METHOD FOR SEPARATING SEISMIC SOURCES 1N MARINE SEISMIC SURVEYS
CROSS-REFERENCES TO RELATED APPLICATIONSNot Applicable FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT Not Applicable SEQUENCE LISTING, TABLE, OR COMPUTER
LISTINGNot Applicable BACKGROUND OF THE INVENTION 1. Field of the Invention [0001]This
invention relates generally to the field of geophysical prospecting, More particularly, the invention
relates to the field of imaging marine seismic streamer data. 2. Description of the Related Art [00021In
the oil and gas inckistiys jSRRAYHRA! AIRSREFHNEIS GRRAAMY YeRTe:AR MR SeR(ARor and
evaluation of subsurface eatih formations. Geophysical prospecting techniques yield knowledge of the
subsurface structure of the earth, which is useful for finding and extracting valuable mineral resources,
particularly hycROSEHRHITRBNSIES Jiiz R BIsSAGIEBNEPRATOrET aeS A well-knaven Agehicitiée of geophysical
prospecting is a seismic survey. In a land-based seismic survey, a seismic signal is generated on or
near the earth's surface and then travels downward into the subsurface of the earth. In a marine
seismic survel a8 RF SRR FHR RESBARK IO REYVEHP TMENTh a Dt plicahier overlying the
subsurface of the earth. Seismic energy sources are used to generate the seismic signal which, after
propagating I fhieeaiti it ldeastiartislbcisliprioniby subRutace sagmig ligglors. Such seismic
reflectors typically are interfaces betweeh subterranean formations having di ferent elastic properties,
specifically sound wave velocity and rock density, which lead to differences in acoustic impedance at
the interfaces. The reflected seismiB£G&GYOSEPIOGEE BYNERNTIIOSENSOrS (also called seismic
receivers) at or near the surface of the earth, in an overlying body of water, or at known depths in
boreholes. The seismic sensors generate signals, typically electrical or optical, from the detected
seismic enerdy, fiRitAfabe favestifad for further processing, [0003]The appropriate seismic sources for
generating the seismic signal in land seismic surveys may include explosives or vibrators. Marine
seismic survegbdYpicalieTRIN HIRIMEIERE.JISMIERUIFSQNeA by shib.and peripdically
activated to generate an acoustic wavefleld. The selsmic sourceggé)n ra mB wavefteld may be of
several typesP3iavaihy thedsntispriaiva e harad ahisredamapaskditrsiigamariavibrator, and,
typically, a gun. The seismic source gun may be a water gun, a vapor gun, and, most typically, an air
gun. Typically%a ﬁg,’kngo e(l)?m(iecﬁse?a%?%ﬁonsists not of a single source element, but of a
spatially-distributed array of source elements. This arrangement is particularly true for air guns,
currently the most common form of marine seismic source. [0004]The appropriate types of seismic
sensors typicgdor]clude parsitlenvelecindusenSkphPAtCHIBELH AR SHIvMeNS: @M walRrpressure
sensors, part%llger%ﬁn arine surveys. Sometimes pargtllrjzliaq!{is?%]an(:semgfg\gt Sensars, article

. 1 for and evalua C(_)fl O SU%SUI‘ ace” cat . 1YSIC ﬁ)l’ rS_P ctl § .
acceleration sensors, or pressure gradient sensors are used in place o N addftiornt to [9 rticle

velocity sens&idunpaps cricldeigeniasien sdrihasibiefese pressmie ebsors trenddrmrisordstidnéwn in the art
as geophonesiaiig hyersplhaenasyERsPRGHVRIM SEISINE, sensala AR Aenloxsskhy dhenselves, but
are more commonty deployed In sensor arrays, additonally, pressure sensors and,(? article motion
sensors may be deployedtogether in & marne surveys cotbeatel TRPSAPE & Hienst s, [0005] In
a typical maritieaJaidrhfsesustianiassaieicssismieysigassis| geavatsopnthensetdresurfhtesuyipically at

about 5 knotsanskE@RIRIBSSLISMIE ALSIHSTIORARERMEBLSHCNAS RavigalameoRiRly Sgismic source
control, seisrrgigsE,l(lacnsslo&ﬁ(l:onna:[roIz ar&_d re ordino%.?i%qiﬁ)’mena hefseismic source control equipment
causes a seisic SOTce towed in'the' BT B WA\ (R L SfNAfe  PyeUI e e HRN RF S fected times
(the activatiothesmiionbpikmésvenersa sshiers) 2@ eismitostesrmer shalstoallegseisthichcaliies, are
elongate cablgoikgasHigichus andaues] iR thahadyehMAlerRY.the,SeisMigsLNEY-YE sl dhal tows the

seismic source or be){ another sei'smic,SLerveEi}:?s IP T plrc[?allx, a plurality of seismic streamers are towed
behind a seisMic veasar, THE CRIEHIR L M5 PTEIEI T ELHEd b iates MR daviavettelds
initiated by théifSsshtilessisunse aricsreterifierdfremmdefiective dnitgriadesckTimsine sehirk Badsors and
particle motionfenser$suie daplayRd i AlosrRmRMiY, colloraicddnibaiis gy RALR QL arrays along

a seismic cable, An alternative to haying the geophone and hydrophone co-Iocg%red, is to have
sufficient spatral density %ﬁ%se%ég@ "g\i‘fq}fﬁfs{’?fg FeShELinE Wé%aﬁé%ss}lé%ﬁ?d’édh&ﬁi’h@*h‘?o%phone and
geophone capvbdyingebpéitaté dvatesxiragpdiated toppredudertivelbao Thvavefietdssignalgaicthie same
location. [0006]Dual sensor recordings aim to decompose the recorded seismic data into upgoing and
downgoing wavefield components.After decompositlion, the obtained upgoing



wavefields represents a wavefield that no longer contains downward propagating wavefields. In other
words, the upgoing wavefields no longer contain interfering reflection events that first have been
reflected at the water surface, propagating downwards before being recorded by the seismic receivers,
such-as hydrophoncs and geophones. Because these interfering downgoing wavelields, known as

‘receiver ghosigiaibaysibasriemexcs. Jrmandwidlh Rl weaided slanaliasciegerg, which aids

in the interpreft(%t'kggho{ the recorded data at later stages. [0007]Interference also occurs on the source

side. A seismic sourgepﬁ%%eéﬂﬁg'generates waves that propagate downward, the source also generates

waves that firf#{88pagabe apmamins basore fwings ridlectedhiaighie witaissisacenanci peapagating

downwards inie s eafindhie (RGO WA Ralbh koMM aS Auso WG A0aRS.f9 Ul e, cpnsidered to
ot

be generatedsg K\ Im(;r Qr.source I_octated %trthe mlrrcg location with respéct e’sea u?'fgce. This
interference raduCes the BAnAWIATh OF et St SRR iefe Uiy RSt vitbIS Ese dmgaeevdicome the
interference oFarfioléydhielepistémernte ddngtitio straraevaficldimsohtro sghast igts, isedingultiple source
geometry, whesgItbgsacamAe in slase Bmiwibandiisd o HIean: pesul I iy popsible to

separate the \é\é%velgeslgusmthat have been generated by the individual sources, then a "source
&ghosting” operator Can BeEAhIEa S Tt Aeitd Hraf ARS8 Colkifis @ik Weithela8 gErisvated by the
source and itd yresbireneriecsiighicsourseconaistfisdt o {R00R]T sosepalatethesmiicepwtavefields
generated bydia@imtéﬁiM@a&omsﬁaceii@‘@ﬁ%ﬂ&@ﬁﬂ?@%@ﬁ%ﬁ'@n‘?%“&?ﬁmﬁ%ﬁg gRRregch,is to make use of
existing, WeII-el%j[gtg{is hed noise remaoyal technigues, such as f-k filtering, Radon ﬁftermé, of incoherent
noise removal TechRigueL TR FRIBHHIRAI R STHEHS S applied after sorting the data, sorted in a
common shoil@i#lain, Tihto epiiffeiant tepdenfssabngs comsomory prativerdateaiartrMyBREiHId. point
domain, comeaRaffekaimah RFSIRGIBISHErRARE Bilsels AYhecamE MAle fandom in such

domains, [0010]Thus,a need exists for.a method for separating seismic source avehelds in marine
seismic surveys PBrefePSHN R SANSHH SR GRENTIRISHSIRBINF GSiRls AYeB ISP SighMe . BRIEF
SUMMARY GRAIHE seSENTFOSE]00 13Th efinventiaidiiba methoddarisorgingdhe. easigsubsurface.
A programmag|e.a9RuRsRr d@Q%QjﬂeQﬁg@s@Hsmﬁatg NGO RORATREL 5. ARRIST I & frepuency
domain to mtle))t{lfple source selsr,nli)F ata acquired in a marine’survey, with mu tl%elepsources substantially
horizontally colfb &S HEREA O e tHents s dhm Aretapiovst hubearsalinbubasonrie wavefield,
the operator conswobtetittvcanipensatefaysima didayis] e preenasprimanhgoscelanbese or more

secondary saigss Aggotelisuent laRis phibe PHIRA ANEserandary soutees, The estimate of the

primary sourigg\év vefield is adaptively subtracted from the mu ||8 e sburce. é‘.‘?rr%’.caﬁ%, thereby

generating a atd"ct BIRiseh PRIEI sl Ein auNP ROt FEERTRIIEN ¥esat Stretope theovdtsmpplied in
the frequencywlaepiyidiie astivoatesiobtieapnearaneresetoOREANIsOVERMRVEATialds ta generate

. ) ) .
another estlnag\t, é%foth‘%o%m?{éﬂs%%‘%%%é{ \é%}{g!)?,t’sgi]s?n?cp s%gl%g?rcgotpcﬁ}rgn%t?gct(r)gcom e‘nsate for time
delays between the primary source and the one’or more Secondary’source R§ fF SfeHent depths of

the primary ah¥ SHEBHEMSHIFEES cTHRMEStiFBISORIRRIp ARyl vt be thn betheobreterimore
secondary soheismaikcwsed ittt ihadteative  efiRemn s i JRMeVS RRISS, 40.08Rgrte upgoing
and downgoi veli onents of the myltiple squrce seismic data. BRIEF DESCRIPTION OF
THE DRAWIEI%‘%‘TO%%%%%%%@%%%%S%ﬁ ‘u?sg‘;bﬂe%ir?%ﬁgce"s“ A%y gg'r}dqé?été%?é‘iiﬁ%‘i‘?&éﬁéfbtﬁ’a by
reference to BeYBliRiFIPY diamdamiesanptivisshthahiowsthelseid ranirmgsyihwehithar [@RHSIFIG. 1 is a

flowchart illustraéinghan erppiedimaniiabiie neshesolibminy srlieRdPnseRaTAINgIeismig sources in
marine seismlig SULveys; [0014;[FIG. 2.is a flowghaJt iIIusHatin an initial portion of another embodiment
of the e SeIsmic streamers contain sensors to detect the reflected wavefields initiated by the

seismic source and returning from reflective interfaces. The pressure sensors and patticle

motion sensors may be deployed in close proximity, collocated in pairs or pairs of atrays

along a seismic cable. An alternative to having the geophone and hydrophone co-located, is

to have sufficient spatial density of sensors so that the respective wavefields recorded by the

hydrophone and geophone can be interpolated or extrapolated to produce the two wavefield
signals at the same location.



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 seismic
surveys beguphkhEHGSH2 nd 3 While the invention will be scribed j connectron with its
preferred em og?gentsmﬁ1 will be %(I‘:IO lé%%ggntr!g)afl the |?1\/S§r§%r$clglno fimited 1 ﬁ’ggé’p Bi'the contrary,
the invention RSnEPREIE cU%ﬁrﬁﬁlﬁa%ﬂ@ﬁ@%-mo@%ta@%@paﬁd@qLﬁ&falebﬁ@mfatlwge included

within the scopevefithr rébremrara @&vd@éiﬂ@ﬁhbﬂoﬂlﬁ@%&ﬂ@l@ﬂd&ﬁﬂﬁ&%@%@ WiksHeldd PTION OF
THE INVENT OI\L [0018]Th mverg)'glnon“l,svae thod for se Oalraltllé% qurce Wﬁlé/cet{(l)elds in marine seismic
data acquire I?lp é sourpcge firé erent depths 4 reenrfgd"nes p s?%’%fy &¥%n random
times, but whéfét éﬁ‘@d&i’?@égfﬁﬁéeé@b%@ﬁﬁ&ffﬂ&ﬁoh@ﬁ%@%@ﬂ?mﬁ@l inbelos eepmsieimity to each

other. The inugntienseiiize scasivereatar dhak saijsfiss they \@%&@@Mat%atﬁﬁethiés@@ﬁé%fméhe time
delays betwecan the dlffereg,[ié%rces are compen Iatecl fg V25 well as th 1ecl;[ r%)?ources are

fired at different dlgp fis! r‘h“é"(‘i‘é ays etween ﬁ'é sourceeel\lrr}zfi{}ﬂe0 &faS'ard accou 8 for through

the applicatioffeséeptitasal é;ﬁﬁt”ﬂﬁ%@iaﬂlaéé%nﬁam? iderpiretatigelal) thy, wrierdeindpe ekpptessed by:
p(x,t-tO)-->eX|@{a§é9)10 $),(1) in which the forward Laplace transform from the space-time domain (x,t)
to the LapIacTresgl in l(n)%b$ des I[rated b de is define eneral as p )((mﬂ gIegxlp st)p(x Odt,(2)

drence ccur soiuce s ce Il
er and the co nding inverse ace trans orm 1S definéd Ss a4

waves that propagate downwald, the source also generates waves that first propagate
upwards, before being reflected at the water surface and propagating downwards into the
earth, This reflected wavefield, known as a “Séux‘(:e ghost”, could be considered to be
generated by a mirror source located at the mirror location with respect to the sea surface.
This interference reduces the bandwidth of the recorded seismic signal.

[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.

[0008] To separate 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 removal
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, common 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.



%r(t) p(x,t)- exp(st)p(x,$)ds. 22rj smi", (3) Here O{T,T} E9i;( > to); ar =ft 91;41; T={te9i;t<to}, and x is
space, t is time, and s is the Laplace frequency parameter, discussed below. [0020]In the following,
the invention will be illustrated as acting on the pressure wavefield p47,0, typically detected by
pressure sensors such as hydrophones, although the type of wavefield and the type of sensors

employed is not a restriction of th%liﬁg%rg' M@@efaﬁgw(ﬂnployed with any type of
wavefields. Fo

appropriate seismic sensor and its detecte r one example, particle motion wavefieids
and particle motion sensors could be employed. Modifying the following equations to accommodate
other wavefiefd&1it] straightfemwarndis[@edfbdaditianglhy the daaplasspatamerehfjggivapldy the purely

imaginary nupRed T 1RSS! RIBSIMAANBN AL B ADOMAHIRANENGY BT 1S real

frequency. In the invention, however, the Laplace parameter s iS'ins ead gl\;]enn&/:
multiple source seismic data acquired in a marine 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
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
wavefields. Another 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 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, 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 méy 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]  FIG. 2 is a flowchart illustrating an initial 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 seismic surveys begun in FIGS. 2 and 3,
[0017]  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 conirary,

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



s = fro + =j2zrf + ,(4) where g is the real part of the complex Laplace frequency parameter s. The real
part s in Equation (4) may be expressed as, but is not limited to, the following: ---,constant; e= e(x),
where x=(x".t, e = 8(0; e = e(x,1);(5) e(f);= e(x,f). Here, xi and x2 are horizontal spatial coordinates,
such as in-line and cross-line directions, respectively, and xs is a vertical spatial coordinate, such as
depth. [0022]To compensate for the fact that the sources are at different depths, multi- dimensional

“deghosting® aaditedhAR NG LR BRI AR Usednllie daahasting aReralor tums a measured

waveald /tinted (saLsa2.xf;s), generated by a source locatéd at deépth Ed g t 0 " (sal,sa2.0;s) that has
a source located at the free surface at depth x3 - 0, This deghosting operator has the following form:
(sal sa2,- - 0. s) = deems'v3 ', ERSURED (SCRIBBINN OF T2E MNVIFRIEONG)

[0018] The invention is a method for separating source wavefields in marine seismic
data acquired with multiple sources fired at different depths, at different times, possibly even
random times, but where all sources are substantially horizontally collocated, that is, in close
proximity to each other. 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.

[0018] Time delays between the source wavefields are accounted for through the
application of a phase shift in the Laplace domain. For time delay 7, this can be expressed
by:

p(xt—1,) = exp(=sty) 5(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
plxs)= Lrexp(——sf) p(x.0)d, (2)

and the corresponding inverse Laplace transform is defined as:

S+ foo

2 () p(x,0)= -57% f exp(st) p(x,5)ds. (3)

s—jo
Here
2 ()= {1,%,0}]‘01‘ 1e{T,0T,T},

where



in which sui is an inlinc spectral Laplace parameter, scf.2 is an cross-line spectral Lapl_ace parameter,
and sr' = j(Sal )2 - (Sa2 )2 where c 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 waveficld P(sap sa2,0; s) that has its source I(r)]cation ?C;[thhe fr%e-surface O:t3 ; 8) 2n;lource
enerates a reghosted wavefield 13..9,,," é}sap sa%f ;S) that would have been generated by a
gt depth v 4 an%l its mirror locafi ﬁea‘titgdéﬁﬁ ix. 874 ehisTéghobing ‘éﬁéf&t(;ﬁ takes the following form:
= 4;s)=.P,"ithc," (sat , sa2, = 0; s)2 sin h (sT4(7) [0024]In a dual source confl_gljuratlonl,l the .
measuremen%g(g\ugls the sy of a rimatfgg source plus a secondary source: i'D,w(sa"sa,,x3s1, SI82 2;

surce meastrement S ARIAGBRBP s HrEckEstiicksedydne primary source

S)=-,(8) The dual source measlrement : _ !
and the deptH982% 42 bf the Sdloriemtyhsoree!if00RB]Usinguhetdt glhosiing andireghesiing operators

as defined in EgadRNS{B) BMLANY. detected by pressure sensors such as hydrophones, although the
type of wavefield and the type of sensors employed is not a restriction of the invention, The
invention may be employed with any type of appropriate 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=j2nf,

where j is the imaginary unit v~1, @ is angular frequency, and f is real frequency. In the

invention, however, the Laplace parameter s is instead given by:
s=jo+s=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;
e=¢(x), wherex= (x5, %, )3 )

e=¢e(t); e=¢e(x1);

e=e(f); e=s(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 £ (sa:,.scxz.x_f ;s), generated by a source located at depth



respectively, and also using Equation (I), the dual source measurement can be described as: where
to now represents the time delay between the primary and secondary sources. The reghosting
operator is applied to the secondary source and the deghosting operator is applied to the primary
source. [0026]From Equation (9), the wavefield from the primary source can be described by:
fiptimary (s a, sa2,xan ; s) - [0027]From Equations (7) and (9), the wavefield from the primary source
can also be giierby:aph-iitfiar}i(Sra 19842 Sedspblary (s0.-s8t 2isinh {s9@b0)¢di ntayefiald exp (-
[0028]Once an estimate of the primary source wavefield has been obtained, this estimate can be
refined. Two epr*ﬁbfo m‘é%ég tﬁgt?%%stﬁoﬁ)%creré?fﬁfﬁ% thé f)%‘s far)" Cﬁrgtegggfhn‘été Iaal be'Sresented

here, but the gagtbas b ihadnventiendsnetdestricted to these two embodiments alone. in the first
embodiment, the secondary source wavefield can be derived through (adaptive) subtraction of the
estimated primary source wavefield from the original dual source measurement. After that, both
estimates can be updated. In gne embodiment, pre-ciandigjaé%gdg gppjjgd)to the secondary source

measurement to remove any Unwahted Hoise =Thi %ﬁ%ﬁ%ﬁﬁ@mﬁmy source measBrement is

used to compute a new estimate of the primary source measuremeht by applying an operator to the

estimate of the secondary source measurement, using Equation (I 1). This new estimate of the primary

source measyeRlye, (SR AR APEIIced again Y sh, el sybuaition,Tom e pgut data

would lead to mmmgum %nergy. Then, this final op |m|ze(§ estimate of the prlmpary Souirce
parameier, an

sT = J\/(Ezz_f_f -(s,) - (s,)"

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 f’d

feghost

(scy,50,,0;5) that has its

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

~

P

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

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

P

reghost

o

SRR A = 0 3 S
(sal,saz,xa =X, ,S) = Pyooton (504, 8€, %, = 0,5) 2sinh (sl“z3 ) (7)

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

source plus a secondary source:

(sa,,saz,x,f';s)nLP

3 SUS2, Y B 52,
Pn.mf(mpsaz»ls » X3 ,S)HP Sm,,dm,(sa,,scxz,,\] ,s). (8)

Primary

The dual source measurement is a function of both the depth x, = xJ' of the primary source

and the depth x, = x§* of the secondary source.

[0025]  Using the deghosting and reghosting operators as defined in Equations (6) and (7),



measurement is subtracted from_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 incasurement and the estimate of the secondary source measurement are subtracted
from the dual source measurement to generate a residual. The residual is given by: [0030]Then, the
process starts aaaRANd M ARMIE RIS TIMRIS A MNE Aeieration 3. aqaetia fie Previous
iteration results, In particular, the two embodirments 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 dm principles clearly. The meth%d ({fﬁ}@;' vention applies
equally to one or mo@,;@mqn@;yf‘smﬁm@&ﬁ;a%s{s&]ﬁmpéh&jEl %gﬁ%@@%ﬁi&é&t dary gmurces
positioned at depths ..\-3 = x,s™ , for in = 2, 3" N, with correspbnding wavefd1d ¥;, 1 al,sez23x3m" ;s).
Equation (8) becomes: 46,111PM (SC% | sa2 xis', , x3sN; s) (sa"sa2,x3s1;s)+E P,", (sec!, sa(8a)
m=2 [0032]Equation (9) becomes: ft,k,,,th (sal >sap a-331 .1'332.

where fp now represents the time delay between the primary and secondary sources. The

reghosting operator is applied to the secondary source and the deghosting operator is applied

to the primary source.

[0026]  From Equation (9), the wavefield from the primary source can be described by:

“~

P

dral

P

primary

S 82,
(soz,,sa'z,as 2 X5 ,s)
Sinh(sfxfz)
sinh(sfxf’)

(sa,,saz,xfl;s)z (10)

1+exp(—st,)

[0027]  From Equations (7) and (9), the wavefield from the primary source can also be

given by:

sinh (sT;")
[sinh (sf‘xfz)exp(—sic )] '

~

P

Primary

S —
(Sal s SCys X3y S) - RS'econdary

(50550, %37;5)

(an

[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
embodiments alone, In the first embodiment, the secondary source wavefield can be derived
through (adaptive) subfraction of the estimated primary source wavefield from the original
dual source measurement. After that, both estimates can be updated. In one embodiment,
pre-conditioning is applied to the secondary source measurement 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 estimate of the primary source
measurement is then adaptively optimized again such that subtraction from the input data

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



Shill 8E1'381 Eexp(-st",) nr-"2stnh (.sf.r3sl) (9a) where t", now represents the time delay betwee"n
the primary source and the 711th secondary source. [0033]Equation (10) becomes: (sa"sa2,, x3",
sinh(sllv2s)n) in=) sinh (sf.v351) E)5.",(sa,, Az?, xf"; s)

measurement is subtracted from the dual source measurement to obtain a final estimate of the
secondary source measurement.

[0028] 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(sal,saz,xf',xfz;s) = 12

~

5 s1s2, N5 S1, 52,
Pruar (Sapsa'pls >3 >‘5) L — (Savsa’za'\s ss)“PSecondmy (Sa,,sa2,33 ,s)‘

[0030]  Then, the process starts again and the new residual estimate from the next iteration
is added fo the previous iteration results, In particular, the two 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 positioned at depths x, =x{" , form=2,3, , N, with

om

corresponding wavefields 7, (soz,,sacz,x3 ,s) Equation (8) becomes:

2] , S 82 SN,
'Pl.mmple(sapéaz;lg s A3 seeny A3 ,S)

5 St X 5 (88)
« . 7
Ranm) (SQ’I,SCZZ,,\:; ’S) +Z])Sn (SaHS(ZZ’ \3 3S)
m=2
[0032]  Equation (9) becomes:
) St L.S82 SN
P tutepte (3“195052,13 3 X3 seen X3 =5)
Smi
e sinh (sf‘x3 ) (9a)
=By (.sal,saz, X ,s) +Zexp( —st,, ) ———=% |,

o’ sinh (J‘ xfl)

where £, now represents the time delay between the primary source and the m"™ secondary
source.
[0033]  Equation (10) becomes:



nt-2 sinh (s.15.-38") E exp(- St ", en=2Sinh (Sr X 33k) sa,,sa231:..3 2s -Paw (sai, sap X3315 X3 S2
" X3Ste ; (sa sa2 x3sts)-n EP (s al s a2, ts"3 s). Si [0036]The method of the invention is described
below with regard to the flowcharts in FIGS. | to 3. The flowchart in FIG. I 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 Emezthod gf the invention for the dual
source embodiment. The flowchary in Fltga.\sliljﬁ_s;tf’at@@ firsPermbodiment ﬁéa a final port(iﬁrﬁ ﬁ(}f the

t

process begun in FIG. 2, FIGS”? nd’% treat’ the dual source emipdi 5 j r'purposes strative
clarity only, The number of sources is not intendeglabzﬁm(tatfoﬁ’m%ntion, [0037]FIG. 1is a
flowchart illustrating an embodiment of the method of e inventiosrl1n]ll Ss“\ép ating seismic sources in
marine seismic surveys. [0038]At block 10, an operator is applied M a frequency domain to multiple
source seismj acguired i rine seismic survey, with multiple sources substantially
horizontally cggﬁggﬁedcgtﬁg%gﬁlm%n?g%spths, to genergte an estimate of a primary source wave-mid,
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. [0039]At block 11,
the estimate of the primary source waveficld isﬂadapti@)’fss detett fro the multiple source seismic

data to generate estimates of ofe.es (éresetorfdary & W sty (11a)
2, exp(st,, ) ————=o 1
m=2 Slnh(sfx3 )
[0035]  Finally, Equation (12) becomes:
Iz’(sa,,saz,,X'f’,xfz,...,xf”;s) =
Pt (500,500,353, 337 00 65 1 5) (12a)

—ﬁp,,.,m, (sal,scxz,,\f ' ;s)—i;f’s," (so:},saz,.x'f”‘;s).
e

[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

16



[0040]At block 12, another 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 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. [0041]At block 13,
the estimatessggrtcrée primary source and the one or more secondary source wavefields, after further
iterative refinéments to remove noise, are used to generate upgoing and downgoing wavefield

components ¢8RI muttipiogobtctheessmic ddthe [o0uRIRIBRe M andididsadiviveamdiroviting a more

detailed illustrasipmehiti@jrvantienecionihe.duslsasite Smbeadiorent dhanthemas sl
embodiment iIIustlcaﬁd in FIG. I. FIG. 2 is a flowchart illustrating an initial portion of another

. wavenelas, . . . . . . . . .
embodiment Of the m&thod of the invention for separating seismic sources in marine seismic surveys.
[0043]At blocko980keistvibl ekt aramntheneaniatsisignmiécs invby reoimainedimiedhseisiniataiata arc
acquired withonuliiphe sPmksesabifiorantsepihesfitrdatdiffaenbimesdhitovrers sthspurces are in

close proximity to each r. Obtaining the seismjc data includes retrieving preyiously acquired data
from storage,s)éﬁlgﬁ ag ‘éeg{r%g’uf}el? r??eefﬁ%gy or S(’)tfﬁgF‘i!nyoescogfpr%nes?ﬁ%%)rst%lpgg%gd%%ig% V87}{r78¢éetiia. [0044]At
block 21, the weéismyicaird thetsiockr 200 scevrden imacso anchon dffotegadbighs ¢4kso tomm as common

source gatherg) {QQdIALBIRG 22, two sources are selected from the marine seismic survey in block
21. One sour ong fire rlier, is.designated as the "primary source" and the other source is
designated aﬁ?‘n@ 'seé%%{gg%i%ﬂpfees.“?ﬁéef)ﬁﬁg‘?f%‘ﬂ%é(%%ﬁ YT 1 PN ER8EBBONndary
source is at depthexyaveRldFhefigmatelaichatveaefintecpidmanrand sesondanysgourgesigadesignated
as to. This cqs;fgn%t@a @&mgaagmo&ﬁes and-BRER0dAM SAMBER caRstiluigsithgdual source

%

measuremen %tG]g;@gc 23,dany time delay for the earliest source from block 22 is removed, such
that the prim roé 1§ firel A SreVEn EEYHRS -BropEA% A BISE I SASH B HISh YnBF gathers,
after the timeisemégtidhrithblbek @8;carendorisibtthop thenorre geatve egatidrenTillosextedriplary
embodimentsydll e f#RSCHREH RS hart illustrating an initial portion of another embodiment of the

method of the invention for separating seismic sources in marine seismic surveys,

[0043]  Atblock 20, seismic data from a marine seismic survey are obtained. The seismic

data are acquired with multiple sources at different depths, fired at different times, but where

all sources are in close proximity fo each other. Obtaining the seismic data includes

retrieving previously acquired data from storage, such as computer memory or other types of

memory storage devices or media.

[0044] At block 21, the seismic data from block 20 are sorted into common shot gathers

(also known as common source gathers), ,

[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; = x¥>. 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,

[0048] At block 23, any time delay for the earliest source from block 22 is removed, such -
that the primary source is fired at reference time r=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,

i1



but these examples are not intended to be a limitation of the invention. In the first embodiment,
interpolation is applied to reduce the effective source spacing, if necessary. Then, the common shot
gathers are resorted into common receiver gathers. In the second embodiment, reciprocity is used to
build a common receiver gather at receiver depth x, = 4 and source depth at X3 = 4from a shot gather
with source depth x, = xf and receiver depth = X3 . [0048]At block 25, the commaon rﬁgeiver gathers

from block 24%‘1%“??&?@?&’??%‘3 &% HAOEALS gt TURHEULEMBIANHLREs, e B5niHSon receiver
gathers are trambfdined, focrexiativplés tpthedftequareytwaftntimbende rmiinghé fregqusmney-slowness

domain, the spegiral Lapiacs, damaimn gt anyQhelaRR eRrA: reauePeXslamaiR (Ehe Ragicular

domain employed in the transform is not to be considered a Limitation of the method of thse invention,
[0049] At blockPedigisBpiseatticisy dorsye tarlfppranineg iesstiPusait (RsritetHBRinG detay io

between the %@H‘%géc%”d%g?hc%?@d§t¥ﬂsﬁ-&ﬁ¥%%h&”g%tkﬁ?\%r%é%%cde%ﬁﬂ&?\435}“ a%@q@ébﬁ&(rd%tgom the

primary and secondary sources; respectively. In"one e Iment, the’ opérator is constructed as in
Equation (10)xabaye. Other equations are also appropriate and are intended to be included in the

invention. For ple, such additional equations would include, but not be limited to, similar, but
more s Catch e RSk AhaPe SYRBREGaTE b 3 HOAL S5k 8 RHPIDBEORA i 27, the
operator consfrupedyinidtock 26 isupplieubtelithentsathsformudndatai e gbermontraséiveedathers, from

block 25. Thefep‘éﬁ%ﬂfléﬁgpﬂ%r%&%éﬁ@ﬁ%&ﬁf@m&h@o%mﬂ{%5@&{6&1@@&%@3& Fofdinvhgre 41 is the
depth of the prlmar% source. Application of the operator generates a transformed estimate of the

primary sourc®tH BIOBEHIALHIBYIODE" R RIS FEBTRLY SRR HIBRRBYHREILARY the
transformed estipiats! of trerpnivfvarnyisouroewearsidietd sdimitrtins ditireddtadofolthstim@nffset domain

to generate agsiata e BERDHSANICE WAVGHEI TG SRS BRAORERERIOLAIED 30 of FIC.

3 to continue. JO052]FIG. 3 is a flowchart illustrating a final portion of the embodimentsof the method of
the invention ftaSclodeiiagy sbrsmipas s $PPRIaRN B SERSNABGL IV P BedfMhin BIGY:2. e estimate

of the primary source yaygield (o, Plock.28,01,F) G hls REGNIRA O plogk 300G, 3, [00531At

block 30, the éstirmate of the primary ‘source wavefield rrom b FIG. 2 1s moditied by applying
match-filteringzptmagmeasemisoditebnt itHigumate i itedng is@ptiospiatitnsthis Psoceps)paditiends

determined angl applied 19 fbeCREMAIChPTIMARLROWE S SHENdhabRIGIGARY Qliliap.efhadilter with the

estimated primary source wavefield, the subtraction of 'ghe,maé%-filtered prlégéiry estim ga from the
dual source mBHE e b AT ST A mEIR 8RRy M S HTBP SIS R RS AR BHER) source
wavefield is adapdivetssoptimized sudiethat it matches the data in the dual source measurement

optimally in a jggs§iSAURIeRSeRTE HOGpaIRE NItk dted e ARICAHIespgliesimateahiRgRIimary source

wavefield from ,
data, the common receiver gathers, from block 25. The operator reconstructs the data from

the primary source at depth x, =xy', where xf' is the depth of the primary source.

Application of the operator 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 primary 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 of 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. In one embodiment, this match-filtering is optional.
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block 30 is then subtracted from the dual source measurement to obtain an estimate of the secondary
source wavefield. In one embodiment the subtracting is adaptive subtracting. [0055]At block 32, the
estimate of the secondary wavefield from block 31 is pre- conditioned further, for example by removing
remnant noise, or by removal of direct or refracted energy. in one embodiment, (Ids pre-conditioning is
optional. [0056]At block 33, the estimate of the secondary source wavefidd from block 32 is modified
by applying mARF-ARGRY 216 Shd dlripatnserd arelishiRfhritaimgsd enena1ovremehess, a filter
is determinedeéieitappliathioihie ddttmaitdisestndtlpsaunrgecuchwhataite iteanvokstion @f the filter
with the estimpled,RacRRdaR ARG WG At ik bl astian sl MACIN SR aRgRRdeY

estimate from the dual source medasurement leads to minimum energy. In other words, the estimated
secondary ot waeREidYe S HistrrdRjedstivay Sieremarstisibichisetineontmizsiewhal source
measurementlapti maﬂydaﬂtb& Uwﬁ&ﬂquﬁ&mm&s&ﬁhis&_&timﬁh&ﬂi the sw&qdaey sokgce wavefield
can now useqqgsaptain AR e AL ARHALR 8T RUBA e SRHEGR MAKELi A0 dalPlock 34, the

seismic data, including the estimate of the secondary source w efd from bloc are transformed
again to the il dsihaihtpossdiansiscugsonrrs peraishiecinshaiten tstipreaiita primary
source wavefield:fdommn shece stimdieOfithens eadbodian snurenwayeliclaifere Rleakaihdy accounting for

the time delaygagyeenihaguoshafs B0 (AL e L0 AOuSR ogales 2 dopit s and the

e
other at depthlin one embodiment, the %%erator is constructed as in Equation (11), ab?)\})é.e“[OOSQ]At
block 36, the BBELABFC B RIETHBRE B LR HIRI BRI thBYEn ST Eeneds i cdiiath oincluding the
estimate of thefserdrdagysousae andvefindd fimiphlaskddonipabcatiombf the operator generates a

transformed gggipgate of the primary s wavefield. [0060] At block seismic data, including
the estimate %f tﬁ%?se&tn%%% sggh%é %ﬁgg e@ﬁeor??ﬁ%ﬁy 3%?‘}§?r§ﬁ§%d‘r§2%°6‘al§?%é the time-Space
domain to obtaifieAdw welirngraastinidising by ws srekedinvatidis rodsiistiptosrEBrahelew estimate
of the primarytsopieesyavefialdferrbloakad iphed ket npabdngcamteh-dteringcinmgne

embodiment, fhip JIRAIIING BepIRAGk LM RICESSR TS dRispingd ang.appled to the
estimated primary source such that after COI’[VO ution o %ﬂe ?ll)(er Wﬁ?‘l tﬁe estimate prlm'ly source
wavefield, th@sibraaichBrtee merpfamsringrinkany dktireab frorrethecatdmonirdedicsurement

lends to minininimenesgein Mharsvavesse estimatedpumary saceyaneatielddgacanptively
optimized such.that i gga'l[(%ms thet%a?%atkilg 3&9 dut%Ies urce measurement o tjmeHg/i{i‘n 3 least-squares
rac

timeze it ma 1 uai source measprement opti a least-
sense. [0062(]Pn another embodiment, a residual energy is compufednaﬂer A3 E S BFthe sum of

the estimateP4i8{Fareeg sdticestiaie fmaIts. srnadath sopresceescde | 38 novanek B tearblel peated using
this residual eparetdr Kstidais of firweahar thistealing gfarther embodiment of the method of the

invention for Watingtsglioscr}pigé UL Cs%xssrin%mc% éf'?n% ugxglrg]g,ictﬁcéug\s/t? asltg e()gligeirs?elc:clx%; ai‘yzsglrxlges’
wavefield from block 33, are transformed again to the frequency domain,
[0058] At block 35, an operator is constructed to generate a primary source wavefield
from the estimate of the secondary source wavefield from block 34 by accounting for the

time delay between the two shots and for the fact that one source located at depth x, = x5

and the other at depth x,=xJ?. In one embodiment, 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 sccondary source wavefield from block 34.
Application of the operator generates a transformed estimate of the primary source wavefield.
[0080] At block 37, the seismic data, including the estimate of the secondary source
wavefield from block 36, is transformed back to the time-space domain to obtain a new

estimate of the primary source wavefield,
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[0063]At block 40, the dual source wavefield from block 25 of FIG. 2, the primary source wavgfleld
from block 38 of FIG. 3, and the secondary source wavefield from block 33 of FIG. 3 are optalned for
the current iteration. [0064]At block 41, a residual is calculated from the dual source Wavefle‘ld, the
primary source wavefield, and the secondary source wavefield from block 40. In one embodiment, the

idual is ca d as. in Equatign (12), above, 65]At block 42, it is deter'mined if the residual from
[)(Tc?::kumlis su@%:%ﬁtl gﬁna %r% §af g‘aer |%h\>lggglrﬁﬁ8c§)é? eeﬁlt‘,"?ﬁ’é’ roulgv e el fare dleska3dés threshold to

determine if tAOFEisHbiarpaisag tsiah-filtetinge Shotek, ¢firdinesiti tzs isaselfiitieritly isopaibniien the process
ends. If the residpabissnonisufficientharmphdhenitaanIRCEEH AT INHES R hIack 43, 0Q88IAt block 43,

thl
h b fEIG. 2 to repeat the process given in FIGS. 2.an.dh3, using the _
rocidual metectl o har e AL A o BT R Fitte S VS R OF 038 BFF1G. 3 wit
new estimateST6h wEisARERF YosHaEftrvebe durlspeoe ree wensfic Idajsoalcttatechusaingythe residual.

[0068]At blocla 4fhetheoasiimatesifiana biaskd4datcdhaRiman sousR I SR fapce

[ ' [ d estimates of the
wavetields, CﬁJ&Eﬁ%E‘%H'e‘éﬁl dgltmg 5ga|dual ar%egllggdrgd to the previously calculated estima

primary source and secondary source wave fShRHR kA8 S HeTHRIET . SRI8B9]AL block 46, the

process retuf988lblodk wetharihadiaoniestisnidtabensdm eagditbeftin biclc 4 effiteeprimary source
and secondasy Ehawgmwweétﬁﬂ&d[@&]%@w@ﬁ@@sSiﬂ%@t@,ﬁjﬁ ﬁgggg@gﬁ@@%@é?pggr}g&%i vr\:]a:e\;ﬁlc()a(;()
decompositi ; i Ing establi ethads, The source wayefie _
describizd aggggﬁggﬁ% k;ggcﬂcl)sr% ei%% V\ﬁ_’[ S e 53%%?6@ Wa@%ﬁ%%rﬁg SHapoRRiGH ﬁ‘&ﬁ?&ﬂ%",tbpth
separation afd tRfelHipbskidis taenters E’P‘esé%éngo&mmim@wmdﬁreq@eﬂeyiﬂmmaum@@, in one

- embodiment btigentindrop ratpKs3executing the separation and decomposition methods can be

combined intﬁ)ﬁ)&ﬂ apR'!Ct?}HSIE‘ Ig’r &%@8&”?&89@ I\\%@é ;ggcél/‘ém block 25 of FIG. 2, the primary
source wavefield from block 38 of FIG., 3, and the secondary source wavefield from block 33
of FIG. 3 are obtained for the current iteration.
[0064] At block 41, a residual is calculated from the dual source wavefield, the primary
source wavefield, and the secondary source wavefield from block 40. In one embodiment,
the residual is calculated as in Equation (12), above.
[0065] At block 42, it is determined if the residual from block 41 is sufficiently small. In
a particular embodiment, the residual is compared to a set threshold to determine if the
residual is less than the threshold, If the residual is sufficiently small, then the process ends.
If the residval is not sufficiently small, then the process continues to block 43.
[0066] At block 43, the process returns to block 20 of FIG. 2 to repeat 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 primary 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 485, 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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[0071]The method of the invention does not Make use of any a priori information about the subsurface
geology. Only acquisition-related information is used to separate the different source contributions.
[0072]The seismic data obtained in performing a seismic survey, representative of earth's subsurface,
are processed to yield information relating to the geologic structure and properties of the subsurface
earth formatiops in the area being surveyed. ‘fhe processed seismic data are processed for display
and analysis SRR hyRFORErHAE chHsh: BHtHBs e uBiBsrdadrfSrfiamaiis. SPhafyS&F of seismic
data processistgisiimenkttbet fronpahtosetsmitiathe asparaiddn imfo deatinp asopassilesregarging the

subterraneandatgalions howeRdRiarRaBe i IMade.fg@gplogic subsurface. In order to identify
locations in t?ﬁﬂ%ﬁhls subsur acgé/tvl?%eég there is a probability for finding petroleum accumulations,

large sums o y areednherd BEPhEOSreRtdadip gSaAtrI e iretidRfueiation kA, The
process of cotstuistingcthesbiigctoniyudades deféhirg titersuatitertaneanceasinlayes giotiaterest from
the recorded ggismig,dataprQvides an image of the earth in depth or time. [0073]The image of the
structure of the earth's subsurface is produced in order to enable an interpreter to select locations with
the greatest Bﬁ?[‘iﬁ%nitf Bt aling FattorbiinedcBuRRiiamRg. areslraHy MHEHrdspeaiBte®bleum, a well
must be drillegutDsllidgurfens ic: getesmmideowhedhiefopattale unilepsits aselqiesantardwid is an
extremely expepsivesand iimsseanairing Yosersking. Forlehisasan.ire in2 geniinying need to

improve the processing and display of the seismic data, so as to uce an maggg ‘he structure of
the earth's sulSSTHatE AL IR &l itbraphshynstwis phespriiehimsaemireniate Aiiéestion is made
by a computengemhesménpigiassethetheapod bability dhabhanagaynulationafmeirolewnrexists at a
particular locgfigninieaethiasuh W iasas e Riargsalod A displanal aequiied sgispic data
facilitates more accurate decisions on whether and where to dl’l”, and thereby redUCES the risk of
drilling dry hJt&SIRiRIY 471966 itheesradneiia buticais disewler dBoidensiéral ppesipisd ifahei estidsive purposes
only, but can salsorfedwhiembeted apwisystientol hedgystemiedihedtvaniionds pefesaklyimplemented

by means of gamputers,DRANUALARI3) smmiters Alans i, ather onventional datg. processing
equipment. Such data processing equipment, welPknown i1 the %rt, W|flccom'pr|se Iéfny 5p%ropriate
combination PHERHIEK B EdkiRRerSrescclsinipechaiphienneaeicriihdevsin ofoniseesirfiadthe, hardware
(processors, tempafasisiakdipe pRARNbSINRO6 dRWEES BRgRBY 1aHer appropriate computer
brocessing efypsgiently Al (RPrallng systems, applicaion programs, mathematios program
libraries, and any other apprc%prlate software , connections Fe ectric , Op |calf, Wirel8se: reotherW|se),
and peripherals {#fREER O UL d RIS S i a i Regisoisst sorpbahitlity @éviesingandisiammers; display
devices suchsasumoaitars aoddpriytReseRmMpUg:IRAdalIe &0raee radiksuchiasdaras tsisks, and
hard drives, Ak ropriate equipment). glinsiln another embodiment, the invention could
be implemen?e @;{%Sgﬁr{%{éﬁ%%r g‘s‘%‘r%ggsgg%\?gf gssﬁ%tc?iggfl)}scaélr?fé{r our'é r?éisévf)ragartgpﬁmable
computer to FeHBRiTsHEdsEVHBE . Tierdhdtiraroentisselisrerntindrnavestioninpons Hes praskspirented as a
computer pr@@mm;ﬂalyred&&a@@mmu&%f@a&?‘b@rm&d@é{ﬁ,i%@% @grw%g{@fﬁw%’iﬂﬂﬁ &ai?gor)derable toh
cause a pro ] omputer to perfarm the method descr; above. In another embodiment, the
inventionpco%%%g} z?ﬁ%pﬁ}egtm‘g?rgté’ap égvgqggr?lﬁq& e(r)?rg’é IEEB'I I%neéd‘?'&r%%’\?\fitﬁ ea"étglr%l&ftté?’“p’lsda? fn stored on
the medium, BUERCIRBIER &1 SrBEPam asRegibopepabilittdhebesecenmigionniipditelsomgister to perform
the method descpirecinbavea:ilR0A6HE shanid hsswmslerstord dhatdhgPrecaring ismegeha detailed

description oges rl%géﬂgte agpt%'{gggts_ of this{inélention and i'h t numerous changes, modifications, and
alternatives t0 the discloSed embodiments car e made T AEEPfatee with BYHLERE here without
departing froffduses Seopk of dhdinaritiolesThe preceding description, therefore, is not meant to limit
the scope of gy ipventioniRalisr Hhesscoraetde ipvantion isdape getarminecobphydhe
appended clai valents. MCSLLP CLAIMS We claim: [CI] A method for separating

onms tglrt]%atrb gigoegeulm EﬂnemegI £ Th t the i ion i

seismic Sourceg,’ Qs aminy! p 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
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using a programmable computer to perform the following: applying an operator in a ticqueney 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 a time delay between a primary source and one or more
secondary sources a(Qd for different deloths of the primary and secondary sources; adaptively
subtracting the eatmate ortHE prithas) Eb S RHUS SPHYR PrasssEiitisleined serffiteata to
generate an dsperfites ohoirmsrapriciecongamsoustemaivefietdsympjiyiries anmtheryomasator in the
frequency dogjainifatbe.astimentenebiieqBRAIAERACANRL SouliceWaYelidlds {a.generate

another estimate ?ft e %rlmg%sour%ﬁ wavefield, the operator constructed to compensate for time

delays betweSHNHE SHPRER doires U AR oar Sy RedTNSStesisanARe sovsssafiabiaY étisiant depths of

the primary afitkeconatieys sodirtatrardysitg thdabstirnatgsmddheyphmanpapdiske anththe one or

more secondam&phggggﬁ@/@%ﬁg%g@@g%refgﬂ[ﬁg%gg rative refinements to remove noise, to generate

upgoing andlilgd/s;gr?oi Wav%ield %o _Bonents of the multiple source seismic data. [C2] The method
SRS

of claim 1, whereirt the RgPitfg SRSy TP eSS0k e ihRicrepis e 8mnbrisBsthee initial steps
of: obtaining dejsritie! deeyérarecifivalineuseismic stingey psetingnitié: seismie daia émsgommon shot

gathers; selegiagha RHMREHC? AR ARE R RRIE SRR FONES J£%@0}Qﬁl{é}§{1‘-§§'a%ﬁism‘c

survey, removin%t any time delay so that the primary source Is activated at time zer rting the

common shot GSth&r<LifRE YR 58P PEBRAMBatHlrshs presrore kyire degicronstiblg the@primon receiver
gathers to thefreguendjcdomaiter ©G8dcihehmathiad décliied Zywheneindheraplyingean @perator to

multiple sourggsisfeae WS GATRISESHANTRARIEA Ieralsglls daigy g dhe estimate
of the primary so%rce wavelield, from the frequency domain to the time-offset doma n; Ad applying

match-filtering ¥ $H& dBFiMEIL s HERFHrh A RogrR Wasvierisi@prehieTR et RIUsremmMbE, wherein
the adaptivelpsubtcaco perfurthibe cothalidastipsé abonglitioning the estimates of the one or more

secondary squtrepaveiglds ARNAMAIIRIRadalie eSHimales sl cae o grg secondary
source wavefields; and transforming, the seismic data, including the”estimates of the one or more
secondary specific embodiments of this invention and that numerous changes, modifications, and

alternatives to the disclosed embodiments can be made in accordance with the disclosure here

without departing from the scope of the invention. The preceding description, therefore, is

not meant to limit the scope of the invention. Rather, the scope of the invention is to be

determined only by the appended claims and their equivalents,
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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 timé\@pgééé)domain; and
applying match-filtering to the estimate of the primary source wavefield. 1061 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: (sal,sa2, 41, xr; s) sinf{sF¥$ 1+exp(-st0) sinh (sa3s1) where &ma?). is the
estimate of the primary source wavefield, :15" is the dual source seismic data, to is the time delay

between the primar%rkqagg‘condary sources, x'3" is the depth of the primary source, 42 is the depth of

the secondary source” sat Is an inline spectral Laplace parameter, su.2 is an cross-line sp_ectral
Laplace parameter, and MCSLLP (2.7rf sk =/l (sa, )2 -(sa,) ¢c where/is frequency, and c is the

velocity of soyad]in watehod for separating seismic sources, comprising:
using a programmable computer to perform the following:

applying an operafor 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 a time delay between a primary source and one or more secondary
sources and for different depths of the primary and secondary sources;

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 oft
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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[C7] The method of claim 6, wherein the operator applied to the estimate of he secondary source
wavefield is given by the following expression: ry(sa sa 1, 2" 3 V) = ISSoconday (33a.15a, sinh (sr v)
[sixth (sFx3s2 exp

transforming the common receiver gathers to the frequency domain.

[C3] The method of claim 2, wherein the applying an operator to multiple source seismic
data further comprises:
transforming the seismic data, including the estimate of the primary source wavefield,
from the frequency domain to the time-offset domain; and

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

[C4] The method of claim 3, wherein the adaptively subtracting further comprises:
pre-conditioning the estimates of the one or more secondary source wavefields;
applying 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 seisiic data, including the estimate of the primary source wavefield,
from the frequency domain to the time-space domain; and

applying match-filtering 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:

D 5182,

m S1 Pdual SOy, 8y, X3 X3 58
Vi (sa,,saz,xs ;S): . .
sn‘m(sf:x_,l )

primary
sinh (sfxfl)

1+exp(~st,)

where 7, is the estimate of the primary source wavefield, P, is the dual source seismic

Primary
data, 5 is the time delay between the primary and secondary sources, x;* is the depth of the
primary source, xJ° is the depth of the secondary source, sa; is an inline spectral Laplace

parameter, soy is an cross-line spectral Laplace parameter, and
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where Ps"is the estimate of the secondary source wavefield. [C81 The method of claim 7, 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 eié ftekdtions; applying
the operators to the residual to calculate new estimates of the primary source and secondary source
wavefields; adding the new estimates of the pri aér%éiiurce and secondary source wavefields to the

previous estimates of the primary sourcesand £ ys@wvndé V\(amgﬁzel,ds; and repeating the above
calculating, determining, applying, and adding step§. [€9] The method of claim 8, wherein the

residualis calgylated. by, applying,ihe 1o4Wing eaBIoR: e f (9aksa2.s3s1 x352;50-P" [C101 A

non-transitory 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 MCSL.L.P

image of eaft&'ﬂsu%%ff&%%e%ﬁ%ﬁﬁﬂca%mm AWHRAUPIRAIING SRISRUGHM/QY, the
comprising: applying an operator in a frequency domain to multiple source seismic data acquired in a

marine seismifc SR SAMIs TR KbisreBs B tBbs RN ks SREINCEollocated and at different

depths to generate an estimate of a primary source wavefield, the operatqg &ugted to compensate
for a time delay bet\NeeﬁnPr%aprggr@,ry@nyQ@ & one ofiseore, secony , iferent
depths of the primary and se ondary sources; adaptively subtractin Stlhé(eifnﬁa}l@(p(fhab imary

source wavefield from the multiple-source seismic data to generate an estimate of one or more
secondary sqiee wave ieitishapitiingeasfatheseopedatosintheragtierty domain to the estimates of

CCONUAF;

the one or mole 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 orm Se%%@(h%%%fgﬁaﬂ?G)fﬁ[r@i@z%@ﬂﬁg‘?@%@?‘ 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 refinetreiating Farsiiahdien, thegdumdrspBropgoihgsaniesvhdbmpriRisfraarce
components of the mU'tip'%é@%&&ﬁ%%%ﬁ@t@raveﬁelds;

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.

[C9] The method of claim 8, wherein the residual R is calculated by applying the

following equation:

D S1 0,82
R(sal,sa2,x3 ) X5 ;s)z

St
(Sal,saz,x3 ,S)—P

Secondary

P

S2.,
Dual (Sali,Saz,.Xé ,S).

(Sal’sa2’x§1’x§2;s)_—f)Primary
[C10] A non-transitory 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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ICH] The medium of claim 10, wherein the applying an operator to multiple soyrce eismic data o
comprises the initial steps of: obtaining seismic data from a marine seismic s \ ;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 act_ivated at time
zero; sorting the common,shot afth% into common receiver gathers; and'trans_formlng thlc_e common
receiver gathers 1o ézafr%cﬁlfgﬁsgﬂ} 1O, FOST P e R %1%%‘1‘1}%?%’&@%% #ppying an
operator to medtipldsésurce seismic data further comprises: transforming the se.ismlc data, |r_10Iud|ng
the estimate of the RFimaRY %Uﬁ@%i‘é@i\ﬁeﬁﬁ&u&(&%&dgiSq%mr%ﬂl[%ﬁl'%f&? ts%%m(gé'wggﬁ%ﬂé’éy'“g

match-filtering to the estimate of the primary source wavefie 13] The medium of claim 12, wherein
the adaptively su btracting"i’u?tﬁb‘?188%%%%53?%\*8%8}’?&%}??35 fivarestipHateatBiin Bosisenisiimore
secondary source wavefiaidicapdlyidgmiifetvfilteritg to gh&:_e&timawm@t%tb@qmﬂa@lryrmlﬁeersecondary
source wavefields; and tahs{QUMINALBARIDIS HAIAIELARGIE EMAlen L e gne, or more

c

secondary source wavefields, to the frequency QOmaln. 141 The medlum of claim T§’fe\{f},ﬁerein the
applying the operator furtREPEBhIBHEE 2t AN MGt SBIsHAIEaatad iﬂ’@lﬁ@iﬁ'@‘%@%ﬁﬁf@te of the
primary source wavefield tho ghesimaxd paceddomain;eand applying match-filtering to the estimate of the

Do s o i Bl LR R MTAAL SR B S R Ao AR

source seismic data, in the case of dual sources, is given by the following expression; B (sap saz, x
k.3,S) 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
waveficlds, after further iterative refinements to remove 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 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

transforming the common receiver gathers to the frequency domain.

[C12] The medium of claim 11, wherein the applying an operator to multiple source seismic

data further comprises:

transforming the seismic data, including the estimate of the primary source wavefield,
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Pp.thiary (sal,sa2,x3s1;s). sinh(s1),3 ,s2)- L11 go) sinh (s1:41 ) where Pis the
estimate of the primary source wavefield,is the dual source seismic data, io '@gg?tt'&me delay between
the primary and secondary sources, x3s' is the depth of the primary source, 42 is the depth of the
secondary source, SUJ is an inline spectral :Laplace parameter, sa2 is an cross-line spectral Laplace
parameter, and sr=27rf -(scr,)2 - (so:32 , where f is frequency, and c is the velocity of sound in water.
M C S I..L. P [C16] The mEdfifiies-effshdesaiindidin the operator applied to the estimate of the
secondary source wapéfiegchiggiféring thehfollowing X pasiany: sonndaerevdsidig. the estimate of the
secondary source wavefield, sennidav [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 iflfe kS Rd B aFic il ? s i i he e ety sebtgstingfe tse opwriasts to the residual
to calculate new estmatesitibtihes firimahysewthant seeonday sty eewavelieldtsadding the new
estimates of the primyiReUiGRARTSREONIBY SOHIGRAVRILEINR QSR LRNASFRRIES of the
primary source and secondary source wavetields; an
wavefields; and
transforming the seismic data, including the estimates of the one or more secondary

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,
fo the time-space domain; and

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

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

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

- B,
P (sal,sa’z,xfl;s)z =

primary

WSELS2,
(so:,,saz,,\3 )Xy ,s)
sinh(sl“xfz)
sinh (sI‘ xf‘)

[+exp(—st,)

where B, is the estimate of the primary source wavefield, 7, , is the dual source seismic
data, fo is the time delay between the primary and secondary sources, x3' is the depth of the

primary source, x5~ is the depth of the secondary source, sa; is an inline spectral Laplace

parameter, 5o is an cross-line spectral Laplace parameter, and

ST = J\/(_Z_Z.i)z ~(se,) ~(s0,)",

where fis frequency, and ¢ is the velocity of sound in water.
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repeating the above calculating, determining, applying, and adding steps. 1C18] The medium of c_Iaim
17, wherein the residual ire is calculated by applying the following equation: %@@EE@HXQ .1 ji5)uai
(sal,sa2,x3sl

[C16] The medium of claim 15, wherein the operator applied to the estimate of the

secondary source wavefield is given by the following expression:

sinh (s xf')
sinh (sT'x5” Jexp (»«sto)] ‘

. StoaY 52,
PPrinmry (Sal 3 8%y, Xy 3 S) = JDSP(O,,@,). (S(Xl, SCy, X735 S) [

~

where PSemm,n,y

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

foliowing equation:

D 52
R(scx,,sozg,xf’,x3 ;s) =

) St .82, > ST, % S2,
PDua.’ (Sal 38§y, 33 s X3y S) - PPn'marj' (Sal ’ Sa2’ 35 S) - E‘,’ecandmy (SO!:‘, saﬁ! > X3 3’5')‘
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