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~SEI SM C- SOURCES | N MARI NE SEI SM C SURVEYS CROSS- REEERENCES TO RELATED
‘APPLI CATI ONSNot  Appl i cabl e FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT Not
Appl i cabl e SEQUENCE LI STING TABLE, OR COWPUTER LI wwm&mﬂmmw#mllcable
BACKGROUND OF THE | NVENTI ON 1. Fleld of the Inventi S invention
rel ates generally to the field of geophysical prospecti-ngsoMre
particularly, the invention relates to the field of inmaging nmarine seisnic
streanmer dapgrydp FSeSEP A RNCEISRRC Eﬁbﬁéeg rrd\MAdrﬂﬁ%%}émdétﬂu@ts and gas

i ndustry, geophysical prospecting 1s commonly used to aid in the search for
.and eval uation of subsurface earth formations. Geophysical prospecting
techni quesckOeSREKBRIMNEEISONELIATEDSAIE #EARIRRISS I UCT UrigoQfppliddBle€ar th,  whi chr
is useful for finding and extracting val uabl e m neral resgurces,

particul arly hydrocarbon deposits such as oil and natural gas. A well-known
techni que pEpEIRRADNY SPORSOREBRRSEAREH AIEDRVEEOSERTS UrNGWppliddne | and- based
seism c survey, a seismc signal is generated on or near Phe earth's
surface and then travels downward into the subsurface of the earth. In a
marine sei §PHUERUE LEYLINGNEASES, DR CORMPOTER LI@BING! SO t Ny Rppikeyewar d t hrough
a body of water overlying the subsurface of the earth. Selsntc ener gy
sources are used to generate the seismc signal which, after propagating
into the earth, is at IeasBA@HGRbe¢HMOF@HEeNvENTkyusubsurface seismc
reflectors. Such seismic reflectors typically are interfaces between
subterranean - formations having different elastic properties, specifically
sound wavel.veletiofthe iavdtionock- density, which lead to differences in acoustic
i npedance at the interfaces. The reflected seism c energy is detected by
seismc sensors (also called seismc receivers) at or near the surface of

t he eart h, [0001]an 'nwarnktmtmg ré)ﬂekygemélawatoetha field aftgelphyvical pegpdrsng. nMaas ehol es.

Th I I I,
from the CBYREPRY Qe PErer e By G erimiPos PunboBoberbe it iher -

processi ng. [0003] The appropriate seism c sources for generatlng t he
seismc sign c, surveys nay include explosives or vibrators.
Mar i ne seign?%“¥HWWé§§l§Vb?g] ﬁy enpl oy a subnerged seism c source towed by
a ship and perlodlcally activated to generate an acoustic wavefield. The
seismc so the vef| .several t s,. .k ncl udi ng
a smal | L@H 06%1 ve'c ea?ll e, Bh 1S md Fect ?eogi‘)%mlr‘iosg c“ﬁ? és cogm?ﬁgp ‘}%‘P\ﬂ EB? &or, and,
typicall y the seaneh forhmd saealsanoo cs”mubscuefacguwtha”ymb\eoxas weitephysgeah prapectimor  gun,
and, nost [ |

consi sts ngoe%(}ﬁ“o?@J i'l?sélidn gﬁgéu%{ge egT%B}f&% ﬁett"g o?‘?ﬁé Qgth ﬁlﬂ &%ﬂ 'Eut ed
array of sﬁitdutgeanéIeetmhm&valmhiegmmalacsgen@npartlcsllaplamvdrowlwmldypctsmelclﬁesr air
guns, currgapfliy [ oS\ ST ki i LS 04] The
appropriatat gp%@ﬁot%‘;%%c R B o BEURENE i PMASR, b tPCL T
sensors, phira leadibased spisinie $usves, & spiswdy signad isczenerated op pessauthe eathris sirface

par ti cul ar oy (e (a1 BSvrMEd RibShe B ESPah! G PR TRy, SRISCr S,
particle accel eration sensors, or pressure gradient sensors are used in

pl ace of ofeisini¢ sgndl 1tlaym4180tt@\f$iépw&qretlwgbe b@g of ssvevstlyipathe seiserfage pbei t y
SeNsors anglo WaHe! SBIEARSHEZy SEIEQ! fe 6 ©OSIRH: Yindk BGUC isiknbiNGhigl, tanls
geophones and hydr ophones, respectlvelé Ismc sensors may be depl oyed by
thenmsel vespropsgatingrisiorihy garthe imenieast aep! y’éﬂeqtfﬁ byesibyntagy peispyc roflgefprsi onal |y,

pressure sep %&nﬁnﬁﬂ&@&t i@yt mttlﬁ@é@%&t\&eﬁrwbtaen%ptoﬂxﬁdnt aggider in a
mar i ne survgg | ocated Tn pairs or pairs of arrays. h’ﬂh@ Ina typical

marine seid Entsetfﬁ%wopeéf‘%’e?%%@‘@“)éEﬂ“V‘éy’aYﬁe‘é"&%IW ?'tdd\‘?fét dengj Vead &

surface, tyffeemtd i a88usBORIPedancd it McSinteANds. CPIRL Bfiddfed S8LRiTefer@CRUbEétd ON
equi pment, such_as naV|gat|on control, seismc source control, seismc

sensor con®t SiSmicasTLE P &plifg sgigmicRRsivers) ARy new; thosfagg b the cartininy )

~ equi pnent GRUFEHS bedySEt 6dlrC oSRAUNG®n epMRdini Yardhbies. DTRY sedfmivVadnSsrs Binekdie sei smi ¢

vessel to actuate at selected times (the activation comonly known as a
"shot"). Seismic streamers, also called seismic cables, are elongate
cabl e-1ike structures tomed in the body of water by the seism c survey
vessel that tows the seismc source or by another seismc survey ship.
Typically, a plurality of seismic streaners are towed behin smc
vessel . The seismc streamers contain sensors to det etwmmwm ted
‘wavefields initiated by the seismc source and return ective
interfaces. The pressure sensors and particle notion sensoc®Ray be _
depl oyed in close proxinity, collocated in pairs or-pai+rs—of arrays along a
seismc cable. An alternative to having the geophone and hydrophone
co- | ocat ed, |s to have suff|C|ent spatlal density of sensors so that the

Y O



[ 0006] Dual sensor recordings aimto deconpose the recorded seismc data

i nt o upgoi ng and downgoi ng wavefield conponents. After deconposition, the
‘obt ai ned upgoi ng wavefi el ds represents a wavefield that no | onger contains
downwar d propagating wavefields. In other words, the upgoi ng wavefiel ds no
Jonger contain -interfering reflection events that first have been
reflected signakhgpivvlly @lecsivilcr @ptical) FORABAAdidEd AGWRNRRSISy, Raf@rfe Redri " ecor ded
by the seif(sn_'gl r‘egzei vers, such -as hydrophones and geophones. Because these
interfering dJowmgS Y avefiel ds, known as "receiver ghosts": have been
removed, t[8@03jandne dpfropiatetshismicaontadtr ®hgmily thasisinicsigasRdandisalt ai ds in
the interpyet t.%.ﬁv”an%fudé Q}({ak;s%cgrdeg gata t. |ater st.at%es. . 8007LI nt erf erence
al so occurs 0 S BlF EPEVER O ROEE S Y RHRGOIHEEC RYYEYS MFRde SEPY &s waves

t hat pr opaybnegdoismnicrsdyrce toeved byia step ardgerigdicatly attbatedvaygacratd ah addustit

pr opagat e i reflected th ter surface and
‘pr opagat i Hg&%\kﬁm}cggf&?ﬁ S‘Rﬁé&%’gﬁgﬁ e %"Fggﬁa &y g%%”%&”% ¥ é‘?cg‘,d'"ﬁﬁovm as a
"sour ce grsowtlexplesbigichiarpe av olntiiclsparkobr e, dmagrendbraide dnd) ypialiy, & ped. FRUr Ce

| ocat ed at 1 l.ocat iLth.re ¢t to the a.surface. This
interfer ensgfg?rﬁe%\d%é%%? H%ggﬁaelngv‘r\yaﬁ ﬁn%fa t§ ﬁ’gl rglé'%foalng’eﬁosie %f?ﬁ“&’ Y gham

[ 0008] One Tuipalivoa spencisismia spurce pansists epterfe single sotves semeat, ibed afa sgaialy-at ed by
the sour C%iﬁ%te’df‘aﬁrﬁl%lf"s&ﬁcegbl@ﬁ@mé.STB@ élH?%p@lgﬂ‘é‘i% tph?lklﬁa,%p{{ § opetry, where

ce ge
- 1C Jor=air gun . .
the sources are in closé proximty an eren{ ?I %ésg Pf it is

possi bl e teyrenslysheanast comunangfort ¢fanagige sefsatic soaee been generated by the

i ndi vi dualgg r cqH Shyidte I hQS L G I; lied to
t he data t[hg?}ai mge tagacglll atipgytoﬁgeﬁg%e%lﬁgl%gypggﬁ)gr"gciheg %3{1%‘1}226@@ rce and
i ts ghost SPHPE BHECWAlginard siireeys:wiMeWater] Ricssire COBPISo partipdariyt i mirinesour ce
wavef i el dsu@eResaineiindypaltiRR diplabditinseRsi, ?_ﬁﬁcle Q%{eﬁfi&p%enﬁoﬁ)?gﬁ@ggﬁé. can be

used. One approach is to npke use of existing, \ -esta noi se
renoval t RNt prasor s agctehln plege ofjor i pddidon Rengdisler valacky isengors.orPattiatsoher ent
noi se r enoxmbityt LRBAI A8 Gater JrORHE sGRGY §8 toRNakly FRAWAGR theaft &s %&Pif,dnegan@f ter

|

sorting tt&g data, sorted.in_a commpn shot donmmin, 1nto a erent order
(such as ?ﬁ"ra}?“?seﬁcé?e\‘/’ﬂ\‘e%oﬁeé?"ﬁ? STISPHBRY RF dpRise by dhemsplvese Brhmmers set

domai n) , soM&enly Weplbytideh fseisen&faye! TARRItBNdIBY pRAGRBnBR! Hd RALR MRS UCh
domai ns. [0010} Thgs, ﬁﬁneed exists for a rre?hod for separating seismc

sour ce wavEFPIEIMgY b¢ deplaypd fegethes insppring spryey sollopateskin peits|oy paisiefaniys-hod i s

dat a- dri vqo005] n_@nh Yypitsl MerideaeRnRadnei S@lsmidahRy veBh e SUVMARYadF THE

| NVENTI ON L?Oll The invention is a nmethod for imaging the earth's
subsur f ac &M aReYHIG NnHAbPY T EAShitaad cpaains ecisnpip apquisitignnsapipmentosIchvisng.  An
oper at or  indvigdbioh tétol, Reidinit sQuitdd Mol QIR schsdr B3I, lah&re%&uihgeqlﬁ&hélm ¢ data
acquired lQ.a. mmrine S“”ﬁq‘ié& MW th nmultiple sources substantially

hor'i zont al 1§ SEBTT VLSOO, BIURMEG] a3 8 SEIsTpie SPUsEe towest i dlischody of waterdyt i mat e of
g Iori ma[) y tieouismis vesiebhiatluste af RRcOPEMS @c 26OEbIL btﬁﬁ:ﬁ&iﬂ% EhoGanp 8 NeRi"s fgrfti me
el ays between ri rce .and one or nore secondary sources and for
di ff erent tsalélﬂlcﬁge%‘?msgﬁfégﬁﬂgﬁﬁ?w“éﬁ le@e%%%ﬁ%ﬁaff °§B‘E‘$g‘°e§t‘.“°t'PF‘Fé tediinflee of the
primary sdbodyosf watey by ihekelsinis satgpicisviahat twshihe BBmRGohEO ByhRothdtlstikmice sour ce
seismc data thher,F% ﬁﬁnerlat]i.tng an estimte of On‘fhfg‘[ nore secondary
source waT¥T el s TYRSIH & PIERLY Bf Sysmic steampss Ai¢ toWed hROINd Assismit Vssehmi n t o

t he esti ndheseigfictsireantne cantainreensors & detetanhe Rfedraewiryielis aitlsed B ggner at e
anot her estiiln.atse of t.he pri n&rraé urce W&vel eIn,1 t he operator .constructed to
conpensat &16F ?‘fr?ﬁsa“ge’f"(éf&"gb Ny CHYEIET AR r YIS BGIRE sesarsiaid patEleor more
secondar y notion emsorandy e rdeplofeticin elote ptogity, @ilodadrd ippaii@sypand f seggndary
sources. The estimat of the primary source and e, one or nore secondary
sour ces araém%ugé%s,m“éf’%zer 4’11?1[‘]’%&‘1 ﬁ?‘é’fg @85"@*‘?'1’?@ R’fdéoﬂl‘B“er‘é’ﬁlB?}‘éedn'éi se, to
gener at e tplpoe ndlicied spviantposityef vanses sethst thorfeaps wverlelds feortel by ke sour ce
seismc data. .BRIEE DESCRI PTION OF THE DRAW NGS [ 0012] The inventiqQn and its
advant age?y‘ﬁ%‘%eeawgpiggesﬁ"f’cd?’f&rg?lgtf‘gBIdexﬁﬂpqlaé‘fde‘Lé’ﬁ let‘ge twq ngeﬁig)l& owi ng
det ai | ed digsalyat pteisane boadionhe attached drawi ngs, in which:



[0013]FkG 1 is a flowhart illustrating an enbodi ment of the nethod of the
invention for separating seismc sources in marine seismc surveys;
10014]FIG 2 is a flowhart illustrating an initial portion of another
-enbodi nent of the Method of the invention for separating seismc sources in
Jjrar i ne seisnic surveys; [0016]FIG 3 is a flowhart illustrating a final
portion of e t ting
seismc so S Wﬁ%erg?ongecgid] ?%19181 niglﬁl P(g)g‘l ggebtge]@%%dl@e\ées%lgg%rhf{a%tog]s?% 6] FIG 4
is a fl owcflmdr tiowﬂgbmstwmf ¢ld eonfpanantser Aftenodicomprsition, thseobtainddodpesiing he

i nventi on B&Vgﬁé?ﬂgé%ebﬁq “21% mtﬁat%f}%ﬁéscohtg g@%&ﬁ\gt:&ﬁbﬁa%}t@ g ALARYR, begun in

FIGS. 2 an I nventron MA escri in connection
with its plnedtier r“@ctiSethboggqmwgveﬁﬂds W lvogan sdtpis ierdering aeflectipa dveniethai on i s

not | m t el BRA FenelBd bl HARL sruﬁﬁéé prkﬁh%atidévo%{%h\klé}@s befork Bélﬁé]@@ad&p cover

all alternatives, nodifications, and equival ents may I ncl uded
Wi thin t hebystheeisiic redeivessnsush b Hydroghenesem rgeephmcsr rﬁecamémremteeﬁemm

DETAI LED Dieafrbifid lvgﬁféﬁs Ih‘é!%d VI bhdsRO. ln§wler‘é€n feRY el thBadd%lcﬁ) smhdrod for

‘separating source wavef i'elds in marine seismc data acquired with nultiple
sour ces f i jeeqadegtsigapl ag incrrascdelyhink aida fn §e frtepigtation phbe recordedsdat 3t lafsen r andom
times, butgylhere all sources are substantially horizontally collocated,

that is, in close proximty to each other, The jnvention utilizes an
operat or t #9P7)s atlniexference alsd oggyiseondpg spureg dide A Pisinie BPET 4Py gepgatey e

del ays bet wpes thdd Qréabdie IORAWHOUME AHuIRE leeogmaa@at\@desf Bkt ik pWphdateds t he
fact that the sources are fire t different pths 019] Ti me del ays

bet ween t h¥Pvegisy beforgheiag rdlegied af e Avales shrfase ap P“?ﬁ?ﬁﬂb ‘WW@‘ ﬂﬂP|@ht|on of

-a phase Shéafth | Thid h‘ﬂedtﬁplv@asfeﬁeldokﬁﬁi\xm asF@r‘sotnrcaeghd@P ayuldhe dohsier&id Be
expressed by: %gé---> ex ( orward Laplace

Lr ansf or m BTEREL R o SHERCPioRd skl e m*)r?l)b%asmt }Y\é\ﬁtﬁbq"é@eth%%a‘?ﬁa“& $),
desi gnat edTiiyinfrfbiehdd@educes thc&aaﬁlﬁnutn efiht FecgaaRyeRicasgnal.

[0008] One way to overcome the interference of the wavefields generated by the source
and its source ghost is to use a multiple source geometry, where the sources are in close
proximity and fired at different times, If it is possible to separate the wavefields that have
been generated by the individual sources, then a “source deghosting” operator can be applied
to the data that aims to collapse the wavefields generated by the source and its ghost into one
single source wavefield. _

[0009] To scparate the source wavefields generated by- the multiple sources, different
approaches can be used. One approach is to make use of existing, well-established noise
removal techniques, such as f-k ﬁltering, Radon filtering, or incoherent noise removai
techniques, These conventional methods are applied after sorting the data, sorted in a
common shot domain, into a different order (such'as common receiver domain, common mid-
point domain, commoh offset domain), since the interference effects may become more
random in such domains. _

[0010] Thus, a need exists for a method for separating seismic source wavefields in
marine seismic surveys. Preferably, the method is data-driven, in only using recorded

seismic data.



(x," s)=« exp(-st)p(x,t)dt ,(2) eT and the correspondi ng i nverse Lapl ace
transformis defined as: ' 1

Z7. (t)p(x,t)=exp(st)f)(x,$)ds j (3) Here for! e{T,a2- ,T} , - where T =
E 91;1 >to); aT = e 91; t =to); T ={tE 91, <to} , and x is space, t is
time, and s is the Laplace frequency paraneter, discussed bel ow. 10020]In

the follow ng, the inventg@ersuMMARYIOH Tigt natEdrion acting on the pressure
wavefield p(x,t), typically detected by pressure sensors such as

hydrophones, al though the type of wavefield and the type of sensors
enpl oyed @Ot arhk @skfitiontié @ Metod EESmagME tHeie@ith's s'EBﬁlriTadSWeMtprdgEhnﬂMlcbe

enpl oyed wth any type o ri,ate seism g se Its. detected
wavef i el dsComeBier %HE‘?‘G&B 8 ﬂPeptg QYR ARBRGAHN ] B7q01§|a2l§qu e frat O e noti on
sensors couhltple soupdERtioniRdata M&ﬁuﬁréd/inngnslhe shirody, avth REltpiusicaabstatidyconmodat e
ot her waveflel d IS Stl’él %p d{”g rwar d. 0021lTrad|tlonaItJay t he Lapl ace

A ﬂ qr 1 prim

par anet er Slqugon@q yepl! 95gte st dﬁ*ﬁl@ﬁ’ F%ﬁeﬁ} Al§ 7P &timate 0 ary source

wavefield, the operator constructed to compensate for time delays between a primary source
and-one or more secondary sources and for different depths of the primary and secondary
sources. The estimate of the primary source wavefield is adaptively subtracted from the
multiple source seismic data, thereby generating an estimate of one or more secondary source
' whvcﬁelds. Anoflter operator is applied in the frequency domain to the estimates of the one
or more secondary source wavefields to generate another estimate of the primary source
wavelet, the operator éonstructed to compensate for time delays between the primary source
and the one or more secondary sources and for different depths of the primary and secondary
sources. The estimates of the primary source and the one or more secondary sources are
used, after further iterative refinements to remove noise, to generate upgoing and downgoing

wavefield components of the multiple source seismic data.
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention and its advantages may be more easily understood by reference to
the following detailed description and the attached drawings, in which:
- [0013] FIG. 1 is a flowchart illustrating an embodiment of the method of the invention
for separating seismic sources in marine seismic surveys;
[0014] TFIG. 2 is a flowchart illustrating an iﬁitiai portion of another embodiment of the
method of the invention for separating seismic sources in marine seismic surveys;
[0015] FIG. 3 is a flowchart illustrating a final portion of the embodiment of the method
of the invention for separating seismic sources in marine seismic surveys begun in FIG. 2;
and _ '
[0016] FIG. 4 is a flowchart illustrating a further embodiment of the method of the
invention for separating seismic sources in marine seisniic surveys begun in FIGS. 2 and 3. '
[0017]  While the invention will“be described in connection with its preferfed
: elﬁbodixnents, it will be understood that thé iﬁvcntion is'not limited to these. O_n the contrary,

the invention is intended to cover all altemativés, modifications, and equivalents that may be



s = jw=j2irf, , wherej is the imaginary unit 1-7, co is angul ar
frequency, and f is real frequency. In the invention, however, the Laplace
paraneters is instead given by: s=fto+e=j2iffi-e, (4) where e is the rea
part of the conpl ex Laplace frequency paraneter s. The real part E in
Equation (4) may be expressed as, but is not limted to, the follow ng: =

const ant gl)udeltzil(:%?hin t\{\@s%og %‘fh)?g?\(ventxon é%tfmedﬁéﬁnegdlg%?? c'liumg x,t); e=e(f);

e=e( X are horizont coordlnates such as
in-Iine and Cross- I|ne dlrections respectively, and x3 is a vertlcal
spatial coordinate, S BESeRIFMRAREDES for the fact that
the sources are at dlf rent dept% nultl-P%ﬁlnenS|ona "deghosti ng" and

"reghosting" operators can be used. The deghosting operator turns a

measur ed %]l el q{lé %elﬁﬁg 1§(§§ne§)od Jrgttngg}mm{e @a\?e(ﬁglrdg ln 191?5[ s%gm% dept h

= x3s and Tts mrror source at , Into a oste wavefiel d
Pdeghosi (datalacquiredgvith)muliinie sobeess ‘@reé @m%@enlt denthsedt differ qnhemcss pessiblyreece at

?g bt h xgazla{%c;(m th Bésgblq fma@%ﬁ ls\ecRBR sBtid1f hofi¥atallP S IRV tHhOE [Th cibsgasur ed
’ proximity to each bther The invention utilizes an operator that satisfies the wave-equation.

In this operator, the time delays between the different sources are compensated for, as well as
the fact that the sources are fired at different depths.

[0019] Time delays between the source wavefields are accounted for through the
application of a phase shift in the Laplace domain, For time delay /g, this can be expressed
by:

p(x,t—1,) > exp(—sty) p(x,s) ,. (1)

in which the forward Laplace transform from the space-time domain (x,f) to the Laplace

domain (x,s), designated by a tilde ~, is defined in general as
B(x.s)= I exp(—sl (x t) dr, . (2)

and the corresponding inverse Laplace transform is defined as:

S+ jo

Zr (r)p(x,t)=%j I exp(st) p(x,8)ds.” . (3)

s—jo

Here
2 ()= {1,—%,0}forl e{T,0T,T},

" where



deghom ¢(Sal sa2, X3 = 0; s) 2 sinh (sf4 (6) in which sai is an inline
spectral Laplace paraneter, sa2 is an cross-line spectral Lapl ace
‘parameter, and where c is the velocity of sound in water. [0023] The
reghosting operator does the opposite of the deghosting operator in
Fquation (6). The reghosting operator takes a deghosted wavefield

fldegh "(sal, sa2, 0; s)TLg,agmha,s |ths ;J,Tngglg gcgg peﬁt,g‘gg free-surface (x3
re ,

0) and generates a reghost edwavefi (sal x3s;s) that woul d
have been generated by a source at depth x3 = 4 and its mrror |ocation at

depth x, =_14. t.or takes t e f ol forn1 s \

(gicae. e R @%“m;ﬁ e
n rec following, theriaven e £ i u

g;ggﬂ mggag&w}m;, g)pﬁsg,s)a&@cﬁeg V@?ﬁf&%ﬁe sé%gs 304 )]hygr)éfs)ho%ﬁse%ty@;gh 5,0 o

measur emerfypeiof waveffigidand the typfe off exnbors heplqepuhoxsnmx-ﬁtim ofttiecinpentiomI§hesour ce

and the dqmehti(?ﬁ%na:y é@crﬁﬁlo&éaewiﬁ#%n&% 3f %%Wpﬁﬁe seismic sensor and its detected

wavefields. For one example, particle motion wavefields and particle motion sensors could
be employed. Modifying the following equations to accommodate other wavefields is

straight forward.

[0021]  Traditionally, the Laplace parameter s is given by the purely imaginary number:
s=jo=j2xf,

where J is the imaginary unit J-1, w is angular frequency, and f'is real frequency. In the

invention, however, the Laplace parameter s is instead given by:
s=jo+e=2nf+¢, 4

where ¢ is the real part of the complex Laplace frequency parameter s. The real part £ in

Equation (4) may be expressed as, but is not limited to, the following;

£ =constant;

£= a.(x), where x =(x,,%,, X, );
s=8(1); e=¢e(x1);
e=¢(f); e=#(xf).

()

Here, x; and x; are horizontal spatial coordinates, such as in-line and cross-line directions,
respectively, and x; is a vertical spatial coordinate, such as depth,
[0022] To compensate for the fact that the sources are at different depths, multi-

dimensional “deghosting” and “reghosting” operators can be used. The deghosting operator

turns ‘a measured wavefield B d(sa,‘sale ;s), generated by a source located at depth



[ 0025] Usi ng t he deghosting and reghosting operators as defined in Equations
(6) and (7),- respectively, and al so using Equation (1), the dual source
measur ement can be described as: SIS2SI. fidual (sa,,sa"x3 . ;s).
fipn",Wmsa,,sa"; ,$) 1+ exp (-sto sinh(sf42) sinh (sFx31 where to now:
tepresents the tinme del ay between the primary and secondary sources. The

reghost i ng..opgar r. I t seconda;y urc hosti ng
oper at or | & ar)pfagg t% m?'BP éO%QF'na?ty S urce3 [b’OZ(ﬂﬁgr%m&ég?fg wave((j'g% t he

field i 'e"__"T (sal,
oazox O o PreeifetEy P} TR $aSR UG BRMRDR (E REC WAL Wdeoltl 1< o) THREY

wavef i eI d de@mmntme@fon IRMte BRMVIGLEERN al so be given by: [0028] Once an
estimate of the primary source wavefield has been obtained, this estimate

P 38
'Pmeasured (Sal H SaZ ’ "3 - '\3 s S)

2sinh (sl"xf)

\ (6)

‘Rfeghosl (Sa] 2 SCy, X3 = 0; S) =

in which sa; is an inline spectral Laplace parameter, so, is an cross-line spectral Laplace

parameter, and

sT = J\/(%—f"f ‘(Sax )2 ‘(saz)z :

where ¢ is the velocity of sound in water.

[0023] The reghosting operator does the opposite of the deghosting operator-in Equation

(6). The reghosting operator takes a deghosted wavefield P, (sa,52,,0;s) that has its

£

source location at the free-surface (xv3; = 0) and generates a reghosted wavefield

P

eghost (sa,,sa,,xf;s) that would have been generated by a source at depth x, =x7 and its

mirror location at dépth x, =—xJ . This reghosting operator takes the following form:

Y J — 0 : .S
Poton (szz,,saz,,\3 = x; ,s) = P hon (54,565, %, = 0;5) 2sinh (sl"m3 ) (7

[0024] * In a dual source configuration, the measurement equals the sum of a primary

source plus a secondary source:-

D St _.S2, _p S, .52, .
PDuaI (sal b4 Saz’ x} ’x3 s S) - PPllmarj' (Sal ’Sa2’ X3 ,S)+ Ri’emndary (sal’saZ’AZ! ,'S). (8)

The dual source measurement is a function of both the depth x, = x5 of the primary source
and the depth x, = x7 of the secondary source.

[002_5] Using the deghosting and 1eghost1ng opexators as defined in Equations (6) and (7),



car be refined. Two enbodi nents of the nethod for refining the primary
source estimate will be presented here, but the nethod of the invention is
not restricted to these two enbodi nents alone. In the first enbodi nent, the
secondary source wavefield can be derived through (adaptive) subtraction of
the estimated primary source wavefield fromthe original dual source

nMeasur emenfespedfveB! anti ARS usiOiquat®snl(l Tk @al SRR asiRARIESN bt fes@itRd gyYDOdi ment
pre-conditioning 1s applied to the secondary source neasuremnment to renove
any unwanted noi se. This estimte of the secondary source neasurenment is
used to conpute a new estimate of the primaryfsource NBAYYF SHENt by

appl yi ng an opergat @, hesegtd frat €010t he, sY. : casuggent ,
usi ng Equation (¥1). TS nsesz)esl”'l'"??gte' of fﬁsg pri ﬁg;f)sim(rs{i:e“ asur«?mant is
t hen adaptively optim zed again such that subtraction fromthe input data
would lead to mninum energy.. Then, this final optimzed estimate of the
Pri MBIy SOUEEE 1, SRARMARThe lihe BB} baGLAUN bR iR dBlaaR/Adlce. MRRS U enent
to obtain a final estimate of 'the 'secondary soufce neasurenent. [0029]In

t he secondeghpsiéngiopeator s@pplicd 9 the sesprdant sawceand; thixdeghesting ensrafyr iisappleds our ce
nmeasur emeng, g@inlal&ofes.i mete of the secondary source neasurement are -
subtracted fromthe dual source neasurenent to generate a residual. The
resi dual i B0&8lvefreyy Eqyatign @} shesvayeficld from the primaryzaurce ean be desgribed by | sa2, 3) "
sa" ;s)- 41.13"",,,,,, (sa,,scr2,x,";s). "bunt [0030] Then, the process
starts again and the new residual estimate fromthe next itération is added

to the previous iteration results., I\n p8rtlisewoan;', t5he)t wo enbodi ments use
S1

the operators descri bedrabof&-59:0034)Te netno%hﬁrﬂﬁmﬁ*invention éﬁ%ﬁies to
mul ti pl e source seismc data, not just1dugu_§ ché~séLsnic dat a, . as
illustrated above for purposes of showing the miihfdixf)és clearly. The

met hod of the invention applies equally to one or nore secondary sources.
Thus, there can be, in general, N1 secondary sources positioned at depths

x3 =, for jo827 2:Fréin Buatiohd &) ggc{ (92%9%9%@91(:%\{@&&%1-1%& dofirce CatPalsoSR2, X3sNi

;S). Equation (8) becones: |,
given by:

sinh (sTxj')
[sinh (sl"xf2 ) exp(—st, )]

P

Primary

.. (11)

‘ S Y p 52,
(Sal’sal"\3 ’S) - %rcandau‘ (sal’saZ’AJ ’S)

[0028] Once an estimate of the primary source wavefield has been obtained, this estimate
can be refined. Two embodiments of the method for refining the primary source estimate
will be presented here, but the method of the invention is not restricted to these two
embodii’nents alone. In the first embodiment, the secondary source wavefield can be derived
through (adaptive) suBt_raction of the estimated primary source wavefield from the original
dual source measurement. Afier that, both estimates can be updated. In one émbodiment,
pre-conditioning is applied to the secondary source measurerent to remove any unwanted
noise. This estimate of the secondary source measurement is used to compute a new estimate
of the primary source measurement by applying an operator to the estimate of the secondary
source measurement, using Equation (11). This new estima_te of the primary source
measurement is then adaptively optimized again such .that subtraction from the inppt data

would lead to minimum energy. Then, this final optimized estimate of the primary source



Iliple (Sal SI S2SN ) Alu =(sasoc,,xfi;s)+(sa".1 sa2,r ";s). nr. 2

[ 0032] Equati on (9) becones: "St S2 SN PAhrliiple (sas "3"
“.3d) (sal,sa2,.41;s) 1+ texp(-stn,) sinh (sFx357") nt=2sinh (sl-xs'. 3
where t", now represents the tine delay between the primary source and the
nit' secondary source. [0033] Equation (10) becones: Primy(2 , ' 3 (sat,

sa vs, Sl 3asidfent XssabtPactelom the dual source measurement to obtain a final estimate of the

secondary source measurement.

[0029] In the second embodiment for refinement, the estimate of the primary source
measurement and the estimate of the secondary source measurement are subtracted from the .

dual source measurement to generate a residual. The residual is given by:

R(sa,s0,55", 537 5) = (12)

51, D : 52,
(.s:azl,soez,m3 ,s)—PSmMaD_ (sal,saz,.\3 ,s).

Primary

5 Sl .52\ B
PD",,,,(.5'051,.5612,.1L3 53 ,.s)——P

[0030] Then, the process starts again and the new residual estimate from the next iteration
is added to the previous iteration results. In particular, the twd embodiments use the
operators described above.

[0031] The method of the invention applies to multiple source seismic data, not just dual
source seismic data, as illustrated above for purposes of showing the principles clearly. The
method of the invention applies equally to one or more secondary sources. Thus, there can
be, in general, N-1 secondary sources poéitioned at depths x, =x" , form=2,3, , N, with

Sm

corresponding wavefields ]33,,, (saz,,sozz,x3 ;s). Equation (8) becomes:

b . 152 SN
})Mulllple(sal"SGZ"\B R IR ’S)

~ N (8a)
= PPH”""J' (sal 280, x-:fl ,S) + Z I)Sm (Sal’ S,, '\.:fm;s)'
m=2
[0032] Equation (9) becomes:
P S .52 SN
Muliple S, SOy, X3 3 X3 500Xy 38
sinh (sI‘xf’") ' (9a)

. N
= Poyimiary (sa,,saz, .\.;l;s) l+mz=2exp(—sr,,,)m )

where 1, now repreéents the time delay between the primary source and the m'™ secondary
source. _
[0033] Equation (10) becomes:



sinh (skxf") [14- E exp(-sc,) nr-.2s in h (sf.r3sl) (10a) [0034) Equati on
(11) becones: EP(scl,sa" .v3sn'; s) Ppfinny (Sai sa2, ; s) = m2

S in h (sFx36'" ) E exp(-st",) _
sinh(SI-ysi) "3 [0035]Finally, Equation (12) becomes: 1?(s al sae2,
3S2x3SN ; s) x3S1 ,X3 ,.,X3 3SN ;s) p,,, (scr,,S0l2, N-(sal,sa2, x3s ;

Ps"1(sa"sa2,4"";s). nr--2 [0036] The irlge f)d of thesd nvgmtjon I s descr
beI ow Wi th regard to fhe (Jao‘éﬁzb@‘“ Tsf_, Nyliple

apsazy\;; 2 X3 5eeey 3 '

| Xx3S1 x

S) -
i bed

(10a)

Primary
sinh (sF X )
1 /

+mz=;exp( o) S (o) sinh (sTx;")

[0034]  Equation (11) becomes:
’\' ~
i Z P, (sa,, sat,, X" ;s) .

pour] exp ) Gink (sl“\f‘)

[0035]  Finally, Equation (12) becomes:
I~2(sa,,saz,xf',xfz,...,xf";s) =
By (550,335,557 s x5 5) 7 (12a)

~

A’
y .St 3) Sm
= iy (sa,,saz,.\3 ,s)— E P, (.s*oz,,saz,m3 ,s).

m=2

[0036] The method of the invention is described below with regard to the flowcharts in

"FIGS. 1 to 3. The flowchart in FIG. 1 illustrates a general embodiment of the method of the

invention - for separating multiple sources. The flowchart in FIG. 2 illustrates an initial
portion of a more general embodiment of the method of the invention for the dual source
embodiment. The flowchart in FIG. 3 illustrates a first embodiment for a final portion of the
process begun in FIG. 2. FIGS. 2 and 3 treat the dual source embodiment for purposes of '
illustrative clarity only. The number of sources is not intended as a limitation of the
invention, :

[0037] FIG. 1 is a flowchart illustrating an embodiment of the method of the invention
for separating seismic sources in marine seismic surveys.

[0038] At block 10, an operator is applied in a frequency domain to multiple source

seismic data acquired in a marine seismic survey, with multiple sources substantially -

horizontally collocated and at different depths, to generate an estimate of a primary source
wavefield, the operator constructed to compensate for time delays between a primary source

and one or more secondary sources and for different depths of the primary and secondary

10
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- FIGS. 1+to 3. The flowhart in FIG 1 illustrates a general enbodi nent of
the nmethod of the invention for separating nmultiple sources. The flowchart
in FIG 2 illustrates an initial portion of a nore general enbodi nent of
the nmethod of the invention for the dual source enbodi ment. The flowchart
in FIG 3 illustrates a first enbodinment for a final portion of the process
begun in F%C,—i} FIGS. 2 and 3 treat the.dual source enbodi nent for

pur poses o "y ustrative cl arity only. The number of sources is not

i ntended al039) i mibdack dh thyf estimate pfithe prilars soyrgOSNElEGEs adaptively siblregigshar t
illustrati v, ating
seism c soﬁ(?ges lﬁnmﬁéﬁgggﬁlg%agt S ?%‘gé& T%Oggi}%t&l;ﬁ O(lr)ég cc%n%ErygﬁngLer at or
i.s appl i edwivefiglds: requency domain to multiple source seismc data acquired
inamrin 02@1‘ Sm%l&urlye%othw c;pglam"'ista'pﬂlic% |§9Hrfﬁ§|§n§5“m{aﬁ%'tlﬂsl dsdmates

hori zont al col located and at different depths, to generate an estimate of
a primry @%m@zswm seagndary sprsccopmiefields togskrsate erofherictimaie M geismey for tine
del ays bet $RRE avBfidldIBhY PRHEE oRNELN® mptRhR R GRRAM N s IRHVELIheand for
different depths of the primary and secondary squrces. [0039] At block 11,
the esti nalinasy sQufE awﬁhﬁﬁmewrwse@méw@ﬁanq for jfferpatidentis ot HSAIMAB ed fr om
the nulti phfa sSQHiFLsctRESM C data to generate estimtes of one or nore
secondary source vwavefi el ds. [0040}At bl ock 12, another operator is applied
in the fre[ﬂ’géﬂcy Afdeskri3¢ e estimates Of Fhspaimagy sopige anshBe ghe:Qrgpese §°§8’Gﬂ%¥ary

sour ce Wavghics WaSefleRls JARE fitdh6r BRANE Rfin8Rtd TRt BmSfe A8, NE LEBIY g&RELE -
wavefiel d, the operator constructed to conp 'Hsate for ti rrgzﬁdel ays between

the pri rrar&ng'ﬂﬁﬁ'ﬁ%d%'ﬁ&m?&lﬁavﬁﬁﬂd6‘?‘“1??6?’@3%@2%“ UG/ SOUEEE SHUTIC 9334 f or di f ferent
dept hs of foba2ppr ipr&sy 2aad sae@ﬂdawrtww\:msg a[1ﬂ9élll]eﬁlledbllm§xl@t1&18,ofttﬂibe

estimtes of the sourc ne, or nore rce
vt r dsimveti O bf S ereedDgnt B e rior eentl FERITE RS o used
t 0 gener at RIGIAQOFIGY 2and mlwmqumyau@v@f mmladpcﬁﬁmm‘mﬁahe enfbodlimentnaflthd pl e
source seisnh %a]l % Wlé ? vvchartsegrow ding a nore -
det ai | ed i PG gt Ae Byentign Tpigrgr {Péﬁ?'f’wﬁs"“f“&ﬁ ‘"t‘ﬁ%‘“&ﬁeéﬁm'%ﬁw ¥ enbodi ment ,
than t he nj90é3]genertidck 2diseisiveint fioknl aisdrina keishit m'\"eyFale@bta]nedFTIﬁ se%mncs a
flowchart il lustrati

f h
Tmthod- o E B B Pl byiles R 80 Bl o PR SRR Rle O
surveys: [4D48kes abd o klo@0prosisits ntb ceaclabthef. r @btamnmrljermxsmm dana dnchudesrey are

obt ai ned. Teselsmc daa. r caui.red with nulti fferent
o e BB b Bl A M R i Gud9 Y 655, A L
proxi mty memegstoragt fyices @nmediani ng t he sei sm ¢ data includes ret r| eV| ng .

previ ousl %1906281;' r.f‘lqalo‘%ﬁtzi‘ hé 9 8’&?5&3 bftidk Fggﬁ jf.g\etfangtfy%&ﬁmgq%y agﬂerOt her

types of orage devices or _ seisnic
data from @Isom\msammmsmmwdgatMS) common shot gat hers

-[0045] At block 22, two sources are selected from the marine seismic survey in block 21.

"One source, the one fired earlier, is designated as the "primary source" and the other source is

designated as the "secondary source”. The primary source is at depth x, =x;' and the
secondary source is at depth x; = xJ?. The time delay between the primary and secondary

sources is designated as fp. This combination of primary source and secondary source
constitutes the dual source measurement.

[0046] . Atblock 23, any time delay for the earliest source from block 22 is removed, such
that the primary source is fired at reference time 1=0. »

[0047] At block 24, the common shot gathers, after the time correction in block 23, are

sorted into common receiver gathers. Two exemplary embodiments will be described here,



(also known as common source gathers). [0045] At block 22, two sources are
selected fromthe marine seismc survey in block 21. One source, the one
fired earlier, is designated as the "primary source" and the other source
is designated as the "secondary source". The primary source is at depth x3
= X,s8'" and the secondary source is at depth x3 = x3". The tinme del ay

- between thg,p Jsﬁ&%ﬁgdﬂé SO RHAIYd TP YE GeAmitationl F BN AlveRlioRS [rOthe TS

conbi nati on o# prinmdry source and secondary source constitutes the dual
sour ce meashodimsnt intgrpdarih Ay apilied o Yuceathy effedtine srgysPRAE, theecessty est
source frof.hl ge %Wf%gﬁf]?%\{sgﬁe AN hfdtdombldf rBlelvEBS RO UhGRe etodd M ed at .

reference tine t=  ock 24, the conmmobn shot gathers, after the
tine corr esttiodimentyrdoipocky B3isedatp buikbs ¢aundntesivengathsnatrecsiverdepthgat=hér s. Two
exenpl ary enbodi nents will _be described here, but these exanples are not
i nt ended tandiseuree depiiaf aw Fon fiom & thet gagewtih sree depth fe=fii dhreseHEL APt ,
interpolation s applied to reduce the effective source spacing, if
necessai y. »Then, the common shot gathers are resorted into conmmon receiver

gathers. |poidie SQoAE BRRUHRRR redofel PIHRFI frdin iblock 28 Grd @anBirhdd @ LLONMMDN
receiver gather at receiver depth x3 = and source degg%h at x3 = x froma

shot gat heffeanpich dempipc & wRsigpebodimaptsgths comman. gregiusr eathpys Aretrapsformgd, o1 At

bl ock 25, fohexfsHeIRe the fejuby-veabhudiber Bdnam, tho quddeyasicvnssadimiatn, med to a
- frequency domain. In various enbodi nents, the conmmpn receiver gathers are

t r ansf or metpectiabkaniaca Apain, of ant gtber pPRieRTBKalRRGL AXmAYL r Thepgiciar fapain
frequency- éﬁ;?wa@ ﬁﬁth@lﬁdigioﬂn _istnlaﬁt_cl)_ﬁ@ eaisidared #fimltzaibﬂ oﬂmmiemocll ﬁrtheginyendénﬁer'
appropriate frequency danal n. e particuyl.ar onal n .oyed 1.n the
t r ansf or m 0849t AP 2opsPRIAE IS gonth"rﬁeﬁ at ftﬁﬁre&‘en%ggf?é‘f’ e & {e

I nvention. geif r@?%@&veéi th@dﬂ%rﬁﬁld RBordRS 'Breds, bl HONGIEHEdpaE {7 Fhand r equency
domai n, u3|né he tinme delay to between the primary and secondary sources,

- and the soyr<es?dgpbitShiFark 86d seddidary sogtcos3respecdvelyotih ohdremimidiment, ytheand
secondary sources, respectively. In one enbodinent, the operator is
const r uct eebertoriicomeiuater anin(Engtion K abovary Pasr c4uAtigRs WhasoygnRprogyiale and

appr opri at ge achdal B vehcarEesh he ifgntiohC Fbl%flh,rbuémﬁlditﬂmﬂ REuaBitns wwld -
exanpl e, such additional equations would include, but not be linjted to,

simlar, binelugdgbat setnkst limitesdytoe gimilar dws morpatimplifingr eugtions dhat dB0FUPisst es, such
as X, Y, OfyoRfpttalts, héiPRQ] \or BiRCk 27, the operator constructed in block 26

is applied to the transforined - _
PP [0050] At block 27, the operator constructed in block 26 is applied to the transformed

.data, the common receiver gathers, from block 25. The operator reconstructs the data from
the primary source at depth x,=x5', where x;' is the depth of the primary source.
Application of the opérator generates a transformed estimate of the primary source wavefield.
[0051] At block 28, the data reconstructed in block 27, including the transformed
estimate of the pi'iman'y source wavefield, are transformed back to the time-offset domain to
generate an estimate of the primary source wavefield. The process then proceeds to step 30
of FIG. 3 to continue.

. [0052] FIG. 3 is a flowchart illustrating a final portion (_)f the embodiment of the method
of the invention for separating seismic sources in marine seismic surveys begun in FIG. 2.
The estimate of the primary source wavefield from block 28 of FIG. 2 is provided for block
30 of FIG. 3. '

[0053] At block 30, the estimate of the primary source wavefield from block 28 of FIG. 2

is modified by applying match-filtering. Tn one embodiment, this match-filtering is optional.
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data, the conmmon receiver gathers, fromblock 25. The operator reconstructs
the data fromthe primary source at depth x, = x3', where 41 is the depth
of the primary source. Application of the operator generates a transforned
estimate of the primary source wavefield. [0051] At block 28, the data
reconstructed in block 27, including the transformed estimate of the
primary soyrae pMRKe T @lefis dfcfninéParalppiEado ARGK hed ,n'ﬁnagly sBrfshstethaidomai n to
generate an esglnate of the primary source wavefield. The process then
proceeds tafteseanprlgipnof thefidter with the esmpied gemary seoq wavefield thesubractigipfhar t

i 'l ustratifpgnfchinakd PRy Wtikdte 7R ®ERRMIERES medsuleMent MBI @8l niiimbile

invention for separating Seismc sources in marine seismc surveys begun in
FIG 2. Traeiggt Iniies Wardssthrespmptadprimany spuecs WRAHHH] 8 PepPHYSOHORSMEZ 58 of FI G
2 is provigat hhePhOdda BheUualsbirce hedsteack Hptinil9 Gka @&t—_sc*u@@s @ntd mate of the

primary source wavéfield from bl ock 28 of Flg 2, is nmodified _alﬁpl ying
mat ch-Ti | t@PPHg. "’_&tH’k&héleWBd’éﬂWHiefedt%ﬁ“Ea‘?rﬁf KA PeReiqUiey Yaye fighal . In
this processk 3 i iHeh @ibtia&edBEB 1KY diRPsoartd ndpRkdnRd: oQblalitarestinaBloBehepr i mary
source such that after convol ution $,f the fjlter wwifh the estimted primry

sour ce wavEFQngIry sourgsevaysfisid dr presmbagimepidhe syblagting if aeapidys spbUacEey esti mat e
from the de$s]sontCodkEIDS iiecestiftiute| Falls sécandiiynvavemieNBeig block 310k hee- wor ds,

t he esti mat e% ,%)ri rparl%.source vefield is adal?&‘ti ve!g oqpti W‘ﬁﬁ‘g such that it
mat ches t HONYEPngd ifiytien dOTEramPle Yy FIOHBS LTENe i Seo Bt PhrEdmiayal; g djrect or

| east - squakkstaenagy. Th ofbehibbtinkhithis pdelcontikieningis epridnall t er ed estinmate of the -
primary s vefi el rom bl ock .30 is . then subtr d fro e dual
source rreg@hgéngﬁ\tent'%ﬁégt L“e ﬁSté{ﬂateégﬁhﬁﬁF%m%af’y f%@ces‘é%vgﬁgé?r ms@ﬁépc}’ep\'ﬁ/avefi el d.

| n one enhagliific@dnly appigngmbchi-Aréringgin e aslbgtimang thishhchdiering.is ¢piiomh] Ikt bl ock
32, the estimate of .the condary, wavefjeld from.block 31 is pres

condi ti o'neth'sfpﬁorcfsrﬁ’e? fift"?rd? gﬁm?élx%ﬁpp&%vthaﬁ?n {gdlasﬁcton%agf séoél,rceosgc Bt emoval

of direct dfier coabolaitined therfdtegyith tha egineted viddange suyce tWavediefs, the subtactidnoni ng i s
optional. [0056] At ock _33. . the .estipate of.the secondar (o] e, wavefield
¥ om b ociofae s lererdiedy SiRle, PRbT R i Foulr B EAPE el CRAB 00 o1

t hi s nmat chahinhune enengy. i Is otipt wortl) the kstintaledseqndare sayceavdvelicld is adgpiivelyer mi ned
and applied.to the, i . canyol ution
o tho 1 1Pt Pfen L I TRLcAEs BERRLIANY 4RPULAE niSR Aol I B

subt ract i ciquayés setme. rFtsebtithit¢ pethe decordanspaicy wavdficldedar npw aisdt thob@ivaan sour ce

measur emanéw:ll ge%tQFCS&IR&t?FQ}‘\éW'%W%ﬁ!Q%.'Wal’ leﬁt. her wor dS, ‘the estinmated

secondary source wave d”i's adaptively optimzed Such that it matches the
data in tH80SMlal A$dlecka34nthgseiswiredata, dprluding] thy eslimate ploths tscopndpay sairegense.

This esti W@&v@ﬁ&é fr&?%lo%??%ﬁqu{ﬁsf&ﬂ\% Qé%inv’@ﬁﬁff}-ve\g\{l/egcf‘fﬁhaﬂpw used to obtain an

.even better estimte e primary source ield. [0057] At bl ock 34,

t he sei snil@0%81t a Atibinsk 38 sngonetnéords eonsincteddp senpeats @ pumanrspuise werdicldayef i el d

from bl 0cky3 thedsimdtt BPHE QEBREArASRAR Wlehidk b IR MAVbyIRER g fPARS] AL
bl ock 35, an operator is constructed to generate a primary source waveﬂel d

time delay between the two shots and for the fact that one source located at depth x, =3
and the other at depth x,=x;?. In one embodilﬁent, the operator is constructed as in

Equation (11), above.

[0059] At block 36, the operator constructed in block 35 is applied to the transformed

seismic data, including the estimate of the secondary source wavefield from block 34.

Application of the operator generates a transformed esﬁmate of the primary source wavefield.

"[0060] At block 37, the seismic data, including the estimate of the secondary source

wavefleld from block 36, is transformed béck to thé time-space domain to obtain a new

estimate of the primary source wavefield.
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fromthe estimte of the secondary source wavefield from bl ock 34 by
accounting for the tine delay between the two shots and for the fact that
‘one source |l ocated at depth x3 = x3sl and the other at depth x3 = 42. In
one enbodi nent, the operator is constructed as in Equation (11), above.

{ 0059] At bl ock 36, the operator constructed in block 35 is applied to the

transf or mgdoeRi Sk 6l0dRBS thd M slmAE of IR pRfalyBLGe Vhvdilf RRE BIRdASY sSOUr ce

wavefield fro Iock 34, | i cation of the operator generates a
t ransf or rré?l"d{e{éz"‘]fi Wpéy“&mi“%%‘?‘\“ﬁa“?“%‘ﬂ?%’é“%\ﬂéﬁ mgphifiltering isgpfional. 1pl ock 37,
t he sei snithis ﬁﬁé@s,alf’m&l xudetaguﬁdaan&%phémtb%e@smhm &MW%F& sadUnfgaavef i el d

f bl k 36 back to the tinme-space domain to obtain a new
| egt(:) |mrrat gc&" O Hé‘o'bP Wﬁlr@e’ ‘5‘&? 'SE esiiplef iprmary S°T’6‘E)H?L‘]°§Pldb'lh6é‘R’tYS‘B“’“Pﬁglenew

estimate oﬁatdhktﬂtepdlpnmmy esmwteﬁommeemlebldce‘rh@mxahm keadstto hrﬁmmu@lleﬁé@;d by
terin

o Ynar. TRk v, e Afinated oy SORsecvTERRY i HERIvER OB I5P] Sh Y e
est i mat ed nmtdhasthy datoiu tieaiuslsotrcd iedsurarhére bptinely of aJreasusqu@nfes tonge. filter with the
vefij el d. subtrac tch-filtered

;e)flt Irnatmral;ece]I ?(lsdrﬁ? gx?aﬁlg*r% teﬁnb 'mefﬂ » E I e?‘?ﬁ%@ﬁ?oé'??ﬁhlf’oﬁgéﬂ@' W"%?meﬁﬂh energy.

I n ot her b tigssstimdted separated s@ucepwaveBelds. Shhen, ctbe mmi bﬁFI:GS 2 #nd Bpdah\bel y

opti i 1y "eied P N GARR, O S0 e fone "R BREIVE T e auay
ener gy i s of drepuethaed aﬁtherm\@urmnr fac séponatingd sdismde sameesfin nhadne sdisni@kswdeysepar at ed -

source vva:?g funGh FRgs, 1RRgs. the process of FIGS. 2 and 3 can be repeated using

this residual energy. FIG 4 is a flowhart illustrating a further
enbodi mentd0¥8] t hat hleekhd8 ¢ dud souress waneficld ffopr blogpas af FIG. A ahs piitsargour ces i n

TR e SClaEvALIAEN G BRAKSS WFIG. Bnd s Wbhdlry HAROSL AR R AR s ! e 1!

source wavefield fromb 5 of FIG source vvave? eld from
bl ock 38 &fFIf. éal@bt%équh@%@%ﬂfﬂamﬂ sour ce vvavef i eI d from bl ock 33 of

FIG 3 ar ¢oesal ai REBlobod1, bh&idubi it @zﬂéuldtédeﬂ(ﬁx‘i {hg'aual[sglg@cf%ﬁeﬂﬁhC}ﬁg*n‘]igra

residual is calculated fromthe dual source wave mary source
wavef i el dSougsdvavetield ead teasegondasy seuscamavefisle famfblesk49) de nnm@nbourmeone

enbodi mentthe r&é“tﬁalﬁ@@dl&“&?&d ak&l‘:’ﬁhﬁdﬂ' &) eflos in Equation (12), above. [0066] At
bl ock 42 |s determned if the reS| dual fromblock 41 is sufficiently

small. In [%Psﬁhrtﬁb'alf’%h“zeﬁﬁdmeﬁ’élﬂ?d if the desidaalifronalogkH dpswiiiniently sralk, In et
t hr eshol d ot @artRthEEHbABNNt, th@?esfdﬁﬁ'lgk!&h%a'r&i 1065 et ttﬁ}@sﬁ&ofd*}s &Qhﬁﬁ@% fle IT the

residual is, sufficient]y snall hen t rocess end residual is
not suf fi E§sidHRllislesstban the threshold. HE theresidualds eﬁﬁﬁxqrﬁwﬁaﬂ éhebltlmtoms enfl9066] At

bl ock 43, Iﬁth’ﬁeﬁdt@ﬁﬁ%&t sﬂﬁfcléhl‘l‘ﬁsn‘ia‘l] tlﬂérplﬁl‘p@&s@on{: thifes to%lécf(’ 4?}‘3peat the process
given in Fd%% usi ng the residu | nst ead e wavefi el ds.
066] At bIock 43 the process returns to block 20 of FIG. 2 to repcat the process given

in FIGS. 2 and 3, using the residual instead of the wavefields. .

[0067] At block 44, the process returns from block 38 of FIG. 3 with new estimates for

the primary source and secondary source wavefields, calculated using the residual.

[0068] At block 45, the estimates from block 44 for the pﬁmany source and secondary

source wavefields, calculated using the residual, are added to tHe previously calculated
" estimates of the primary source and secondary source wavefields from the previous iteration.

[0069] At block 46, the process returns to block 41 with the new estimates, after the

addition in block 45, of the primary source and secondary source wavefields.

[0070]  Once the separated sources are available, source wavefield decomposition can be

applied using established methods. The source wavefield separation method described above

can be combined with the source wavefield decomposition. In particular, both separation and
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[ 0067] At. bl ock 44, the process returns fromblock 38 of FIG 3 with new
estimates for the primary source and secondary source wavefi-el ds,

tal cul ated using the residual. [0068] At block 45, the estimtes from bl ock
44 for the primary source and secondary source wavefields, calcul ated using
the residual, are added to the previously calcul ated esti mtes of the

Fomo] "SRt SRGRAETLY ARMITG BYRL' SIS LOamy B, 2i0gk! Tt e

~after the cahgitinrient thi rhwcbbmatorﬁmcmfngtthﬁesepmtmrayd doampesitendnefiedosmidiey sour ce

wavef i el dsyonbH0f i Ihe & :@&noﬁ‘?&%ﬁ%ﬁ Q‘e!ffﬁfeﬁc)ﬂr e available, source

wavefield deconposition can usi ng “est abl i shed net hods. The

sour ce wavi@PTH| d The pwthad phthe invetion dgl@@etmaj@dnsmfow a@amlb@rmm abedt with the
source Wavtﬁé hn%hﬁ‘faﬂee%@ﬁgosd)ﬂiw? unsgl'an-Pé?artéd ﬁféhﬁz{tmn l&q{e{ﬂ Fafétthé)(ﬂﬁagxq .
deconposi tion net S dare carr In the sane fre ncy dormain, so, in
one emnbodisewiae confriptiango oper at ors executing the separ atl on and '

deconposi tfoerp]Metine dgishR Ndale oGRRY ﬂlegerfoﬂﬁﬁgoang‘elﬁﬁplshﬁ%; .aﬁesmgtwe of
conput at i onal effl ciency. [00711The nethod i nvention does not nake

use of anyagh @ns'abévrfa%m*‘owﬁ%&sqeéﬁo sl ipformpption m&%ms F%.B‘é gegipgirctummng

acqui si ti %o;{eﬂieélbﬁqme' SNbRAFBRL daRR foriatiGRdn bR aﬁ@p&&ﬁg ﬁur&e?@d dirid ploddleqsour ce
contributions, 0721The seism c data obtai ned ormng a_seismc

survey, repiFRE iaétq R}%C%Sr:d fos disply andsapiytis ?%R?éﬁntl%lrhé rﬁ?aéz?wgléaﬂp&hﬁem d

i nformat i ofibte@dngdn tagnetnenst hithe @841l o Gdigini6 Witk BfobésSin@ Rdo BERREHdM B8R seifmiche
subsurface earth fornati ons i e area bei n\%gsurve yed. The_ processed

sei smi ¢ ddfeR a5 muck, fosuatiog alsd?"sﬁl;l% peeasdingnthe spbipriausas” formatignsein; prdsr to

hydrocar bwaecg.aaaty_e.mag@ihet étaﬁ)glcssabstuefaéeanﬁla&démonﬂenitwl SocatldAg iQ @R} esdf’sS€i S C
data proces [}g‘il extract romtt}.e seism. c S, much |nformat|on as
B

possi bl e r¥& °t°htge'§ il Brepabiiy fory WpWﬁPF%?‘W ?‘FCB‘P étl‘onf’darﬁ‘fjé‘tﬂ?a‘i ely i mge

t he geol oghehes Urb&H;lieh&&iein ghtnermrgﬁlﬁbcegmg, A hiefpyatink et ans. The prbRssear th' s
subsur face where

y for findin ol eu
accunul at |°8P|S§'u°tf"§|ﬂ(},fer°§‘?ﬂ?§ S%fcﬁ?ﬁo‘ﬁ’g?né fiéai'?aaé’oeaiﬂ?lg“égfﬂ ’t"fef‘F@trTfl'%? Beessing,
and i nt er pe@kded seisiic 841 providdsan nifdigeopmeeaemnaéptmmmcructl ng the reflector

f t th
Fecorded S0k ok Poheg PEYT HERERH a5 s pbite prayie Wit SVl e
[ 0073] The anningpepreter tdesclsdtr locdtione with theegreatedt hprsbabllllq,s wfﬂa&mgl manpremeluced in

order to ear(}glltl)lu? lg'l;]s,l tvgxrl ret exerserEcO eeltr% ! lé)\(\:/e P bl { E \ ttest
probabi l ity 0 avi ng peum 28c Eu 4 ions v r| y f é' brﬁ $8nce of
pet r ol eumdetrmiet whetlm petmudlrdebcbsedare Presdnt ermgt, vsainlestrmmlﬂemamm g tivhet her

pet rol eum denos| tu ddiafd ?rﬁoﬁ@xeﬁ’{oﬂg{?&e is a%mﬂﬂuﬁghée%'?ﬂn}’pl&?éﬂ e’]a%c%s‘%n

ti me- consum ng "g need to
i nprove t aed pmolejegﬁtl’ngsexan@ ddias pd asytoafrodube as énagriof tdatagtus ef ahp ttaoh’pr oduce an

| mmge Of OB HEE VAP0 SA) BF & AURRUL! 868 AL spl-eltaugmnge{a% the

ability of an interpret IfAterpretation i by a conputer
or a hunmarby atcomalygesghvlmn,mmbthblpm}va!tﬂhmtbaaw aa;emuhjloat()fmﬁm@bmmmsol eum

exists at a@ag)?ft&ﬁlglullo@rftl (ﬂf:ﬁlte'egl% s, sibshiife. egh groéesﬁ r%?rgf g g;ﬁ%r fTJQ&HeGOCGSSI ng

and di spl ay acqul re selsmc data tacilitates ate Ci sions on
whet her arsdismicaleia facilitated npre agedate Hesisidny on edietbersant hénerei tg Kirithfand therdbyng dry

holes. [0QZgLeEhk dsR LMY UPASLEEN di scussed above as a nethod, for
illustrati ve urqpses
4? he 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 iﬁ the
art, will comprise any appropriate combination” or network of computer processing

equipment, including, but not be limited to, hardware (processors, temporary and permanent
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only, but can also be inplenmented as a system The system of the invention
is preferably inplenented by neans of conputers, in particular digital
conputers, along with other conventional data processing equi pnent. Such
data processing equi pnent, well known in the art, will conprise any
appropriate conbinati on or network of conputer processing equi pnent,

i ncl uding, _h e limt rocessor s ~and

per manent ﬁ@?%rggémge$kce %éﬁd lorla{jhcomp}ﬂpp %?Fgge“PSWBﬂﬁewﬂ%%ghessing
equi pnent ) (opgatingvsxstems, mpgh@tlomgnoglyxms,emthemmnpt ipegtaimo Hibpriesg naxheny othethemat i cs
program | i 0 t Y C S
(electri Ca%?%%ﬁ?%oﬁag\)ﬁ?e egﬁs&éﬁgfelewlgglhcgﬁlbaq Sl e?e(gi t0 &{132‘”38}’18{&21%8&{&%% ut and
out put devﬁimsaﬂ§wmuw\'kmda%d(syb%@s,WmN% dm'wles;@sd scanngrss displayedesicesdi spl ay
devi ces Sugh AmdHBl bR S Rd ofih b Hlaibld QSRR sﬁalda@?é &, i) AGafEd @ such
as tapes, disks, 5 d rives, and any Ot her P ate équi pnent). _
- [0075] In aﬁb@hewi%Wﬁﬁ@t%ﬁﬁvﬂm@ﬁwwmwmént|on coul d be |nplenented as the

met hod despurfied @hmier SRERIdIE A nkfilch! EICHE bRt & BE"AARRD! ©
-conputer to performthe net . I'n anot her enbodi , the invention could
be i npl ene‘i'?@@@eééb%%mﬁ‘i@b’ carrne@patrwsmgoa erpeiammable pepavter tor geafdribithe nmedi um
~with the pg uter to
P for ¢ LG4 Th BEMSPand @l oy AR ARG AR08 AR, BrogD L ©°
coul d be i Tiecivetapuies radablspediar, widade brosramekiving logie Rpessbisolepsarsera pr ogr am
stored on jhRaiBeHidEBmpateFtd peftdtin thiBeREP@ER M @dvd. O hifotiRP EhEYM fent (Phecause a
progr ammab] e conputer to performthe nethod described above. [0076] It

shoul d be HfAHeR¢ayiskbe iplemenied B & cebRurg rsadablemediym avithen eamputsr BRestemi pti on of

speci fic eqphadometngediin, tsﬁUh&hétﬂH@ﬂ’bg:@:H 138 thelch6Herabl 1B CAKS a GRANEESble
nodi fications, and alternatjves t e di scl osed enbodi nents can be made in

accor dance*WIPHE i Reriondhq petppdgle g"é‘%f"("nout departing fromthe scope of the

inventi on.[0078] pnesmdldn@ GHRABIGI0bA tHab the pnétednﬁg @ RerelySa BQilcdRRkiplich i M t the
scope of the nve t.her, the s e of the bnventlon is to be

det er mi nedSpE)"r\ 'S epie ’H‘E“Sa%g}‘nﬁéﬁe‘lﬂoﬁl % HYmeEYp © ﬁ\ﬁ?%é’l“@iﬁ"%m“s il VB W
cl ai m [ Claltehatives toakk diiosskddiodiniend csiticaiade nﬁa@btfr@@&e wiEIDIRP BisdosifheéS| NY a

progrannabl 0 er .to perfor he fallo operator in a
frequency H H%BT%“%{TP% ¥ !}E Geingenfian, ffledgfﬁgggq%/ﬁc?&@n e’gf%ﬁm‘si ne .
sei sm c suioy eganditd timitithd sdopeofSthel ivvestion U Raithen ttheadcbye sfahé weedtiah liytode! | ocat ed
and at different d ner.ate estinpte of a primary source

wavefi el d J&Hﬁ'“ﬁ%‘@&ﬁyhtﬁ ?Pé’ﬁ'g‘g? ﬂ&‘f"éﬂ“@@e'ﬁ%"gﬁgﬁt e for a tine delay between
a primary source and one or nore secondary sources and for different depths
of the primary and secondary sources; adaptively subtracting the estinmate
of the primary source wavefield fromthe nultiple-source seismc data to
generate an estinmate of one or nore secondary source wavefiel ds; applying
anot her operator in the frequency donain to the estimtes of the one or
nore secondary source wavefields to generate another estimate of the
primary source wavefield, the operator constructed to conpensate for tine
del ays between the primary source and the one or nore secondary sources and
for different depths of the primary and secondary sources; and using the
estimates of the primary source and the one or nore secondary source
wavefields, after further iterative refinenents to renove noise, to
generate upgoi ng and- downgoi ng wavefi el d conponents of the nmultiple source
seismc data. [C2] The nethod of claim1, wherein the applying an operator
to multiple source seismc data conprises the initial steps of: obtaining
seismc data froma marine seismc survey,



sortingshe seismc data into comon shot gathers; selecting a primary
source and one or nore secondary source fromthe nmarine seismc survey,
renoving any tinme delay so that the primary source is activated at tine
zero; sorting the common shot gathers into conmon receiver gathers; and
transform ng the comon receiver gathers to the frequency domain. [C3] The
met hod of claim 2, wherein the appl i ggq@n operator to nmultiple source
seismic data further conprises: transformng the seismc data, including
the estinmate of the primary source wavefield, fromthe frequency domain-to .
the time-offsetydepmin, and applying natch-filtering to the estimate of the
~primary source wavefield. [C4] The nethod of claim 3, wherein the
adaptively subtracting further conprises: pre-conditioning the estimates of

the one Oridpr @ RELATHALYarfAE 565U kL @bfRisi@PP! yi ng match-filtering to
the estim es of the one or nore secondar% 'source wavefields; and
f

transform ng t HEnGEPeERBMAble compuige fougifery thholle¥ingnat es of the one or nore

secondary source Wagfyl n@lads)pe&tbpm 4 h%khdﬁoﬁi‘afn&@tmldﬁ]ﬂ@bdh&%ei&h@ dataequency
dormain. [C5] The nethod of ,claimd4,

erein the a t he, oper.at or
further conprises: tr ané‘FqHF?H il marige %eé“f"é"rﬁ“&"eﬁé"t“ﬁ ‘P‘?tﬁ’é SB%‘F??@“'PW“‘Q& i mte of
the primary source waveho@bsiallf soMotaiddani heditreomyicphR gamme b estiiatee- space
dormai n; and applying matgh-filterin ﬂ&ﬂ%£e estimte o source

wavef i el d. [ 0611 The mePHBRIBRY Py é*}eeqpﬁfat%&Onatpl@restt%fdp@ﬁmaf ed to
mul tiple source seism cfglattine derayu)bta,eaa@@n@aﬁy goidde an@UficC@Inore Sec@iddgn by the
Following expression: 1§<;I'ugces gndafm d’i fferent depths’ f}he prxma%')and ?écé‘& Ssg)l)ﬁ'gess,z)
: adaptively subtracting the estimate of the primary source wavefield from the
multiple-source .seismic data to generate an estimate of one or more
secondary source wavefields;
applying another operator in the frequency domain to the estimates of the one
or more secondary source wavefields to generate another estimate of
the primary source wavefield, the operator constructed to compensate
for time delays between the primary source and the one or more
secondary sources and for different depths of the primary and
secondary sources; and
using the estimates of the primary source and the one or more secondary
source wavefields, after further iterative refinements to remove noise,
to generate upgoing and downgoing wavefield components of the

multiple source seismic data.

[C2] The method of claim 1, wherein the applying an operator to multiple source seismic
data comprises the initial steps of:
~ obtaining seismic data from a marine seismic survey;
sorting the seismic data into common shot gathers;
selecting a primary source and one or more secondary source from the marine seismic
survey;
removing any time delay so that the primary source is activated at time zero;

sorting the common shot gathers into common receiver gathers; and
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-1+ exp(~sto) sinh(srx3sl) whereis the estinmate of the primary source
wavefield, i5Duai is the dual source seismc data, to is the tinme del ay
between the primary and secondary sources, X is the depth of the prinmary
source, .42 is the depth of the secondary source, sal is an inline spectral
Lapl ace paraneter, 5a2 is an cross-line spectral Laplace paraneter, and 2

SF =j,4 2fff( where fis freguenc nd.c is the velocity of
sound in vvater% T%?]mngﬂs@cﬁ@ﬂ%&%‘”‘@@?‘ﬁ:{(’éﬂeﬁﬂ’é‘?’jﬂ'ﬁowﬁa operator applied to’
the estimate of the secondary source wavefield is given by the follomnng

expr essi on C3J(S L[%é h})& V\ﬁ alm v%ele n t?ea g ymrgaa[n opégf%{ E mulnglgé c]urée s%lsmic X352 S)

[ si nh sar e se afy"sour ce
wavefi el d. mmmmummanmxes} The nethod of claim7, further conprising:

calculating a fi e lf&ih’lﬁ‘nl tﬁe sgﬂ?n chﬁta H@ll;caﬁé)ﬂ% g%mi%&%f% 1%&%§u19é wBJEﬁelﬁ“ mary

source and secondary Sourc ual is
sufficiently small ﬁ@némdfmmawabm@mSQﬂ@ppkwﬂhgdmhenﬁmérators to the

resi dual to calouling fulRHHERk ISP Sl of A8 pRERHNcAUERSe 2N secondary

source wavefie

[C4] The method of claim 3, wherein the adaptively subtracting further comprises:
pre-conditioning the estimates of the one or more secondary source wavefields;
applyiﬁg match-filtering to the estimates of the one or more secondary source

wavefields; and
transforming the_ seismic data, including the estimates of the one or more secondary

source wavefields, from the time-offset domain to the frequency domain.

[C5] The method of claim 4, wherein the applying the operator further comprises:
transforming the seismic data, including the estimate of the primary source wavefield,
from the frequency domain to the time-space domain; and

applying’ match-ﬁlterihg to the estimate of the primary source wavefield.

[C6] The method of claim 1, wherein the operator applied to multiple source seismic data,

in the case of dual sources, is given by the following expression:

5,

ual

St
,(sal,saz,.x3 VX5 ,s)
sinh (sl“xf 2 )
sinh (stf ')

81, )
P rimary (‘s'a,,sa'z,.\3 ,s)—

1+exp(~st, )

where P, is the estimate of the primary source wavefield, 2, , is the dual source seismic

Primary
data, fo is the time delay between the primary and secondary sources, x;' is the depth of the

primary source, x;” is the depth of the secondary source, s, is an inline spectral Laplace

parameter, s is an cross-line spectral Laplace parameter, and
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addi ng t.he new estimtes of the primary source and secondary source
wavefields to the previous estimtes of the primary source and secondary
source wavefields; and repeating the above cal cul ati ng, determ ning,

appl ying, and adding steps. 1C91 The nethod of claim8, wherein the :
residualis calculated by applying the foI | ow ng equation: (sl S2 ; s) sa"

sa2 , X,,r3 - Primary (sal, sa2 . dol y(scr,,scr".42;s).
1C10) A conputer readable ma(} ¢) 2program st ored thereon
the program having |ogic oper abI r‘am*rabl e conputer to

perform steps to provide an |mage of earth S subsur.face fromseismc data
froma multi-azimth nmarine seismc survey, conprising: applying an
oper at or ighee fi§ REERG Yand 2 TRhE W Rt ol if waRHr Ce seismic data acquired in
a marine seismc survey with multiple sources substantially horizontally
collocated and at .different depths to generate an estinmate of a primary

sour ce wavm] elrHe mb#i6d SRBIAGOWhG AR Helopérh@FagpRed B RERMAE of QL se@oﬁd‘a?e del ay
bet ween a - |mar source and one or nore secondary sources and for

di fferent s&é‘ﬁ?ﬁ%"‘*&?“’t“"rﬁé"eﬁrbi"ﬂ’ﬁr?) %’HE‘E‘%‘@Wary sources; adaptively
subtracting the estimate of the primary source wavefleld fromthe

mul ti pl e-source seismc data to generate an esti mat elt(of ﬁne or nore
secondary source fields; applyin anothse; opersndsist) t he frequency
donmin to the esﬂﬁaiﬁ’é ol {hgizgjnewm S’ 3se%osqgl S )\ﬂ/avefi elds to
génerate another estimate of the primary source vvivef ’H’c{ e operator

- constructed to conpensate for tinme del ays betvveen the primary source and
the one or nore secondary sources and for different depths of the primary
and seconddee Bouu,ciethe estimpteisfi thagse¢dndare saureratawsfiedd. t he -pri mary source and
the one or Mdre secondary source. wavefields, after further iterative
refinenents to renove noi se, to generate upgoi ng and downgoi ng wavefield

conponent §C8f H‘ﬁ@mﬁmctdf@laﬁn$mﬁ}feeco$ﬁj“§iﬂgc data. [Cll] The nedium of claim
operator to nultiple source seismc data

10, wherein the applyin n
conprises the F‘H‘f“&“ﬁg aégséﬁgl fam theshual; sqprse a'%de"?sg pptes efthe PPy ISASRaddne
sei snic survey; secondary source wavefields;

determining if the residual is sufficiently small to end iterations;

applying the operators to the residual to calculate new estimates of the primary source
and secondaty source wa&eﬁelds;

adding the new estimates of the primary source and secondary source wavefields to
the previous estimates of the primary source and secohdary source wavefields;
and

repeating the above calculating, determining, applying, and adding steps.

" [CY9] The method of claim 8, whereih_ the residual R is calculated by applying the

following equation:

R(sa,,so:z, x_f',,\'fz;s) =

7 .S1 .82, D St 5 - , S2,
Pl)unl (Sal’ Sy, X3 5 X35 .S) - PPrlmao' (Sal’ 505 X3 ’S) - PSecandary (Sal 380, X3 5 S) .

[C10] A computer readable medium with a computer program stored thereon, the program

having logic operable to cause a programmable computer to perform steps to provide an
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sorting..the seismc data into cormon shot gathers; selecting a prinary
source and one or nore secondary source fromthe marine seismc survey;
renoving any tine delay so that the primary source is activated at tinme"
zero; sorting the common shot gathers into conmon receiver gathers; and _
transform ng the conmon receiver gathers to the frequency domain. [C121 The
medi um of fdagd bR chith’s WHREICE fibRSeRAR! dlabnd s nﬁgﬁ&ﬂﬁlﬂﬁ lﬂaﬂné%lsmmoe!u?ve our ce
seismc data further conprises: transformng the seismc | udi ng
the esti nefo¥PHFighe primary source wavefield, to the time-offset donain;
and appl yi ng ”ﬁf}ﬂiﬂné bl 6RFdtd?Gn ﬁ‘ﬂe(?déﬁ‘c)%tﬂamb ﬂmﬂfpleua@m@&éléﬁﬁé Yat L&l
wavefield. [CLl3] The nmedium of claim 12, wherein the adaptively subtracting
further conprises: BriclRHRACHIEIURGY HE '@glﬁlplﬁeﬁt’%*éesoﬁ“bﬁt%‘éalb’n@'@P"tﬁb’re

secondary source Wedbfbdaldtd atedptBlrdtit Gq:tmbgarefdté dnedslidigle Bpa biftBarf Sbursgmt €s of
the one or nore second and, transform ng the seismc

ource wavefi e
data, including the"‘i—:”§€‘? ans{g Qepafor cpnstrypied 1§ compRnsatestor & g Aglax bivess a
wavefiel ds, to the fimeeueNey afdomRiof moldstddndai Sout®d b Popdifteledti Rpthdor Wher ei n
t he appl ying the ontﬁrator fLﬁljrther conpri ses: transform ng the seismc data,
i ncl udi ng the esti n'df BB PHSCHIRAIYEEur ce wavefiel d, to the time-space
domai n; and appdaptivedy ﬁﬁtxﬁblﬁné lhbbﬁmiafbg)f'tlﬂ ptﬂiﬁny&&ﬁzbé’@i\eﬁﬂﬂ frbiA €hehulfi§iey source

wavefi el d. [ C15] The ned mdof cl ai ?fj n the operator applied to
mul tiple source se.sé’Hh"*&S*‘d%\’t'& at?FP%%‘é‘“(‘?&E(SStB‘Pa“’d “egbﬁ‘f”f?é§°°"f’%'y €N by the
foll owi ng expressi omavefiddsys' c,) rirnaiySl.dualsa 2, 3" 35" (sal ,
sa,,s). =

applying another operator in the frequency domain to the estimates of the one or more
secondary source wavefields to generaté another estimate of the primary
source wavefield, the operator constructed to compensate for time delays
_between the primary source and the one or more secondary sources and for
different depths of the primary and secondary sources; and

using the estimates of the primary source and the one-or*more secdndary source
wavefields, after further iterative refinements to rémovc noise, to generate
upgoing and downgoing wavefield components of the multiple source seismic

data.

[C11} The medium of claim 10, wherein the applying an operator to multiple soui‘ce seismic
data comprises the initial steps of’

obtaining seismic data from a marine seismic-survey;

sorting the seismic data into common shot gathers;

selecting a primary source and one or more secondary source from the marine seismic

survey; _
removing any time delay so that the primary source is activated at time zero;
‘sorting the common shot gathers into common receiver gathers; and

transforming the common receiver gathers to the frequency domain.

[C12] The medium of claim 11, wherein the applying an o.perator to multiple source seismic
data further comprises: '

transforming the seismic data, including the estimate of the primary source wavefield,
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1+ exp(~s)si nh(sFx3s2) where fip,.is the estimate of the primary source
wavefield, PD" a is the dual source seismc data, to is the tinme delay
between the prinmary and secondary sources, x3sl is the depth of the primary
source, x2 is the depth of the secondary source, sa, is an inline spectral
Lapl ace paraneter, 3a2 is an cross-line spectral Laplace paraneter, and 2

Sr =27rf(sal)2 - (slg,ﬂ)e%me_(gfsgtd@m%ejnhs frequency, and c is the velocity of

sound in water. [C16] The medium of claim15, wherein the operator
applied to theaedyipgieeh-Eitering t&%%sawatspythgaum%sw%ﬁ%ﬁ# is given by the
f ol I ovm ng expression: si nh(sr Xr) 4"", (sa, , sa" X, s s) =

15,"0", ,w0' (sal, sa2,x3s2:s )O‘%m nh (sFx3 ‘g ) )] where Pis the
estimate d 8hdhe medjim &f SJain r%’éﬁr%\}‘&f‘i’a&‘ﬁly§ %ﬂ%@ﬁ ler CORRSSthe medi um of

claim 16, furt lﬁféfcoﬁ&fmﬂﬁgslhé"@umﬁt@ﬂ STuhednk Bgnaevs@smiuadou&é Rmetibigs;dual source
and estimtes of the p [r?a PI source gnd se gthg source wayefi el ds;

det er ni ni ng i f APMENg é%ait‘i!} Hiefings te; dher pstimatgs of; ¢ Of HIoEH FFPRBPA T s ;

appl yi ng the oper atwiefidigs; bdie residual to cal cul ate new estimates of the
primary source trgl?s or %?n%ot edsaels}{ucsg ltJar, (i:necluwa\éetlflel eestlmates of the one or more secondaly

source wavefields, to the frequency-domain.

[C14] The medium of claim 13, wherein the applying the operator further comprises:
transforming the seismic data, including the estimate of the primary source wavefield,
to the time-space domain; and

applying match-filtering to the estimate of the primary source wavefield.

[C15] The medivm of claim 10, wherein the operator applied to multiple source seismic

data, in the case of dual sources, is given by the following expression:

D ) .St .. S2,

‘I::iual (Sal’sa2"\3 » X3 ,S)
sinh(sl" xf’)
sinh (SF x5 ')

. SLY —
P riniary (sa,, 5Cy, X3 ,s) =

1+exp(—st,)

where P is the estimate of the primary source wavefield, P,,, is the dual source seismic

Priniary

data, £, is the time delay between the primary and secondary sources, x3' is the depth of the
priméry source, x5 is the depth of the secondary source, s, is an inline spectral Laplace

parameter, so; is an cross-line spectral Laplace parameter, and

. J\/( 2V (o) o)

where fis frequency, and c is the velocity of sound in water.
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addi ng tihe new estimates of the primary source and secondary source
wavefields to the previous estimtes of the primary source and secondary
source wavefields; and repeating the above cal cul ati ng, determ ning,
appl yi ng, and addi ng steps. [C18] The nedium of claim 17, wherein the
residual I? is calculated by applying the foll ow ng equation: (sa,,sa"x3S1
x352; s) ( . ok 1S : P T
Pri marya, g@ R‘)l(l& nze?fuz%ﬁ glrzTiyiln?‘ 3152 géuferem the M{OL %ppl}éﬁ ]10 %ﬁe %Lt:mate of the

secondary source wavefield is given by the following expression:

P

Primary

-~

o S o
(sa,, Sy, Xy ,S) = PSetondary

52, .Y Sm'h (;S'I‘l'fl)
(501,505,575 [ sinh (sTx5” Jexp (s, ) |

where £, ..., is the estimate of the secondary source wavefield.

[C17] The medium of claim 16, further comprising:

calculating a residual from the dual source and estimates of the primary source and
secondary source wavefields;

determining if the residual is sufficiently small to end iterations;

applying the operators to the residual to calculate new estimates of the primary source
-and secondary source wavefields;

adding the new estimates of the primary source and secondary source wavefields to
the previous estimates of the primary source and secondary source wavefields;
and

repeating the above 'calculating, determining, applying, and adding steps.

[C18] The medium of claim 17, wherein the residual R is calculated by applying the

following equation:

R(sa,,saz,xf',xfz;s) =

> A St 82, D 81, i S2,
PDual(Sal’SaZ"\3 »X3 ss)'PPn-mmy (Salssaz’-‘s ’s)—RS'ecandao' (Savsap"s ,S)-
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