErRdransmRg Ss}tpl)lé signﬁ?rhe
pressur e cehydrophoriedk ands wavitdical tRarhiGhR Yal9aidy f&rgﬁ,gp@%p&) sLraces

ha, X) anq:ag&itf?) relis%%ctl vely, could be corrected for Inpulse response

di f f er encAS™BEY Wb BIRC ”’t%“f‘%f/ﬁ@%“éiPm&& eldtiofyisiohgengmics aqaifo har tieldd e

vel oci ty the dxsipedaBhid d4eiBsic GAW & 2h8QiRRFERELRELE: F 1@ Mhe embodiment.

the seismic attribute art,xj is calculated as follows:

)_Fh H,ﬂ

aft.xi= =

env;rhf (1, x)J @
Then, the process proceeds to block 45.
[0048] At block 44, the inverse-transformed scaled signais Ay(x,1) from block 36 of FIG.
3 are divided by the filtered signals Aq7x) from block 21 of FIG. 2 in the time-space domain.
This division generates a ratio that yields the desired attribute aft,x) as a function of time and

space. Thus, in another embodiment, the seismic attribute a(tx}) is calculated as follows:

a([,x)z%i%. (3)

[0049] At block 45, the seismic attribute from block 43 or from block 44 may be used in
further processing of the fuil bandwidth seismic signal.

[0050]  Conventionally, separating seismic signals recorded from a dual-sensor streamer
inte up-going and down-going wavefield components would entail the following steps. The
pressure (hydrophone) and vertical particle velocity (geophone) traces Afrx) and 2(1x),
respectively, could be corrected for impuise response differences between the two types of

detectors. The vertical particle velocity trace amplitudes could alsc be corrected for non-



vertical arrivals of seismc waves and, if necessary, streaner tow noise.
Al though illustrated as corrections in the tinme-space donain, these
corrections could be done in either the time-space domain, the
frequency-wavenunber domain, or any other domain that is convenient. The
correct edvepicelsstivas @inciswar vieahnamtct &hay k86t ¥ulfACCS GONANNEL N a
commmon- s g%oggﬁggfi% e.tQ%n t%ansforned Into the frequency-wavenunber
("f-k*) domar i, oV BINdT AGTEREY RPN Gt sores tionsespdic drak yn eifiive the time-

t r ansf or rmatdeahmatamefeqdone-ye@mbeehhak NI f skt such.as, for
exanple,,ﬁpurieg{%ransforgaﬁ 0051] The Jpwardb{?aﬁé(?%%I§%g§§ﬁ?gﬂﬂﬁée
field, UCS, R EhathE 4 P RaFilre IVPiRg Dp tasssustavavieinf 4 ebdmoBlsk)), K)
woul d be goBpatt en ivAndibiench it o BRI RNencdSiNGnd uat i.ons. U é“" 1 (co, G
(0 k) Neo k), 2 (5) [0052] Then, | ?nﬁg up-%ol?%é?gﬁdt) Sg’aﬁlﬁgggﬁ Gk S s
W o, k) arilld B{4Fk JEPFaKT Eqlibt FoRepaionane gSonedespeetiikebyn reannbemused in
further puecgesstHAmpeUENRsrsitddce related multiple attenuation. The
results gre eventuaFIy i nverse-transformed fromthe frequencywavenunber
domai n bal¥®Ho tlke voivie-Epatne pormienya{c00S8] A, examplie: idvisid Faidiothe
met nod ofrhe. LAKARL 99,2 REESETL Sl Bl R AL, 15584115, Sahg Ul ot on of

the inverse obliquity factor.

U(a)hk):H(a),k);—G(w,k\) @

and

D(w,k):H(m’k);G(m’k). )

[0052] Then, the up-going and down-going wavefields U k) and Diw. k) from
Equations (4) and (5), respectively, can be used in further processing, such as surface related
muitiple attenuation. The resulis are eventually inverse-transformed from the frequency-
wavenumber domain back to the time-space domain.

[0053]  An example illustrating the method of the invention is presented.  This example

uses the calculation of the inverse obliquity factor,

1
005(9) ’ (©)

where ¢ is the emergence angle, also known as the incidence angle or arrival angle. This
factor is used to scale the particle velocity traces to permit accurate separation of dual-sensor
data into up-going and down-going wavefield components. Calculating this factor from non-
aliased energy and then applying it in the lime-space domain, as in the method of the
invention, is expected to handle aliased energy better than the commonly applied separation
in the frequency-wavenumber domain.

[0054]  As above, the pressure signal, h(txj, and the vertical particle velocity signal,

gitx), are optionally corrected, if deemed necessary, for impuise response differences

10



where 0 is the energence angle, also known as the incidence angle or

arrival angle. This factor is used to scale the particle velocity traces to
permt accurate separation of dual-sensor data into up-going and down-goi ng
wavefield conponents. Calculating this factor from nonal i ased energy and
then appbyivegn ite plmssmi‘teagmalm«zﬂspa@m deimertical 3Srtidle Rf&l@ﬂi}ﬂl%‘%ﬂ @hsot hernis
|nvent|og ndl e .al j ased energg better than the commonly

appl i ed sepé%g?lgﬁ ¥ }Y%éiﬁﬁgﬁﬁ%ﬁEymﬁaGQWﬁﬂﬁEr s ncyaesarasPaolre, t he

pr essur e isirgmant, mﬂpi(séaéspo@dad it hﬁ weE tdogaln. P& bheb@ryEhoG! thesSenRionJ0, X)
are optlongék% correc%g L qu necessary, for inpulse response

di f f er en&® Bl PhampHues a7 pg?ﬁﬁgﬁh%§ﬁ§8FQQWHﬂﬁﬁéHV@ﬁm%eamﬂﬂ&rt|cIe
vel oci ty velbgnatige@Nsalin ad RitEmGRE @GHLEBKeN, Qb Eﬁlr@tthe\f{rgarg& it L8t Reg ?na‘ (Dt he
|nstrunent8%&ﬁnsfer functions correspond ‘to instru I npul se Fesponses in
the ti me"HEHEIMPFH OHE SR Bod rbtither Eliasaive smbedmiconsoroting bbe dor seect i ng
the anpl id wademand Hhas @o@r@cﬂnhefopl:e@ascﬁ«’ércﬁff@en%{%@lﬁ irds QB Gy B 1€ .B; arxgsleg qu
velocity signals, or, in an alternative enbodi nent, corr |ng the particle
vel oci t y &t 8W§*%Bwﬁﬁ%dﬂ@ﬂ%emb$@@§uﬁéﬂ§h@aahgiKD%@dmnmm:mMmﬁh&m;nﬂm

al t er nat i4gr 6abadi-nBAat rgc 0

Correctin% fogq?elat?vgmgfgng%%gggggéhﬁgg%fdﬁghf &)Ca?%gqgggb %@?mls wel |
known i ndtfEengesin amphiaiesyol peassvanld negidde s&iedzxyn Fhequalko tvel! kieviegahsirt. c

i mpedanc pth J j.ed .t article velocity

si gnal s F%Sgorrg@?% %?at r&$§}§§§§ ¥ﬁ&£ ehc%gmkﬁrﬁ&ﬁ?ﬁ?d&é§oBﬁeﬁF@ssure
and part peivel snglesciftiye reflitsd issisraicsoawel I}"H(mmwﬂing i idhevad by chROREL: The

verti cal el I t nal. ther corrected for

non- vertf%%%géﬁyﬁw %§$1é%§% mdﬂg %%%?%b%g%l hi‘e el setpd OfsBEl ing i s

achi evedityynigal eulobidwn ng‘tehﬁle‘S’d&\tQhSlﬁt}Oﬁbioq tiat Be bBGINGd us.1ﬁ§§1ﬂf‘e§ B@r}gdo'?&dt Y
Equatlonzgg Qu%du5|n t he. d]{3 this invention, foll ows. The
i nverse BBl qui ?acto?‘ﬁﬁ?abga b aYﬂ%ﬂ“u§“Wﬁseﬂ%%%rﬂ@h@ﬁﬁé@ﬁTﬁ@@1ﬁressure

si gnal s demérBeateentihncalk ppanir 61@@1%@"349%1%{1 @nahsice ﬁ%?;ﬂu&?ﬁw@ ggg)ﬁsgéﬂr e wll
olce is

be denDnstrat ressure si t, x), ough thi

for illultyap Véwgﬁ%%ggggk%ﬁﬂymgﬁanngﬁdeﬁﬁ?%nﬁéé'%BwbﬁﬁafW$M$ﬁamﬁdn of
the inventiedbve sfakibist aliaded @Wg@a%eiét;mg%ltde% s?g@x@ hﬁ ﬂ%ar )ﬁ@&? 3pat 51%' ly
abased ener%¥wﬁﬁ]ner tlng filtered signal hit Tﬁ tered “sighal s are

t r ansf ot W&t tﬁ%3%ﬁﬁtéﬁﬁd%ya@dﬁﬁh%ﬁ?@ﬁPHEWﬂwmqménc&emenmumber
(.0, k) desmeiafing GRAEEMdINGAnbIANSfOEME,S AR als are
t hen sca dan d|V|d|ng bnkthefioglne of EE%?%E%ﬁgﬁééjg wawgqﬁblgin

Ho(a), k)GOéglefchSFhedv\% SUEE gty obtagole(Eay ag TIO)HOWSWhere cos(O), V2 Ikl2 Co2 (8)

H. {w k
By (o) = S, )
where
cos(@) = \/1— Y Efi . (8)
@

Here, v is the velocity of sound in water, typically about 1560 m/s, and |k] is the absolute
value of the angular wavenumber. The specific filtered, transformed (into the frequency-
wavenumber domain), and then scaled (by the inverse obliguity factor) signals Hy/ew. k) in
Equation (7) corresponds to the more general scaled signals H,/e, kj referred to in the

discussion of the invention with regard to the flowchart in FIG. 3. above.
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Here, v is the velocity of sound in water, typically about 1500 mis, and JO
is the absol ute value of the angul ar wavenunber. The specific filtered,
transforned (into the frequencywavenunber domain), and then scaled (by the
i nverse ob%éw t%/ factor) signals Hoao, k) in Equation (7) corresponds to
the noref ral Thecakled ssinghaligots (@9 thon reteEmagstehdntthendi Hén%{ on of

the inve h g e flowchart in FIG 3, above. [0056] The
scal ed s?hpga]ﬁglfhsn ¥ [wr ?gngar"éo?aﬁg O fFe FEl- PR FBr HRBRipr samarting iraquency-

wav enunbémangion)dd) S@@dam@nddradvk t.9). t hehiki meer@@a@&f&ﬁmzs)sc%ml ajsg%“%?“ ng
i nver se- glrr nals 17 Thi s i nverse- rans?

ansfaned sgaled. sl g

scal ed signal's 779 "G TQY EBF Pl pdrusatss rf“ﬁ% S%‘%%“@@ﬂfe]ﬂvéﬁ 1 referred to in ﬂle

i nver se- tdrsamfoorolﬁmd zmaﬂuemlsn @nakiSo teS{ofchar 8f 81 8d,4Q.i N the di scussion of
the inve gard to the flowmchart in FIG 4, above. [0057]Si nce
the inve bI | FRETSr O luEh faeisr dnen wpemned tqyamlﬁ}t, it §s diesifabrbloe t o
cal cul at ealtdrieteem/em e @f tHehBars Lhliene nd the
filtered nal s_ hi t@g The ra%?%l%ged Elﬁesinﬁg{/ Iag?)gilée §??@é$d é‘g?%%hf%ﬁéer se
obl i qui tﬁ?g P! Hese; e“f"ﬁ]ﬁeftsl Yaldpfhe inpersa bl igpaciestodeny figtich of esne( SHeni tr
h)] (9) [©8&8] The inverse obliquity factor in Equation (9), derived from
band limted signals, is then used to scale the full-bandw dth particle
velocity signal g(t,x), thus attenuating the effects of spatial aliasing:

1 env [hg (z, A)j
cos(8) - em{hf (1, x)]

(9)

[0058]  The inverse obliquity factor in Equation (9), derived from band limited signals, is

then used to scale the fuli-bandwidth particie velocity signal g(t.xj, thus attenuating the

effects of spatial aliasing:

gg(nx):g(fax)-cos'(@)- (10)

Then, the corrected particle velocity signal, geo{t.x), may be optionally corrected for streamer
tow noise, if necessary.

[0058]  An up-going pressure wavefield, u(t,x), is calculated from the corrected pressure
signal, (t,x), and the corrected particie velocity signal, gert,x).. In one emhodiment. the up-

going pressure wavefield, w/t,x), is calculated by applying the following equation:

u(t, %) = h(f»X)nga(l»X)‘ an

[0080] A down-going pressure wavefield, drt, x/, 1s calculated from the corrected pressure
signal, #tx), and the corrected particle velocity signal, ge7.x/,. In one embodiment the

down-going pressure wavefield, df7), is calculated by applying the foliowing equation:



g (t x) g(t, x) I cos (0). (10) Then, the corrected particle velocity
signal. got 1,x ), may be optionally corrected for streamer tow noise, if
necessary. [0059] An up-going pressure wavefield, zdt.x), is calculated from
the corrected pressure signal, lilt,x), and the corrected particle velocity
signal, go(t,x).. In one enbodi gg,nt},m khe) tip; goting pr essure wavefi el O(Iiz)
u(t,x), is calculated by applyin “the fol l.om ng “equation: [0060] A * 4
down- goi ng pressure wavefield, cid.x). is calculated fromthe correcte
pressure signal, ha,x), and the corrected particle velocity signal,

goi t, x) . [00a1] on@ieRhodb MBRkratetthem SaWN - 98k NG RTES §§J%h%w¥1"§‘z¥%fe %E‘?ilgpis g% z'{% Is
calculated b l. ilp | the follow ng equation: d (X)+ go , X) { )
[ 0061] FI ey o e et ipehd obaudiens tvent(i Dnatase.s oGNS linat []'e ]
exanpl e @éisrhib%eétiﬂ)\ﬂaﬁ%&aﬁpﬂe';ﬂé!;‘s&% sf@glfs %Id'ﬁ%_ugx%%‘ﬂ{é Qgtnra%l @gllgqgégﬂ lcjgl ! (r)] aIS s
(6) to (12%,, above. FIG 5 is a seisnmc section of exarnp r g
501. TheSPHessut E&gfhardomone piangl s diadnersos eighilon Th@pr&sspx@@ﬁgl’ngﬁgoﬂi e

. IS byofi | = j.ghal s e pressure signals.
peen 11 or eaomrth o o paearirt ePEPPELCu U0 BHER Fs Safiedhaured  no
spati al | §%&# J5d SnhepgymicPEGionB f asalgubeidsnissetijhionfobr 601Cal Gahatied
inverse phldughid)y factor 601, as shown in Equation (6).

[0062] FIG. 7 is a seismic section of the estimated up-going pressure field 701, with no
dip filter applied. The inverse obliquity factor 601 from FIG. 6, calculated with the help of
FFT’s, has been applied to the pressure signals 501 from FIG. 5. FIG. § is a seismic section
of the estimated up-going pressure field 801, now dip filtered from 60 t¢ 70 degrees. The
inverse obliguity factor shown in FIG. 6 has been applied.

[0063]  FIG. 9 is the spectra 901 of the seismic section shown in FIG. 7, while FIG. 10 is
the spectra 1601 of the seismic section shown in FIG. §.

[C064] In another embodiment, the method of the invention can be employed to
determine local event slopes. Using local event slopes then allows one to accomplish
common time-domain imaging processes, such as normal moveout {(NMO3, dip moveout
{DMQO), and prestack time migration, without having to know seismic velocities. See, for
exampie, Fomel, S., “Velocity-independent time-domain seismic imaging using local event
slopes”, Geophysics, Vol. 27, Ne. 3, (May-June 2007), p. S139-S147.

f0085]  Thus. the invention can be employed to perform processing such as wavefield
separation without the artifacts associated with current frequency-wavenumber techniques,
but with better handling of aliased energy at similar cost to current frequency-wavenumber
techniques.

[0066]  The invention has been discussed above as a method, for illustrative purposes
only, but can also be implemented as a system. The system of the invention is preferably
implemented by means of computers, in particular digital computers, along with other
conventional data processing equipment. Such data processing equipment, well known in the
art, will comprise any appropriate combination or network of computer processing
equipment, including, but not be limited to, hardware (processors, temporary and permanent

storage devices, and any other appropriate computer processing equipment), software



[0062]FIG 7 is a seismc section of the estinmated up-going pressure field
701, with no dip filter applied. The inverse obliquity factor 601 fromFI G
6, calculated with the help of FFT's, has been applied to the pressure
signal s 501 fromFIG 5. FIG 8 is a seismc section of the estinmated

up- goi ngt (oppradug pesinel epletionnovgrdhp hinthberéd frogmm60httes7Andlegy egs: The

i nverse t asbena lie 0063FIG 9is
t he spectrgdpgl%{f %f E%q%g?gs}ﬁl% (glg%:tf i o’nOpq SR F S%P@%Ewls%h?{dé%m’ ralgo s

t he specfifmt il@?bqutnlﬁ delises Bics mE Geydeats, QmuﬁimO\NBVﬂcdSE Eicﬁcan%ers[@ 4] ddvi@not her

mbodi h ti b dt t I I
cvent ot oged: oalRy PEREeGUEnr U Bpud iaRearedimodie wes decompl ik common

time- domW€,|MQnmgthpwmm1e$ eqslpmbmas nor mal noveout (NMO), dip nopbveout
(DVD) , es ack rati wi t hout havi ng to know seism ¢
vel oci t?fg%?% . %? ex "H’g‘]fcgme‘?fo | inventon: grutle ey Junisierapsdntethe mpied dOITB.I n

seismc dam@:emglbusa ngetidcdly evet o8l \eRRSE préRORRYSE CSmpVe! ;?egﬁommh
the i|nvention can be errpef oyed to

(May-June 7 S139- S1 0065] Thus
perform p?tﬁ%‘g ‘)éhaﬁgﬂ‘g ?%jinﬁ%v%é PRI C8 R 03¢ 1 lepiop i at 2 echeputer prooerst s
aSSOCIat@@E&mihcGM@ﬁ@ﬂF&ﬁﬁ&QH@ﬂﬁﬁrW@%@ﬂ@qﬁﬁﬁmBQQaﬂ%qﬂ§§om£&§e%y&ﬂsbetter
handl i ng of aliased ener at simlar cost to current frequency-wavenunber
t echni g %gm‘[ﬂé’@%@]%ﬁ@“}eﬁ&eﬁ?ﬁ@aﬁ‘ih@a%e’fwe#sw@é@é@@d Impoter tasb(mlmmtt hid, for
L1 ust rabiumopunBOSRS o L Caf a9 PRULTRLATEONA] AP EEM T
par t i cul ¥MeUPHitameEBputeT iar B onggrah thas d@&emp@dﬁwmtaumabrd&&hﬁnm@cess| ng
eqU| PIENompake R %%Qﬁ%%r%ﬁ'&c%ﬁ'aﬂg@éﬂ wel | known in the art, wll

onpri se an%/ appropriate conbination or network of conputer processing
eqw prrenP088Incl ldhpgd tsutndestoddehdti i trecketing ihandviared{PEOCOSERisH of
t empor ary,.apd RSk ent Vi.C and an ot her propri ate conputer
procesmqréa qulﬂ]pme l& Oﬂ?E %%ng (a)rf)ertg 5 nlﬁn%ry 8o Bﬁﬁiﬁéﬂtqné»naiﬁir ogr ans,
mat henatdl€xapyrasge mdiscmsaci meisqduamis @nﬁeoﬁdr&erm apprdaapde @ﬁ&h§@§&d@\ﬁ%}%}e
connecti ri ORI ca or otherw se). and peripherals
(i nput a‘ggﬁ) 8 E%Fné{e[?/‘?%etge SUth Gé%‘s %Vf%a‘? d;r he Eﬁc?ﬂ’?m@sﬁé\i"%égefe%‘r‘?d i
S 'f anner gt chegzpl 1aylunhe\zha: &IPS Bl kh@&ivdmﬂh &Qﬁﬁheﬁ nﬂge REdpate rt&dmg&lmp% Sﬁ{o f.eadabl e
st or age sks ar rives, and any ot her
appropriate ié‘awl%ﬁe S‘earﬁjﬁﬁ%e?] aﬁn%\"?{‘gt BF cBdrent, the invention could be
i npl enmented as the nethod descri bed above, specifi cal |y carried out using a
programuabl e conputer to performthe nmethod. In another enbodi nent, the
invention could be inplenmented as a conputer program stored in a conputer
readabl e medium w th the program having |ogic operable to cause a
programmabl e conputer to performthe nethod descri bed above. In another
enbodi ment, the invention could be inplenmented as a conputer readable
mediumwi th a conputer program stored on the nmedium such that the program
has | ogi c operable to cause a programmabl e conputer to performthe nethod
descri bed above. [0068]It should be understood that the preceding is nerely
a detailed description of
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specific enbodi nents of this invention and that nunerous changes,

nodi fications, and alternatives to the disclosed enbodi nents can be nmade in
accordance with the disclosure here without departing fromthe scope of the
i nvention. The preceding description, therefore, is not olimt the
scope of the invention. Rather, the scope of the invention1s 1o be

determ ned only by the appended clains and their equivalents. MCSLLP
CLAIMS [A] A nethod for transform ngAg®i$Sm c signals representative of
subsurface formations into a seismc attribute useful for identifying and
characterizing the subsurface formations, conprising: applying (10) filters

to the sejsfy c,signal e fd S W at.tre .
spati al | yléé i a‘ée enedfgf%’? Qnﬁ{gﬁrﬁ@l nsgis%%;ag%%gp? ij%é&r(ﬂet%ﬁbse i tﬁﬁaﬂg’%ﬁ&c
f r equencyforayemsnbes @ orminric byttrdbuconpifek foundtitdningf add edaencyizandthe
wavenunber representing the seismc attribute in the frequency-wavenunber
donai n, t%ilb@é‘ﬁ@érez‘t’@la%‘@gﬁ’ecﬁl%”éw&l s: and dividing (12) the scal ed signals,

transformed to,ljWRs; SPBFEIERTRI e B¥snbiBesifddld €f @dnshagnalisel r‘si%rﬁ% LitRe- space
domain, to generate the seismc attribute with attenuated spatially aliased
energy. [C2] The netthrodated spdtailpnaliascdieasrein t he applying (10) filters to

Secti ons: appl SPAGBL H el ions Vot drdSisy ghsieT RS, Rehiifb Space
domai n to generate {dirhfiet ashetbgbafrSqubht Nadl Wvevuhabedr spadskaldgthakdiased
energy; and selecting (22) a seismc attribute. 1C3] The nethod of claim 2,

wherei n the applyi ngir{249 "inj fcefigqpancy aveiypbdpdewadonsi #ereate hiakdi snic
signal s conprises aﬁglj%{g.q‘%dl ow pass filters. 1C4] The nmethod of claim 2,
wherein the seisnic attribute conprises a seismc attribute related to wave
propagati on di #@Glin®ON12) the scaled signals, transformed to time-space domain, by the

filtered signals in the time-space domain, to generate the seismic

atfribute with attenuated spatially aliased energy.

[C2] The method of claim 1, wherein the applying (10) filters to the seismic signal
comprises:
acquiring (20) seismic signals from seismic sections;
applying {21) filters to the seismic signals in the time-space domain to generate
filtered signals with attenuated spatially aliased energy; and

selecting (22) a seismic attribute.

[C3] The method of claim 2, wherein the applying (21) filters in the time-space

domain to the seismic signals comprises applying low-pass filters.

[C4] The method of claim 2, wherein the seismic attribute comprises a seismic

attribute related to wave propagation direction.

{C5] The method of claim 1, wherein the multiplying (11} the filtered signals
comprises:

applying (30) a transform to the filtered signals to transform the filtered signals
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[C5] The nethod of claim1, wherein the nultiplying (11) the filtered
signals conprises: applying (30) a transformto the filtered signals to
transformthe filtered signals MCSLLP fromthe space-ti néf@dkein to the
frequency-wavenunber donmain, generating transformed filtered signals;
determ ning (31) the conplex function or frequency and wavenunber that
represents the seismc attribute in the frequency-wavenunber donai n;

sel ecting (32) a sappheuef sphe-tnanshamesd thé | tenedosignalsten ddnein,
frequency- wavenunber domai n; nultiPIying (33) the sanmple of the
transforned filter egenstaginglteanpprperblib@rdagetds:conpl ex function of frequency

d mber yi.n the f | !
and wavenurrber dét%rﬁtﬁ%g ( @g;ﬂ%ﬁ@ Céé‘ﬁ@;“f&ﬁ YREbn dcgnﬁjeﬁ'uentc? Afn %ral% e B

signal s; and app an 1 nverse transformto the scaled signals to
i nver se-transform t heresedt éd sisgiahisifuiom thh&cfueguencyawabenivmzer, donai n

back to the space-tine_domain erating inverse-transformed.scal ed

si gnal s. [CB]“#wﬁégﬁéa)Pdﬁﬂ¥$%%§%$?ﬁ@ﬁ&ggggsﬁﬁgﬁgﬁﬁﬁﬁikﬂ} r BSBHPSYi ve of
subsurface fornatiofs,dihdepdsghism ¢ attribute useful for identifying and

characterizing the su%surface formati ons, conprising:_using a programrabl e

computer to pembbiphyityé3 Hethhodnpk enije ofansthengt bedi rggrelsabyrthe sefeczfl The
met hod of claim$5, wherein.the applying a transformto t.he.fi signal s
gt wpOEERE Bt f oot P TR a iy s LhES

conpri ses applying d of "¢l al wherein

the applying (35) afaidveisedthansterateacilbe sgaalkeghdsi gnal s conpri ses
applying an inverse Fourier transform [C9] The nethod of claim1, or claim
6 when per f or nehlyipe (h aprivyranitapianconputeicd vipesleininyprecposanhgie( 12)
the scaled signals & rlﬂ%ggls from the frequency-wavenumber domain back fo the

space-time domain, generating inverse-transformed scaled signals.

[C6] A method for transforming seismic signals representative of subsurface
formations into a seismic attribute useful for identifying and characterizing the

subsurface formations, comprising:

using a programmable cormputer to perform the method of any of the preceding

claims.

[C7] The method of claim 5, wherein the applying a transform to the filtered signals

comprises applying a Fourier fransform.

[C8] The method of claim 5, wherein the applying (35) an inverse transform, to the

scaled signals comprises applying an inverse Fourier transform.

[C9] The method of claim 1, or claim 6 when performed by the programmable
computer, wherein the dividing (12) the scaled signals comprises:
calculating (41) an envelope for the inverse-transformed scaled signals;
calculating (42) an envelope for the filtered signals; and
dividing (43) the envelope for the inverse-transformed scaled signals by the

envelope for the filtered signals, to generate the seismic attribute.
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calculating (41) an envel ope for the inverse-transfornmed scal ed signals;
cal culating (42) an envelope for the filtered signals; and dividing (43)
the envel ope for the inverse-transformed scal ed signals byMChéLBnvel ope for
the filtered signals, to generate the seismc attribute. 1VICSLLP [C10]
The nethod of claim1, or claim®6 when perforned by the programuable
conputer, wherein the dividing (12) the scaled signals conprises: dividing
(44) the inverse-transforned scaled signals by the filtered signals, to
generate the seismc attribute. [Cl1l]. The nethod of claiml1, or claim®6

when per f ol By tiséhogr elgelimabl & 6HPUL ShenwRfEsdt e lae PLFREERIF | but e
is used (45) pb?mergm&ﬁﬁgﬁrthgagﬁcﬁggt%?ﬁ%fscgﬁigg S%ﬁg@%ﬁgﬁb&pal s. [Cl2] A conputer

readabl e nedi a conp ogram st reon, the program having
| ogi ¢ oper abl e ¢igidaausid) ahpimgrsanmmabloenedrpitdsighds perthorifetdresipmtihdd of

any of the preceding clains. . . .
Y P ggeneraten?ﬁe seismic attribute.

[C11] The method of claim 1, or claim 6 when performed by the programmable
computer, wherein the seismic attribute is used (45) in further processing of the seismic

signals.

[C12] A computer readable medium with a computer program stored thereon, the
program having logic operable to cause a programmable computer to perform

the method of any of the preceding claims.
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